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A numerical study of natural convection heat transfer through an alumina-water
nanofluid inside L-shaped cavities in the presence of an external magnetic field is
performed. The study has been carried out for a wide range of important parame-
ters such as Rayleigh number, Hartmann number, aspect ratio of the cavity and
solid volume fraction of the nanofluid. The influence of the nanoparticle, buoyancy
force and the magnetic field on the flow and temperature fields have been plotted
and discussed. The results show that after a critical Rayleigh number depending on
the aspect ratio, the heat transfer in the cavity rises abruptly due to some significant
changes in flow field. It is also found that the heat transfer enhances in the presence
of the nanoparticles and increases with solid volume fraction of the nanofluid. In
addition, the performance of the nanofluid utilization is more effective at high Ray-
leigh numbers. The influence of the magnetic field has been also studied and de-
duced that it has a remarkable effect on the heat transfer and flow field in the cavity
that as the Hartmann number increases the overall Nusselt number is significantly
decreased specially at high Rayleigh numbers.
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Introduction

One of the relevant ways to enhance the heat transfer is by adding solid nanoparticles
with high thermal conductivity in the fluid. The resulting fluid is a suspension of the solid
nanoparticle in the base fluid which is called a “nanofluid”. There are some mechanisms which
explain the enhancement of thermal conductivity in nanofluids such as interfacial layer at the
particle/liquid interface [1, 2], Brownian motion of the particles [3, 4], nanoparticles clustering
[5], temperature and nanoparticles size and shape [6]. The utilization of the nanofluids as a con-
venient way to access the better performance of systems has been investigated by numerous re-
searchers in the past several years [7-10]. Jou et al. [11] studied the influence of nanofluids on
natural convection heat transfer in 2-D square enclosures. The transport equations were mod-
eled using a stream function-vorticity formulation and solved by finite volume methodology.
The effects of Rayleigh number and aspect ratio of the enclosure were considered and it was de-
duced that an enhancement in heat transfer is achieved by adding the nanoparticles to the base
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fluid. Abu-nada et al. [12] investigated numerically the effect of Cu-water nanofluid on natural
convection heat transfer in an inclined cavity. They used the inclination angle as a control pa-
rameter for flow and heat transfer in the cavity and studied the problem in various inclination an-
gle, Rayleigh numbers and solid volume fractions and found that the effect of the nanoparticles
on Nusselt number is more pronounced at low volume fraction that at high volume fraction.
Khanafer et al. [13] performed a numerical study of laminar natural convection in a square cav-
ity. They have used three theoretical models for prediction of viscosity and thermal conductivity
of nanofluids and deduced that the variances within different models have substantial effects on
the results. They also found that the heat transfer increases with solid volume fraction of the
nanofluid. Tiwari et al. [14] studied numerically combined convection heat transfer and fluid
flow inside a two-sided lid-driven differentially heated square cavity for various Richardson
number and the direction of the moving walls. They observed that the nanoparticles when im-
mersed in a fluid enhances the heat transfer capacity of the base fluid and are able to alter the pat-
tem of the flow field. Ghasemi et al. [15] performed a numerical study of natural convection of
water-Al,O; nanofluid in an enclosure subjected to an external magnetic field. They concluded
that the heat transfer rate increases with an increase of the Rayleigh number but it decreases with
an increase of the Hartmann number. Moreover the increment of the nanofluid volume fraction
leads to enhancement or deterioration of the heat transfer performance depending on the value
of Hartmann and Rayleigh numbers.

Recently, an increasing number of studies have been conducted on free convection in
non-square geometries because of its wide applications in engineering and industry [16-19].
Younsi [20] presented a numerical simulation of free-convection in a trapezoidal porous cavity
subjected to an axial magnetic field. It was found that the application of the transverse magnetic
field normal to the flow direction decreases the Nusselt and Sherwood number. Koca et al. [21]
investigated the influence of Parndtl number on natural convection in triangular enclosures with
localized heating from below. They observed that the variation of the Prandtl number affects
both the flow and temperature fields in the enclosure. In addition, it was found that the heat
transfer rate increases with the increasing of Prandt]l and Rayleigh numbers for all cases.

In the present study the effect of magnetic field on natural convection heat transfer of

water-based Al,O; nanofluids inside L-shaped

oy cavities is investigated numerically. For this

purpose various combinations of Rayleigh

B number, Hartmann number, aspect ratio of the

—_— L-shaped cavities, and volume fraction of the

—_— Al,0, solid nanoparticles are considered. Fur-

- —_— thermore the model presented by Murshed et al.

H |7y [2], is used to simulate the presence of the
g l nanoparticles in the base fluid.

T

Problem formulation

AR R R ERERELA R
-

Y’r T, The schematic drawing of the system and
A > ! co-ordinates are shown in fig. 1. The height and
X W . width of the cavity are denoted by H and # re-

' spectively with 7 = W. The thickness of the

Figure 1. Schematic diagram of the L-shaped cavity is shown by L, and the aspect ratio of the
cavity with an cxternal magnetic ficld cavity is specified by AR = L/H. The depth of
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the enclosure perpendicular to the plane of the diagram is assumed to be long. Hence, the prob-
lem can be considered to be 2-D. The uniform magnetic field with a constant magnitude of B, is
considered in the horizontal direction. The cavity is filled with Al,O;-water (Pr = 6.2), and the
physical properties of the fluid are assumed to be constant except for the density which is esti-
mated by the Boussinesq’s approximation. The thermophysical properties of the fluid phase and
the nanoparticles at =250 are presented in tab. 1. With these assumptions the dimensional con-
servation equations are as follows:

— continuity
@4_2:0 €))
ox Oy
— momentum
2 2
u%.}vﬂ:—La_P_pu_nf a_u.|._a u (2)
0x 0y pygOx pysp\0x2 0y?
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where a,r = k,d(0C,),r-

The density and electrical conduc-  Table 1. Thermophysical properties of the base fluid and
tivity of the nanofluid are given by: the Al O, nanoparticles at 7 = 250

= 1 = 5 C P k ﬂ‘lo_s
Pus = (1-0)pe = 9pp ) Dk TK1] | (kewr] | [Wenr k] | K]
0y = (1-p)o; = pop © Water | 4179 997.1 0.613 21
The heat capacitance of the ALO, C aes | 3970 | 40 | 085 |
nanofluid and part of the Boussinesq are
expressed as:
(pcp)nf =(1_(0)(pcp)f +(0(pcp)P (7)
(PB) ot == 0)(PB) s + P(PB)e ®

with pbeing the volume fraction of the solid nanoparticles and subscripts f, nf, and P stand for
base fluid, nanofluid, and particle, respectively.
The effective viscosity of nanofluid is determined using the following relation [22]:

Hop =p(l— )3 €))
This is based on experimental data in the literature for Al,O;—water nanofluids.

The effective thermal conductivity of the nanofluid was given by Murshed et al. [2] as
(kp — ki )@,k 2B} — B> +1]+ (k, +2k)BP [0, B (ki —k¢) + k]
Bl (kp +2ky ) — (K, ki ), [B7 +B° —1]
with 1 +h/a=p, 1+ h/2a=p,, and, k= 2k;. Here, k is the interfacial layer thickness, a — the par-

ticle radius, and subscript Ir denote the interfacial layer. Note that for the case of a particle-free
fluid (¢ = 0), the above relations transform into their typical forms.

follows:

o = (10)
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Dimensionless form of the governing equations can be obtained via introducing
dimensionless variables as follow:
— 2
X y=2, AR=£, U=ﬂ, V=ﬂ, g=T"Tc , P= pH

X =
(1)

H3 (T, - T
Pr=ﬁ, Ra=gﬂf (H C)’ Ha=BoH o-nf
2% ViQy Paf Ve
Based on the dimensionless variables above, the dimensionless equations for the con-
servation of mass, momentum, and thermal energy are as follow:
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In the energy equation, the viscous dissipation terms are neglected and parameterso
and v are the thermal diffusivity and kinematic viscosity of the fluid, respectively.
The dimensionless forms of the boundary conditions are:

UX,)=U(X,AR)=U(X0)=0, U@0,Y)=U(LY)=U(4R,Y)=0,
V(X1)=V(X,AR)=V(X,0)=0, V(0,¥Y)=V(LY)=V(4R,Y)=0,

6(X,0)=1, 6(X,4R), . =0, % =0,
X<AR

60,Y)=1, 6(4R,Y), . =0, _ae(;(;y ) o (16)
Y<A4R

In order to evaluate the heat transfer enhancement in the cavity, the local Nusselt num-

ber on the walls is defined as:

17
ke On (17)

wall

The symbol # is the normal direction to the surface. The average Nusselt number along
the hot walls of the cavity is considered to evaluate the overall heat transfer rate and is defined as

follow:
[J‘_L-fﬁ o kw00 J as)
Y=0
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Computational details

The governing equations were iteratively solved by the finite-volume-method using
Patankar’s SIMPLE algorithm [23]. A 2-D 80 x 80 uniformly spaced staggered grid system was
used. The QUICK scheme was utilized for the convective terms, whereas the central difference
scheme was used for the diffusive terms. The under-relaxation factors for the velocity compo-
nents, pressure correction, and thermal energy are all set to 0.2. Tolerance of the normalized re-
siduals upon convergence is set to 107 for all cases.

The validation of the code was done by comparing the average Nusselt number com-
puted by the present code results with those of M. Mahmoodi [19] for natural convection heat
transfer of Cu-water nanofluid inside the L-shaped cavity as shown in fig. 2 and a good agree-
ment is observed. Note that in order to have a proper comparison, we used the same models for
prediction of the effective viscosity and thermal conductivity of nanofluids.

12 Results and discussions
;: I Present work ¢ = 0.0 A As mentioned before, the main purpose of
or ﬂeﬁsentﬁ;g}w 060(? s this study is to investigate numerically the ef-
o anmoadi =0 . . . .
& Mahmoodi(19] ; 006 7 fects of adding nanoparticles to the bas-e fluid
/ and the presence of an external magnetic field

on the flow and heat transfer in natural convec-
tion inside L-shaped cavities. The effect of
magnetic figld is evaluated using a dimension-
less number called Hartmann number. The
study is performed for various combinations of
Rayleigh number, Hartmann number, aspect ra-
tio of the L-shaped cavity, and volume fraction
i P A ‘R; 5 of the solid nanoparticles.
Figure 3 illustrates variations of the stream-
Figure 2. The average Nusselt number of lines inside the cavity with aspect ratio 0.2 and
Cu-water filled L-shaped cavity with AR = 0.2  Rayleigh numbers from 10° to 10° in the pres-
computed by the present study and Mahmoodi  ence of the nanoparticles and external magnetic
[19] field. It is seen that for a range of Rayleigh num-
ber from 10° to 10, a clock-wise (CW) rotating
vortex occupies the vertical section of the cavity due to the buoyancy force direction. The
strength of this circulation augments as the Rayleigh number increases because of the stronger
buoyant flows, and diminishes as the Hartmann number increases due to the influence of the
magnetic field on the convective flows. This subject is also apparent from the maximum stream
function value that as the nanofluid is subjected by the magnetic field, the maximum stream
function value decreases. The horizontal part of the cavity shows poor motion of the fluid. So it
can be found that most of the energy is exchanged in the vertical section and the horizontal sec-
tion that the conduction mechanism is the dominated mechanism in heat transfer, has lower con-
tribution in heat exchange. For the cases with high Rayleigh number of 10¢ the buoyancy force
adjacent to the hot walls is very strong, so a number of CW and counter clock wise (CCW) rotat-
ing vortices are created in the horizontal part of the cavity to make some small cycles which
transfer the heat in the short distance between the two horizontal hot and cold walls. These vari-
ations in the flow field in the cavity cases to augment the convection mechanism of heat transfer
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Figure 3, Variations of the streamlines inside the cavity with AR = 0.2 and Ra = 10*-10° with
the presence of the nanoparticles and external magnetic field

in the horizontal part of the cavity and therefore it is expected that the total heat transfer rate will
be increased considerably for these cases of high Rayleigh number. It is also seen that the flow
field in the cavity is affected by the presence of the nanoparticles as after adding the
nanoparticles to the base fluid at a volume fraction of 0.06, the maximum stream function is de-
creased that shows weaker motion of the CW and CCW rotating vortices in the cavity. This de-
cline is more sensible at low Rayleigh numbers where the conduction is the dominated mecha-
nism. With these observations it can be deduced that the fluid flow activity in the cavity is
decreased by adding the nanoparticles because of suppression of the natural convection inside
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the enclosure with increase in the volume fraction of the nanoparticles and the rise in the viscos-
ity of the nanofluid due to the clustering of the nanoparticles and size of them which are several
times bigger than the molecules of the fluid and collisions between them that totally cased to
raise the viscosity of the nanofluid. However in all the cases shown in fig. 3, the flow patterns in
the cavity do not change considerably by adding the nanoparticles to the base fluid. The similar
variations in the fluid flow are observed in figs. 4 and 5 which show the streamlines for the cavi-
tics with aspect ratio of 0.4 and 0.6 respectively at different Rayleigh and Hartmann numbers. It
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Figure 4. Variations of the streamlines inside the cavity with AR = 0.4 and Ra = 10°-10° with
the presence of the nanoparticles and external magnetic field
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Figure 5. Variations of the streamlines inside the cavity with AR = 0.6 and Ra = 10°-10° with
the presence of the nanoparticles and external magnetic field

is seen that the flow field inside the cavity decays by adding the Al,O, nanoparticles to the base
fluid especially at low Rayleigh numbers as the maximum stream function values decay in the
presence of the nanoparticles. At high Rayleigh numbers, the value of the maximum stream
function is increased as a result of strengthening the buoyancy-induced flow field and it is ob-
served that adding the nanoparticles associates with higher Rayleigh numbers where the con-
vection flows dominate the heat transfer mechanism. As mentioned before, the external mag-
netic field diminishes the flow field in the cavity as the maximum stream function decreases
when the Hartmann number rises. This reduction is more visible at high Rayleigh numbers. For
example in the cavity of aspect ratio 0.4 at Ra= 10° in fig. 4, by applying the magnetic field the
three CW and CCW rotating vortices are merged and form a CW rotating vortex which covers
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the lower part of the cavity. The similar treatment is seen at Ra = 10° that the two CW and CCW
vortices are united and make one CW vortex. This behavior cases to decrease the heat transfer
rate and therefore it is deduced that when the Hartmann number increases the amount of heat ex-
change is decreased. Nevertheless for the cases with lower Rayleigh numbers (10° and 10%), it is
seen that however the applying magnetic field reduces the fluid motion inside the cavity but as
seen specially in figs. 3 and 4, the magnetic field augments the fluid movement in the horizontal
part of the cavity and therefore augments heat exchange in this part so the lesser decrease in heat
transfer is expected to be seen.

AR =02 AR =0.4 AR=08

-

- I
f0.5 J
[ 92.0%

4

e 5?’I1I!|.

Figure 6. The effects of the nanoparticles and magnetic ficld on isotherm lines at
Ra = 10° and various aspect ratios
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12 Figure 6 illustrates the isotherm lines at
[ Rayleigh number of 10°¢ and various aspect
ratios in the presence of the nanoparticles
and the external magnetic field. By adding
the nanoparticles to the pure fluid, the ther-
mal conductivity of the resulting fluid will
be enhanced. So as seen in fig. 6, the thick-
ness of the thermal boundary layer adjacent
to the hot and cold walls of the cavity are
raised duc to the augmentation of the con-
duction mechanism of heat exchange and
raising the viscosity of the fluid and the tem-
perature gradients near the wall surfaces de-
creases. The influence of the applied mag-
netic field is illustrated in fig. 6. It is
observed that as the Hartmann number in-
creases, the isotherm lines becomes more
regular and parallel flat lines with the walls
of the cavity and the temperature gradients
adjacent to the walls are decreased which
show that the conduction mechanism is en-
hanced and the circulation flow in the cavity
decays by applying the magnetic field. So as
the Hartmann number rises, the contribution
of the convection mechanism on heat ex-
change reduces and the temperature gradi-
ents are decreased.
Figure 7 shows variations of the average
AR - 06 Nusselt number of the hot walls of the cavity
6—— with the solid volume fraction of the
nanoparticles for various Rayleigh number,
Hartmann number, and aspect ratios of the
L-shaped cavity. It is clear from the figure
that the average Nusselt number enhances in
the presence of the nanoparticles and in-
creases with solid volume fraction of the
nanofluid. The presence of the nanoparticles
in the base fluid raises the average Nusselt
number by about 27.47% for Ra= 105, Ha=
=60, AR=0.6,and 33% forRa=10%, Ha=
=60, AR=0.2 at a volume fraction of 0.06.
Figure 7 presents the results for different as-
O 'R' TG pect ratios. It is seen that for the case of AR=
@ = 0.2, the average Nusselt number remains
Figure 7. Variations of the average Nusselt number ~ COnstant as the Rayleigh number rises from
with Rayleigh number for different Hartman 10° to 10°. Then as the Rayleigh number in-
Numbers and aspect ratios creases from 10° to 105, a considerable en-

Nu [Avg)

Nu (Avg)
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hancement in the average Nusselt number is observed. As mentioned in fig. 3, this is due to the
formation of some CW and CCW vortices in the horizontal part and augmentation of the CW
vortex in the vertical side of the cavity. In the other hand when the Rayleigh number raises from
10° to 10° the conduction dominated mechanism changes to convection mechanism. Similar sit-
uation is happened for the case of AR = 0.4, when the Rayleigh number grows from 10% to 10°. It
is also evident from the two case of AR = 0.4 and AR = 0.6 that the performance of the nanofluid
at high Rayleigh number of 10° is more than that of lower Rayleigh numbers. Figure 7 also illus-
trates the influence of'the applied magnetic field on the average Nusselt number for various Ray-
leigh numbers from 10 to 10°.

Itis deduced that the external magnetic ficld affects the heat transfer rate in the enclo-
sure and as the Hartmann number increases the average Nusselt number of the cavity decreases.
Furthermore it can be found that at low Rayleigh numbers where the heat transfer by the conduc-
tion mechanism is more important, the applied magnetic field does not have a considerable ef-
fect on the heat exchange due to the weak fluid movement inside the enclosure. At high value of
the Rayleigh number, the convection mechanism has a great contribution in heat transfer and the
magnetic ficld can suppress the flow fields in the cavity, so the average Nusselt number de-
creases when the Hartmann number rises. This matter is clearly seen in fig. 8. In this figure, the
average Nusselt number ratio (Nu,,, / Nu,,, 3, - o) has been plotted to examine the effect of the
magnetic field in heat transfer for various Rayleigh numbers. The average Nusselt number in the
absence of the magnetic field (Ha=0) is set as the reference value and the volume fraction of the
nanofluid is assumed to be constant (¢ = 0.04). As observed earlier in fig. 7, the magnetic field is
almost unimportant at low Rayleigh numbers that as the Hartmann number increases, the aver-
age Nusselt number ratio has inconsiderable changes and at high Rayleigh numbers, when the
Hartman number raises the average Nusselt number ratio decreases.

1.2

I — a— Ra=10° \
04 —a— Ra=10*

—9— Ra=10°
Ra = 10%

P P N R B B P I P S B B
0 20 40 60 80 100 0 20 40 B0 80 100
(a) Harliman number ()] Hartman number

Figure 8. The influence of the magnetic field on the average Nusselt number ratio of the nanofluid for (a)
AR =04, (b) AR=10.6

Conclusions
In this paper, the flow and heat transfer characteristics of alumina (Al,O,)-water

nanofluid on natural convection heat transfer inside the L-shaped cavities in the presence of an
external magnetic field have been studied numerically. For this purpose, the effects of the im-
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portant parameter such as the Rayleigh number, Hartmann number, aspect ratio of the cavity and
solid volume fraction of the nanofluid on the heat transfer and fluid flow inside the cavity were
studied. It is found that a CW rotating vortex is the main feature of the flow field inside the cav-
ity at low Rayleigh numbers and as the Rayleigh number grows and reaches to a critical value,
the heat transfer in the cavity rises abruptly due to some significant changes in flow field. The re-
sults show that the heat transfer is augmented by adding the nanoparticles to the base fluid and
increases with solid volume fraction of the nanofluid. Furthermore the performance of the
nanofluid utilization is more effective at high Rayleigh numbers. The influence of the magnetic
field was also studied and deduced that it has a remarkable effect on the heat transfer and flow
field in the cavity that as the Hartmann number increases the overall Nusselt number is signifi-
cantly decreased specially at high Rayleigh numbers.

Nomenclature
AR — aspect ratio of the L-shaped cavity, [-] Greek symbols
B, — strength of the magnetic field, [T] a — thermal diffusivity, [m?% ]
¢,  — specific heat at constant pressure, [Tkg 'K B — thermal expansion coefficient, [K™']
%—I - Efca;”htft‘f“’“al at;ceileaatlon [ms™] 0  — dimensionless temperature, [-]
— height of cavity, [m s viennd] .
Ha — Hartmann number, (= B,L (O'nﬁlpanj) , [ “f _ ﬁlz'nematcicvizsizzzlstiyt;l[l[’;gg_l]
k — thermal conductivity, [Wm~'K™'] . l3
Nu — Nusselt number, [] P~ dens1t'y, [kgmm ] . 0
P — dimensionless pressure, (=plpucii?) o - electrical conductivity, [pScm™]
p — pressure, [Nm ] @ — particle volume fraction, [-]
Pr  — Prandtl number, Pr=6.2, (= viay) v — stream function, [-]
Ra  — Rayleigh number, (= gBABH3 va), [-] Subscripts
T — temperature, [K]
Ty — temperature of hot left wall, [K] avg — average
Tc - temperature of hot right wall, [K] £ — fluid
U, ¥ — dimensionless velocity component, of - nangﬂmd
(U =uluo, V = viug) P — particle

u, v — components of velocity, [ms™] Ir - layer

X, Y — dimensionless Cartesian co-ordinates,
(X=x/H, Y=y/H)

x,y — Cartesian co-ordinates, [m]
u — velocity, [ms™]
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