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a b s t r a c t

A numerical analysis of natural convection has been performed for a two-dimensional triangular
enclosure with partially heated from below and cold inclined wall filled with nanofluid in presence of
magnetic field. Governing equations are solved by finite volume method. Flow pattern, isotherms and
average Nusselt number are presented for 0 < Ha<100, 104 < Ra<107,0<f < 0.05 and six cases that are
made by location of heat sources. The results show in presence of magnetic field flow field is suppressed
and heat transfer decreases. Furthermore it is observed that maximum reduction of average Nusselt
number in high value of Ha occurs at Ra¼ 106. It is found the nanoparticles are more effective at Ra ¼ 104

where conduction is more pronounced.
� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Magnetohydrodynamic (MHD) flow and especially when asso-
ciated with heat transfer have received considerable attention
recent years because of their wide variety of application in engi-
neering areas such as crystal growth in liquid, cooling of nuclear
reactor, electronic package, microelectronic devices, solar tech-
nology, etc. in case of free convection of an electrically conducting
fluid in presence of magnetic field, there are two body force,
buoyancy force and Lorentz force. They interact with each other an
influence on heat and mass transfer, so it is important to study the
detailed characteristics of transport phenomena in such a process
to have a better product with improved design.

Several researches have been performed in recent years on the
effect of the magnetic field on natural convection [1e4]. Kan-
daswamy et al. [1] studied magnetoconvection in a cavity with
partially active vertical walls. They have considered nine different
positions of active zone for different values of Ra and Ha number.
They found the average Nusselt number decreases with an increase
of Ha and increases with Grashof number. Also in large enough
magnetic field the convection mode of heat transfer is converted
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into conductionmode. Pirmohammadi et al. [2] considered effect of
magnetic field on convection heat transfer inside a tilted square
enclosure. Their study showed heat transfer mechanism and flow
characteristics inside the enclosure depend strongly upon both
magneticfield and inclination angle. Grosan et al. [3] considered the
inclination angel of magnetic field on the natural convectionwithin
a square cavity. It was found the convection mode depends upon
both the strength and the inclination of the magnetic field. The
applied magnetic field in the horizontal direction is most effective
in suppressing the convection flow for a stronger magnetic field in
comparison with the vertical direction. Natural convection in
triangular enclosure has been subject of interest in many research
studies due to its important application in various fields such as
electronic components, solar collectors or roof/attics of buildings.
Although there are some valuable studies in natural convection in
triangular enclosure [5e8], but none of them considered the effect
of magnetic field on the flow and heat transfer characteristics.

With the growing demand for efficient cooling systems, partic-
ularly in the electronics industry, more effective coolants are
required to keep the temperature of electronic components below
safe limits. Use of nanofluids is a potential solution to improve heat
transfer [9]. Nanotechnology has beenwidely used in industry since
materials with sizes of nanometers possess unique physical and
chemical properties. Nano-scale particles added fluids are called as
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Nomenclature

cp specific heat capacity (J/K)
g gravitational acceleration(m/s2)
Gr Grashof number, bgH4q

00
/(ky2)f

H height of the cavity (m)
Ha Hartman number, B0HO(sf/mf)
k thermal conductivity (W/mK)
kb Boltzmann’sconstant, 1.38065 � 10�23

Nu Nusselt number
Nu* Nusselt ratio, Num/Numjf¼0

Nu** Nusselt ratio, Num/NumjHa¼0

p pressure (N/m2)
P dimensionless pressure,
Pr Prandtl number, yf/af
Ra Rayleigh number, bgH4q

00
/(kya)f

T temperature (K)
u,v components of velocity (m/s)
U,V Dimensionless of velocity component
W width of the cavity (m)
x,y Cartesian coordinates (m)

X,Y dimensionless of Cartesian coordinates

Greek letters
a thermal diffusivity, k/(rcp) (m2/s)
b coefficient of volume expansion (K�1)
f solid volume fraction
g electrical conductivity ratio, ss/sf
m dynamic viscosity (Pa.s)
q dimensionless temperature
r density (kg/m3)
s electrical conductivity
y kinematics viscosity (m2/s)

Subscript
f fluid
m average
nf nanofluid
o reference state
s solid
w wall
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nanofluid which is firstly introduced by Cho [9]. Use of metallic
nanoparticles with high thermal conductivity will increase the
effective thermal conductivity of these types of fluid remarkably.
Since nanofluid consists of very small sized solid particles, therefore
in low solid concentration it is reasonable to consider nanofluid as
a single phase flow [10]. There are many numerical studies about
heat and mass transfer of nanofluid in rectangular enclosure
[11e18], in contrary, the number of studies on natural convection of
nanofluid in triangular geometries is very limited [19e21].A
numerical study of natural convection of copperewater nanofluid in
a two-dimensional enclosure was done by Khanafer and Vafai [11].
The nanofluid in the enclosure was assumed to be in single phase. It
was found in any given Grashof number, average Nusselt number in
the enclosure increased with solid concentration. Mahmoudi et al.
[12] investigatednumerically theeffectof positionof horizontalheat
source on the left vertical wall of a cavity filled with nanofluid. They
found that presence of nanoparticles at low Ra is more pronounced
andalsowhen theheat sourcewas locatedclose tothe tophorizontal
wall, the nanoparticles were more effective. Abu-Nada et al. [13]
investigated the effect of nanofluid variable properties on the
natural convection in enclosures. The variable thermal conductivity
and variable viscosity models were compared to both the Maxwell-
Garnett model and the Brinkman model. They found that at high
Rayleigh numbers the average Nusselt number was more sensitive
to the viscosity models than to the thermal conductivity models.
Aminossadati and Ghasemi [20] have done numerical simulation of
natural convective heat transfer in the triangular enclosure using
nanofluid. They have considered the effect of position and dimen-
sion of heat source and apex angle on fluid flow and heat transfer.
They found at low Rayleigh numbers, the heat transfer rate contin-
uously increases with the enclosure apex angle and decreases with
the distance of the heat source from the left vertex.

Magnetic nanofluid is a magnetic colloidal suspension of carrier
liquid and magnetic nanoparticles. The advantage of magnetic
nanofluid is that fluid flow and heat transfer can be controlled by
external magnetic field, which makes it applicable in various fields
such as electronic packing, thermal engineering and aerospace. In
contrary to extensive studies on heat and mass transfer of nano-
fluid, only there are few studies that considered effect of magnetic
field on nanofluid [22e24]. Hamad [22] has performed an
analytical study on natural convection of a nanofluid over a linearly
stretching sheet in presence of vertical magnetic field. He found for
a given value of solid concentration, the heat transfer rate decreases
as magnetic field increases. The point in this study is that the
effective value of electric conductivity for nanofluid is not calcu-
lated and in the equations the electric conductivity is set according
to properties of base fluid. So increase of solid volume fraction, in
a selected magnetic field, doesn’t effect on Lorenz force. Ghasemi
et al. [24] numerically investigated the magnetic field effect on
natural convection in a nanofluid-filled square enclosure. They
have used basic mixture model for calculating effective electric
conductivity of nanofluid. Their results showed the effect of the
solid volume fraction on the heat transfer rate strongly depends on
the values of the Rayleigh number and the Hartman number.

The present study has been motivated by the need to determine
the detailed flow field, temperature distribution and natural
convection heat transfer in a triangular enclosure filled with
a nanofluid, in presence of magnetic field. A numerical analysis has
been performed for a wide range of Rayleigh number, solid volume
fraction and Hartman number. The effective thermal conductivity
of nanofluid has been calculated using a model proposed by Patel
[25]. The viscosity of nanofluid is calculated using the Brinkman
[26] and also the effective electrical conductivity of nanofluid is
modeled using Maxwell model [27]. In this paper results are pre-
sented in the form of streamlines, isotherms and average Nusselt
number to show the effect of nanoparticles on the heat transfer and
fluid flow in presence of magnetic field.

2. Problem definition and mathematical formulation

Fig. 1 displays schematically configuration of the two-
dimensional triangular enclosure considered in this study. The
diagonal wall is kept at a constant low temperature T0 and the left
vertical wall is assumed thermally adiabatic. Two heat sources with
same length (l ¼ W/5) are located on the bottom horizontal wall.
For six cases, which are made with placement of heat source _ and
U, the heat transfer and fluid flow characteristics in different
position of heat source are investigated. It is assumed that both the
fluid phase and nanoparticles are in thermal equilibrium and there
is no slip between them. Except for the density the properties of



Fig. 1. Schematic configuration of the studied problems.
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nanoparticles and fluid are taken to be constant. Table 1 presents
thermophysical properties of water and copper at the reference
temperature. It is further assumed that the Boussinesq approxi-
mation is valid for buoyancy force.

Under the above assumption, the conservation equation of
mass, momentum and energy in a two-dimensional Cartesian
coordinate system are
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¼ 0 (1)

u
vu
vx

þ v
vu
vy

¼ � 1
rnf

vp
vx

þ ynf

 
v2u
vx2

þ v2u
vy2

!
� snfB

2
0

rnf
u (2)

u
vv

vx
þ v

vv

vy
¼ � 1

rnf

vp
vy

þ ynf

 
v2v

vx2
þ v2v

vy2

!

þ g
rnf

ðT � TNÞ
h
frs;0bs þ ð1� fÞrf ;0bf

i
(3)

u
vT
vx

þ v
vT
vy

¼ anf

 
v2T
vx2

þ v2T
vy2

!
(4)
Table 1
Thermophysical properties of water and copper.

Property Water Copper

cp 4179 383
r 997.1 8954
k 0.6 400
b 2.1 � 10�4 1.67 � 10�5

s 0.05 5.96 � 107
where anf ¼ knf/(rcp)nf is the effective thermal diffusivity of the
nanofluid. Further, the effective density of nanofluid at the refer-
ence temperature can be defined as:

rnf ;0 ¼
�
1� f

�
rf ;o þ frs;o (5)

Whichrnf,0,rf,0,rs,0 and f are the density of nanofluid, density of
base fluid, density of nanoparticles and volume fraction of the
nanoparticles, respectively.

The heat capacity of nanofluid can be given as:�
rcp
�
nf ¼

�
1� f

��
rcp
�
f þ f

�
rcp
�
s (6)

The effective thermal conductivity of nanofluid is calculated
using the Patel et al model [25]. as follows:

keff
kf

¼ 1þ kpAp

kfAf
þ ckpPe

Ap

kfAf
(7)

where c is constant and must be determined experimentally (for
the current study c¼ 3.6� 104 [25]), Ap/Af and Pe here is defined as:

Ap

Af
¼ df

dp

f

ð1� fÞ ; Pe ¼ updp
af

(8)

where dp is diameter of solid particles that in this study is assumed
to be equal to 100 nm, df is the molecular size of liquid that is taken
as 2A

+
for water. Also up is the Brownian motion velocity of nano-

particle which is defined as:

up ¼ 2kbT
pmfd2p

(9)

where kb is the Boltzmann constant.
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The effective viscosity of nanofluid is calculated using the
Brinkman model [26],

mnf ¼ mf

ð1� fÞ2:5
(10)

The effective electrical conductivity of nanofluid was presented
by Maxwell [27] as below

snf
sf

¼ 1þ 3ðg� 1Þf
ðgþ 2Þ � ðg� 1Þf (11)

where g ¼ ss/sf
In order to estimate the heat transfer enhancement, we have

calculated the local Nusselt number (Nu) and the average Nusselt
number (Num) for the heat source wall as follows:

Nu ¼ 1
qjheat source wall

(12)

Num ¼

Z
Fins surfaces

Nu dn

Z
Fins surfaces

dn
(13)

Eqs. (1)e(4) can be converted to the dimensionless form by
definition of the following parameters as:

X ¼ x
H
; Y ¼ y

H
; U ¼ uH

af
; V ¼ vH

af
; q ¼ ðT � TCÞkf

q00H
;

P ¼ p
rnf

H2

a2f
ð14Þ

Therefore using the above parameters leads to dimensionless
form of the governing equations as below:
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Table 2
Result of grid independence examination.

Number of grids in XeY Nu

41 � 41 9.216
61 � 61 9.163
81 � 81 9.072
101 � 101 9.010
121 � 121 8.971
141 � 141 8.944
3. Numerical method and validation

The dimensionless equations have been solved numerically
based on the finite volume method using a collocated grid system.
Central difference scheme is used to discretize the diffusion terms
whereas upwind difference is adopted for the convection terms.
The resulting discretized equations have been solved iteratively
through strongly implicit procedure (SIP) [28]. The SIMPLE algo-
rithm [29] has been adopted for the pressure velocity coupling. To
check the convergence of the sequential iterative solution, the sum
of the absolute differences of the solution variables between two
successive iterations has been calculated. Solution is assumed
converged when this summation falls below the convergence
criterion which is chosen as 10�6 in this study. In this study,
a regular rectangular domain is used. The inclined wall of the
enclosure is approximated with stair case-like zigzag lines and the
grid cells outside of the triangular domain are assumed inactive.
This method has been used before by Asan and Namli [5], Varol
et al. [7], ghasemi and Aminossadati [19,20]. To allow grid-
independent examination, the numerical procedure has been
conducted for different grid resolutions. Table 2 demonstrates the
influence of number of grid points for a test case of fluid confined
within the present configuration. The results show that the grid
system of 121 � 121 is fine enough to obtain accurate results.

The results have been validated for the natural convection flow
in an enclosed cavity filled by a pure fluid, as reported by de Vahl
Davis [30] to observe a good agreement; see Table 3. Another test
for validation of the current code was performed for the case of
natural convection in a rectangular enclosure in the presence of
magnetic field. In this test case, the average Nusselt number using
different Gr and Ha number have been compared with those
obtained by Venkatachalappa et al. [31] as shown in Table 4 and
a good agreement with the results was registered. The present
computation also is validated against the results of Akinsete and
Coleman [32], Asan and Namli [5], Varol et al. [7], Ghasemi and
Aminossadati [19] for natural convection within the triangular
enclosure with AR ¼ 0.25 and Ra ¼ 2772 (Fig. 2).
4. Results and discussion

A numerical study has been performed through finite volume
method to analyze the laminar natural convection heat transfer and
fluid flow in triangular enclosure in presence of vertical magnetic
field using CuO-water nanofluid. Streamlines, Isotherms and
average Nusselt number are presented for a wide range of Ra, Ha
and f (104 < Ra<107, 0 < Ha<100, 0<f < 0.05) for six cases.

The results depicted in Figs. 3 to 8 demonstrate the influence of
magnetic field on the fluid flow and the temperature distribution in
the enclosure for each case at different Ra and f¼ 0. At Ra¼ 105 and
Ha¼ 0 as can be seen in Fig. 3, the fluid rises up along the side of left
vertical wall and flows down along the cooled diagonal wall and
forms a clock-wise rotating cell within the cavity in each case
except case 6 that is made two small vortexes at corner of cavity. It
is observed as the heat sources become closer to the diagonal wall
the flow intensity decreases. At case 1 although the heat sources
place at farthest location respect to diagonal wall and velocity of
recirculation flow is higher than other cases but the long distance
between heat sources and cold wall leads to lower amount of heat
transfer. Therefore, moving heat sources toward the diagonal wall
results in a decrease in the strength of the circulating cells, but due
to shorter distance with low temperature source and stronger
conduction, heat transfer increases and hence the temperature of
heat sources surfaces decreases. Although at case 6 conduction is
strong but since heat source surface is covered by two pretty weak
cells, the convection is weak, So in comparison with case 3 and 5



Table 3
Comparison of results obtained in this study by [30].

Num

Present de Vahl Davis [30] Error (%)

Ra ¼ 104 2.248 2.242 0.267
Ra ¼ 105 4.503 4.523 0.444
Ra ¼ 106 9.147 9.035 1.24

Fig. 2. Comparison of results of local Nusselt numbers for triangular enclosure.
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that only the heat sources II is close to the diagonal wall, heat
transfer is lower and surface temperature is higher. When the
magnetic field is imposed on the enclosure, the velocity field sup-
pressed owing to the retarding effect of the Lorenz force. So
intensity of convection weakens significantly. The braking effect of
the magnetic field is observed from the maximum stream function
value. At case 4 and 5, with increase of Ha a clock-wise circulating
cell starts to develop in the left side of heat source _ that is in
contact with themain circulating cell. It is worth noting that in high
Hartman number, velocity field suppresses significantly and
conduction is dominant, so at case 6 that convection is weak even
in absence of magnetic field conduction is stronger compared to
other cases, lowest reduction in heat transfer happen.

As Ra increases, the buoyant force becomes stronger and
velocity increases, also the isotherms are deformed due to
convection mode being to play a more significant role with
increasing the flow velocity. At case 3 and 5 that heat source II is
close to diagonal wall, with increase of Ra from 105 to 106 a pair of
weak counter rotating cell appears on the surface of heat source II
and causes a reduction in enhancement of heat transfer with
increase of Ra compared to other cases. For example with increase
of Ra to 106, surface temperature of heat source II at case 4
decreases from approximately 0.18 to 0.1 but at case 5 it decreases
from 0.1 to 0.08. Fig. 5 shows that at case 1 with increase of Ha
value, the enclosure is mainly associated with one clock-wise
circulation zone, but at other cases as Hartman number increases,
either the unicellular pattern turns out to be multicellular (case 4
and 5) or the initial single cell formation splits into dual cells (case
2). At case 6 the two triangular cells at the corners of cavity grow in
size with Ha and squeeze the main cell so its contact with diagonal
wall decreases. As can be seen in Fig. 6, at Ra¼ 106 convection is still
dominant in low value of Ha, but as Hartman number increases
further the isothermal lines inside the cavity approach more and
more toward the conduction like distribution pattern and become
parallel to the diagonal wall.

The results for higher Rayleigh number are presented in
Figs. 7 and 8. At Ra ¼ 107 and Ha ¼ 0 except case 6, the circulating
cells that sweep heat sources surface, directly contact the diagonal
wall. So the heat transfers directly from heat source to low
temperature source. But at case 6, the CCW rectangular cell that
covers most part of heat sources surface, only in a small boundary is
in contact with diagonal wall and leads to a reduction in heat
Table 4
Comparison of average Nusselt number with previous works for different Gr
number.

Ha Present study Venkatachalappa et al. [31] Error %

Gr ¼ 104 0 2.5294 2.5188 0.42
10 2.2375 2.2234 0.63
50 1.0884 1.0856 0.26
100 1.0132 1.0132 0.22

Gr ¼ 105 0 5.0787 4.9198 3.23
10 4.9681 4.8053 3.39
50 2.9894 2.8442 5.1
100 1.4785 1.4317 3.27
transfer. So in this case the surface temperature of heat sources in
spite of being closer to the diagonal wall, but is higher compared to
other cases. So that surface temperature of heater at case 6 is about
0.08 but at case 1, that was the worst case from heat transfer point
of view in lower Rayleigh number, is about 0.06. With increase of
Ha, the CCW cell is stretched in the upward vertical direction and
squeezes the upper cell and finally at Ha¼ 100 removes it. At case 2
and absence of magnetic field or even atHa¼ 10, a small CCW cell is
placed at the top of the cavity. Asmagnetic field is increased further,
this cell disappears and a pair of counter rotating eddies of almost
same size appears at the right side of the main circulating cell.
Applyingmagnetic field at Ra¼ 107 for case 1 and 4 causes the same
manner as explained for Ra ¼ 106. At case 5 as Hartman number
increases the small cells enlarged and to be stretched in upward
vertical direction, so two pair of counter rotating cells cover whole
enclosure area. Unlike Figs. 4 and 6 which the isotherms become
uniform at strong magnetic field indicating conduction regime, it is
observed in Fig. 8 that even for high Hartman number at Ra ¼ 107,
the convection regime is still dominant.

In order to obtain a better understanding of the flow behavior
within the enclosure in presence of magnetic field, the vertical
velocity component at Y¼ 0.3 and f¼ 0 are plotted in Fig. 9 for case
3. At Ra ¼ 105 after the magnetic field is applied, the maximum
vertical velocity decreased strongly due to Lorenz force effect. So
that at Ha ¼ 100, the vertical velocity profile is almost flat. At
Ra ¼ 107 since flow is strong, the low value of Ha does not have
a considerable effect on vertical velocity profile. At Ha ¼ 100
although velocity decreases but in comparison with Ra ¼ 105, it is
observed even for high Hartman number, vertical velocity compo-
nent has a considerable value, indicating lower effect of magnetic
field on flow field at higher Rayleigh number.



Fig. 3. Streamlines at Ra ¼ 105 for different Hartman numbers and f ¼ 0.
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Fig. 4. Isothermal lines at Ra ¼ 105 for different Hartman numbers and f ¼ 0.
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Fig. 5. Streamlines at Ra ¼ 106 for different Hartman numbers and f ¼ 0.
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Fig. 6. Isotherms at Ra ¼ 106 for different Hartman numbers and f ¼ 0.
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Fig. 7. Streamlines at Ra ¼ 107 for different Hartman numbers and f ¼ 0.
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Fig. 10 illustrates the impact of nanoparticles on the vertical
velocity at Y ¼ 0.3 for case 3. Presence of metallic nanoparticles has
three effects on heat transfer and fluid flow. Nanoparticles enhance
thermal conductivity of base fluid so heat transfer and hence
buoyancy force increases which leads to an augmentation in heat
transfer. The second effect of nanoparticles is increase of viscosity
that leads to a reduction in kinetic energy and attenuation of the
flow field. As a third effect, nanoparticles increase the effective



Fig. 8. Isothermal lines at Ra ¼ 107 for different Hartman numbers and f ¼ 0.
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eclectic conductivity and lead to enhance the Lorenz force so it
causes a reduction in flow intensity and heat transfer. Results in the
Fig. 10 indicate that increase of nanoparticles intensifies the flow
field. At Ra ¼ 105 and in presence of relatively strong magnetic field
(Ha¼ 50) the velocity field is too week, so enhancement of velocity
due to presence of nanoparticles is negligible. The effect of nano-
particles on flow intensity is more pronounced at higher Rayleigh
number that increase of viscosity effect in comparison with strong
flow field is negligible. So, that at Ha¼ 0 and Ra¼ 107 with 5% solid
concentration the maximum vertical velocity increases about 40%
but at Ra ¼ 105 it increases only 17%.

The results depicted in Fig.11 demonstrate local Nusselt number
along the heat sources for pure fluid at Ra ¼ 105 and Ha ¼ 0. For all
cases, a sharp variation in local Nusselt number is observed near the
edges of heat source. This is due to the heat transfer rate increases
from zero on the thermally insulated south wall to the maximum
value at the edge of the heat sources. It is observed, due to shorter
distance between right edge of heat source with diagonal wall and
Fig. 10. Variation of y-velocity at Y ¼ 0.3 with solid
also since the cold flow at first contact with this edge, so heat
transfer and the local Nusselt number in this area is higher than left
edge. It is interesting to note that at case 6 the value of local Nusselt
number at the middle of heater _ (X ¼ 0.6) decreases more than
other cases. This due to the fact that twoweek counter cells form on
the heat source and make stagnation point vicinity of X ¼ 0.6 and
leads to considerable reduction in the heat transfer and Nusselt
number as well. At case 3 due to heat source II respect to case 2 is
closer to cold wall, heat transfer form heater II is higher and hence
the temperature of the heater surface and the fluid that is in contact
with heater in lower. Then the fluid with lower temperature pass
over the heater _ and absorb more energy compared to case 2,in
spite of the heater _ is placed in a same position in both cases. So as
can be seen clearly in Fig. 11-b the local Nusselt number of heater _
for case 3 in higher than case 2.

The analysis of heat transfer from the enclosure is carried out by
examine the variation of the average Nusselt number along the heat
source. Average Nusselt number is plotted as a function of solid
concentration for case 3 at different Ra and Ha.
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concentration in Fig. 12 at different values of Hartman and Rayleigh
number for case 3. As it is expected, the average Nusselt number
increases with Ra. Increase of solid concentration leads to
enhancement of thermal conductivity and so increases heat
transfer from heat source and the Num as well. As shown in the
Fig. 12, the presence of nanoparticles in low Rayleigh number,
where the heat transfer is dominated by conduction, causes better
enhancement in heat transfer. So that at Ra ¼ 104 and Ha ¼ 0 using
5% solid concentration, the average Nusselt number increases by
50% compared to 30% for the case of Ra ¼ 107. As it is presented in
Figs. 3 and 9, atRa ¼ 105 with increase of Ha the convection
significantly suppressed so that at Ha¼ 50 conduction in dominant
completely. This leads to Num at Ra ¼ 105 for high value of Ha, is
equal to the value ofNum at Ra¼ 104 and has the samemanner with
presence of nanoparticles.

Variation of average Nusselt number as a function of Rayleigh
for different value of Ha, is presented in Fig. 13 for pure fluid. It can
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Fig. 12. The effect of solid concentration on the variation of the average Nussel
be seen clearly at each cases and Ra, the average Nusselt number
decreases as Hartman number increases. This is expected due to
presence of magnetic field retarded the velocity field and hence
convection and Nusselt number decreases. At Ra ¼ 104 since the
flow field is week, the presence of magnetic field has a negligible
effect on flow and so average Nusselt number is almost constant. At
high Ra, due to strong flow field, the braking effect of lowmagnetic
field is less than moderate Ra. So in all cases except case 6, the
maximum reduction in average Nusselt number forHa¼ 10 happen
at Ra ¼ 105. At case 6, as it was presented in Figs. 3 and 4, even in
absence of magnetic field flow intensity is lower than other cases.
With increase of Ha, although the convection is suppressed, but
because even at Ha ¼ 0 most part of heat transfer is done by
conduction due to short distance with cold wall, the Num decreases
less than other cases. So, that at Ha¼ 100 Nusselt is reduced only 3%
compared to Ha ¼ 0. At Ra ¼ 105 and Ha ¼ 50 heat is transferred
almost by pure conduction, so more enhancement of magnetic field
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t number for different values of Rayleigh and Hartman numbers in case 3.



Fig. 13. The effect of Hartman number on the variation of the average Nusselt number for different values of Rayleigh.
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doesn’t affect heat transfer and hence Num is kept constant. But at
Ra ¼ 106 flow field is stronger and further increase of Ha results in
more reduction in convection and Num. on the contrary, at Ra¼ 107

due to the flow intensity is very high, even at Ha ¼ 100 the velocity
has a considerable value and so magnetic field has less effect on
heat transfer. Therefore as it is clearly observed in Fig. 13, at high
Hartman number the maximum reduction in Num takes place at
Ra ¼ 106. The results indicate the lowest and highest effect of
magnetic field on the Nusselt at Ra ¼ 106 are in case 3 and case 1
respectively with 30% and 55% as a result of enhancement of Ha
to 100.

5. Conclusion

The model was applied to simulate the natural convection in
a triangular subjected to the copperewater nanofluid in presence of
vertical magnetic field. The geometry considered is a two-
dimensional cavity with two identical heat sources on the hori-
zontalwall and thediagonalwall is kept at constant lowtemperature.
The results were presented for 104 < Ra<107, 0 < Ha<100
and0<f<0.05 in formof streamlines, isothermsandaverageNusselt
number. In view of the obtained results, following findings may be
summarized.

The lowest heat transfer is observed at case 1 and the highest
amount of heat transfer is done at case 3 and 5. At Ra ¼ 105 and
Ha ¼ 0 the average Nusselt number at case 5 is approximately 38%
more than case 1, but in higher value of Ra, this difference
decreases, so that at Ra ¼ 107 it reaches to 12%. Presence of nano-
particles is more effective at low Rayleigh number where conduc-
tion is more pronounced. With increase of Ha the velocity field in
whole cases is suppressed and leads to reduction in heat transfer
and average Nusselt number. At Ra ¼ 104 the Nusselt number
becomes constant with Ha, since even in absence of magnetic field
flow filed is very week and conduction is dominant. In high value of
Ha, the most reduction in Num occurs at Ra ¼ 106, the highest and
lowest effect was observed in case 3 and case 1 respectively. At
Ra ¼ 105 and strong magnetic field, the convection is suppressed
completely and conduction is dominant, so the value of Num is
equal to Ra¼ 104 and the effect of nanoparticles on enhancement of
Num is the same.
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