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Abstract. In this paper, numerical Galerkin Finite Element Method (GFEM) applies for natural convection heat transfer of Ushaped cavity ﬁlled by Fe3O4-water nanofluid under the magnetic field and including two baffles. The above boundaries of the
cavity are at low temperatures and bottom boundary is in a variable function temperature. It is assumed that two baffles in the
cavity make vortexes to enhance heat transfers. The dimensionless governing equations including velocity, pressure, and
temperature formulation are solved by the Galerkin finite element method. The results are discussed based on the governing
parameters such as a nanoparticle volume fraction, Hartmann and Rayleigh numbers, magnetic field angle and nanoparticles
shapes. As a main result, increasing both Aspect Ratio (AR) and Ra numbers enhanced heat transfer process and improved the
average Nusselt numbers, while increasing the Hartmann number decreased the Nusselt number. Furthermore, it concluded that
AR=0.4 had the maximum ψ and Nusselt numbers among the other examined aspect rations. Also, platelet, cylindrical, brick and
spherical shapes had the maximum Nusselt numbers in sequence.
Keywords: Baffle; Nusselt Number; Natural Convection; Magnetic Field; GFEM.

1. Introduction
Baffles are devices which makes changes the flow patterns and makes more vortex or turbulence in the flow, so they have a
large applications in heat transfer devices such as heat exchangers in industries. Recently, Ma et al. [1] applied the Lattice
Boltzmann method (LBM) to find the nanofluid natural convection behavior in a baffled U-shaped cavity in the existence of a
magnetic field. They found that the average Nusselt number increased by growths the Rayleigh number, nanoparticle solid
volume fraction and aspect ratio. Abedini et al. [2] investigated the influence of a baffle for a water–Fe3O4 nanofluid on free
convection heat transfer in a C-shaped cavity in the existence of a magnetic field using control volume method. They reported
that growing the baffle length makes improvements in the Nusselt number where the maximum cooling process was occurred
when AR=0.7. In another study on the C-shaped cavities, Aghakhani et al. [3] applied the ﬁnite difference lattice Boltzmann
method in a non-Newtonian and power-law ﬂuid under a magnetic ﬁeld (as external force) inside a C-shaped enclosure and
reported that Nusselt number declines by increasing power-law index (n) at larger Rayleigh numbers. Also, they found that an
increase in the Hartmann number makes a reduction in heat transfer rate. Hussain et al. [4] used the ﬁnite volume method for air
heat transfer in a sinusoidal corrugated enclosure and investigated the effect of corrugation frequency and Rayleigh numbers on
the Nusselt number. In another study on the corrugated enclosure, Salam et al. [5] investigated the effect of inclination angle on
the heat transfer in a sinusoidal enclosure and discussed on the Nusselt number results. Also, Farooq Hassan Ali [6] studied the
natural convection in an sloping enclosure contained silver-water nanofluid and reported that important shaping wall and high
concentration of Ag-nanoparticles are effective ways to enhance the heat transfer rate. Abu-Nada and Hakan Oztop [7]
investigated the inclination angle of geometry on the natural convection heat transfer on Cu-water nanofluid. Abdulkadhim et al.
[8] studied the entropy generation caused by thin bafﬂe in a trapezoidal cavity filled by nanofluid and found that when Rayleigh
number increases, fluid flow strength were improved and heat transfer were enhanced. A complete review of entropy generation
due to nanoﬂuids application is presented by Omid et al. [9].
Nanofluids which are made from the different phases (fluid-solid) has many applications in heat transfer due to different
thermal conductivity and other thermo-physical properties compared to based ﬂuid. Hatami and Ganji [10-11] investigated the
particle motion (as the solid phase) in forced vortex and rotating parabola using DQM and DTM. Also, Dogonchi et al. [12] and
Hatami et al. [13] investigated the particles motion in Couette ﬂow using different and new analytical techniques such as multistep differential transformation method (Ms-DTM). Recently, most of the researchers in the field of nanofluid, were motivated to
do their studies by the efﬁcient numerical techniques to reduce the costs. Ghadikolaei et al. [14] considered Fe3O4–(CH2OH)2
nanofluid in a porous medium under MHD ﬁeld using analytical methods. Hatami et al. [15] numerically optimized the circularPublished online: August 23 2020
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wavy cavity using ﬁnite element method and response surface methodology. Hatami [16] used the same numerical method to
find the nanoparticles migration around the heated cylinder in a wavy-wall enclosure. Tang et al. [17], based on two last studies,
optimized the geometry of cavity include double sinusoidal wavy walls to find the best heat transfer efficiency.
Some applications of nanofluids are presented by the researchers such as Hatami and Jing [18] which used them for the wavy
direct absorber solar collector (WDASC) and optimized the proposed geometry with the introduced numerical methods. Also,
Hatami et al. [19] used the same procedures for a lid-driven T-shaped porous media and improved the mixed convection heat
transfer. In another application study, Zhou et al. [20] used the RSM and FVM for designing the microchannel heat sink with wavy
channel. Kefayati [21-22] used the numerical methods for the entropy generation of MHD nanofluid for non-Newtonian and
Bingham ﬂuid, respectively. Also, Kefayati and Tang [23] used the Buongiorno's mathematical model for the entropy generation of
MHD non-Newtonian nanoﬂuid in a cavity. Menni et al. [24] reviewed the recent studies on the solar collectors using nanoﬂuids
and Kefayati et al. [25-28] investigated the effect of nanoﬂuids in different cavity geometries as an applicable studies for the solar
collector’s applications. Mehryan et al. [29] and Dogonchi et al. [30-31] also studied the natural and free convection heat transfer of
nanofluids in presence of magnetic field. Furthermore, MHD effect of Casson nanofluid is studied by Shah et al. [32] and Alsabery
et al. [33]. Dinarvand et al. [34] and Alsabery et al. [35] also considered the effect of nanoﬂuid heat transfer over a moving wedge
and porous medium, respectively.
Based on above short review, in this paper, it is aimed to use the Galerkin Finite Element Method (GFEM) for natural
convection heat transfer of U-shaped cavity ﬁlled by Fe3O4-water nanofluid under the magnetic field and including two baffles.
The effect of some appeared parameters, aspect ratio for the baffles and nanopartciles shapes on the average Nusselt numbers
are discussed in this manuscript.

2. Physical Model Description and Governing Equations
U-shaped cavities have a large application in solar energy industry [24], microchannels, automobile radiators, etc. In this study
a U-shaped cavity including baffles and fins as found in cross-section of solar collectors (Fig. 1) is considered. The schematic plan
of this U-geometry enclosure with two bafﬂes in each corner of the cold ﬁn as described in Fig. 1a. The length of the enclosure
with X-axis indicated by (W) and with Y-axis by (H). The dimensions of the cold square fin is (L), there are two baffles on each
corner of the cold square fin with length equal to (h).

Fig. 1a. Fins and bafﬂes in solar collector application [24] (left), Schematic diagram of the present problem (right)

Fig. 1b. Mesh distribution of the present problem
Table 1. Properties of base fluids and nanoparticles
Material/Properties

ρ (kg/m 3)

Cp (J/kg-K)

k (W/m-K)

μ (kg/m-s)

Water

997.1

4179

0.613

0.0010003

0.05

Fe 3O 4

5200

670

6

-

25000

σ (μS/cm)
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The relations between dimensions of the enclosure are W=1, H/W=1, h/W=0.3, and aspect ratio (AR=L/H) is taken equal to 0.2,
0.4 and 0.6. The enclosure ﬁlled with water superposed by Fe3O4 nanoparticles having four different shapes of solid nanoparticles.
The nanoparticles shape (λ) and thermo-physical properties of Fe3O4 nanofuid are titled in table (1). The bottom wall of the
enclosure was kept at T(X) = Tc + (Th-Tc)sin(πX/H)hot temperature. The top wall was kept at a constant cold temperature (Tc)
while the rest walls are adiabatic [3].
In this work, steady, laminar, incompressible, two-dimensional, Newtonian fluid are supposed and viscous dissipation is
neglected and induced magnetic field assumed to be negligible compared to external magnetic field. Thermo-physical properties
of Fe3O4-water nanofluid are supposed to be constant except the density, which variation with temperature and is modeled with
a Boussinesq approach. Magnetic field with variable orientation angle (γ) is considered with uniform distribution
( B0 = B0 X eX + B0 Y eY ) where ex and eY are vector unity. After this assumption, the differential equations are described the fluid flow
and heat transfer are continuity, momentum and energy. The dimensionless form of these equations in Cartesian coordinates are:
Continuity equation [1-2]:
∂U ∂V
+
=0
∂X ∂Y

(1)

Momentum equation in X-direction

U

  σ 
 ∂ 2U ∂ 2U 
2  ρna 
2

  na 

 ∂X 2 + ∂Y 2  + Ha  ρ  σ (V sin γ cos γ − U sin γ )
 bf  bf 

(2)


2
 
 2
 
2
 ρbf  σna (U sin γ cos γ − V cos2 γ )
 ∂ V ∂ V   (ρβ )na 
 ∂X 2 + ∂Y 2  +  (ρβ )  Ra Pr θ + Ha Pr  ρ 
 σbf 
na 

bf 

(3)

∂U
∂U
∂P
µ
+V
=−
+ na
∂X
∂Y
∂X ρnaαbf

Momentum equation in Y-direction
U

∂V
∂V
∂P
µ
+V
=−
+ na
∂X
∂Y
∂Y ρnaαbf

Energy equation

U

α  ∂ 2θ
∂θ
∂θ
∂ 2θ 

+V
= na  2 +

∂X
∂Y αbf  ∂X
∂Y 2 

(4)

Following dimensionless parameter and numbers were assumed to obtain above governing equations [1-2]:

X, Y =
Ra =

υbf
(u, v) H
(T − Tc )
x, y
; U, V =
;θ =
;Pr =
H
αbf
αbf
(Th − Tc )

gβbf H3 (Th − Tc )
αbf υbf

;P =

σna
pH
; Ha = B0 H
ρnaαbf2
ρna υna

(5)

The thermo-physical properties of the Fe3O4 nanoparticles employed in this study are explained in the following relations [1819]:
Density:
ρna = (1 − φ ) ρbf + φρsp

(6)

where (∅) specified solid nanoparticles volume fraction.
Specific heat:
The specific heat of the mixture water-nanofluid was calculated as:

( ρc )

p na

= (1 − φ )(ρc p ) + φ (ρc p )
bf

sp

(7)

Thermal expansion:
The coefficient of thermal expansion for water-nanofluid was specified by the following relation:

(ρβ )na = (1 − φ )(ρβ )bf + φ (ρβ )sp

(8)

Electrical conductivity
The ratio of Fe3O4 nanoparticles electrical conductivity to the base fluid (water) electric conductivity described by the following
equation:

σna
σbf

 σ

sp
3φ 
− 1

 σbf
=1+
σ
  σ

 sp
 sp
+ 2 − 
− 1 φ

σ

σ


 bf
  bf

(9)

Thermal conductivity:
Thermal conductivity effectiveness of the liquid phase (water) and solid phase (Fe3O4) nanoparticles was defined by the
following equation introduced by Hamilton and Crosser [36]:
kna ksp + (m − 1) kbf − (m − 1)φ (kbf − ksp )
=
kbf
ksp + (m − 1) kbf + φ (kbf − ksp )
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Table 2. Constant of Eq. (11)
Nanoparticle Shape

λ

Spherical

1

Platelet

0.52

Cylindrical

0.62

Brick

0.81

Table 3. Grid independence test for Average Nusselt number and | Ψ |max on hot surface, AR=0.4, Ra=106, λ=0.52, Φ=0.05, Ha=60, γ=90

Grid size

Nuave.

100x100
150x150
200x200
250x250
300x300

6.7264
6.7957
6.8226
6.8362
6.8441

∆=

Nui×j − Nu150×150
Nui×j

× 100

1.0303
0.39428
0.59243
0.70718

| Ψ |max

∆=

Ψ i×j − Ψ 150×150

8.6266
8.6645
8.6769
8.6824
8.6840

Ψ i×j

× 100

0.43934
0.14291
0.20616
0.22455

Table 4. Nuave, Ra=1e5, φ=0.05, Ha=20, AR=0.4
Ha
0
20
40
60

Present study
9.112
7.435
4.454
3.010

Yuan Ma et al.[2019]
9
7.45
4.5
3

Error %
-1.244
-0.201
1.0222
-0.333

In the above equation, m refers the shape factor and obtained from the following relation:
m=

3
λ

(11)

where (λ) represents nanoparticles shape, as expressed in a Table (2).
Viscosity:
The effective viscosity relation of the mixture water-nanofluid is given by:
µna =

µbf

(1 − φ)

2.5

(12)

The velocity and thermal boundary conditions of the current study work are no-movement and no-diffusion conditions for
each wall of the enclosure (U=V=0). Bottom wall thermal boundary condition is sinusoidal temperature distribution, cold
temperature was applied to the top wall and baffles (θ=0) and two vertical walls are adiabatic ( ∂θ / ∂X = 0 )X=0,1.
The flow field is defined by streamfunction plots which expressed by the two equations below:
∂Ψ
∂Ψ
= −V;
=U
∂X
∂Y

(13)

∂ 2 Ψ ∂ 2 Ψ  ∂U ∂V 
+
=
−

∂X 2 ∂Y 2  ∂Y ∂X 

(14)

Local and average Nusselt number along the hot bottom wall are calculated in the next equations [18]:

Nuloc = −

kna  ∂θ 
 
kbf  ∂Y Y = 0
1

Nuave = ∫ NulocdX
0

(15)

(16)

3. Numerical Methodology, Grid Test and Code Validation
It is un-avoided to resolve the equations continuity, momentum and energy partial differential equations by a numerical
method. For this reason, the dimensionless equations (1-4) and accompanying boundary conditions have been solved numerically
with assistance of Galerkin ﬁnite element method (GFEM). P2-P1 Lagrange ﬁnite element is utilized to solve the continuity and
momentum equations, and Lagrange-quadratic finite element is selected for energy equation.
In this study, the grid independency test has been examined for investigating the effect of two baffles on MHD natural
convection in U-shaped superposed by nanoﬂuid. The parameter value set for this test is AR=0.4, Ra=106, λ=0.52, ∅=0.05, Ha=60
and γ=90o. The grid independency test evaluated for both average Nusselt number and maximum streamfunction since these
results represented global variable. Also the gradient of this result are evaluated also which represent the percentage error. Five
various cases of mesh size were tested as can see in table 3. It is found that grid size 150*150 was optimized for the results of the
present work. To prove the accuracy of the current physical model, validation of calculating results is fulfilled by examining at the
results constructed by the current code with the existing study. Thus, the implementation of the current code has been legalized
successfully with new published work authorized by Ma et.al. [1]. For isotherms, streamlines and average Nusselt number, as
depicted in ﬁgure 2 and table 4. Good comparison can noticed for all results.
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4. Results and Discussion
In this section the results of the Fe3O4 nanoﬂuid (with Table 1 properties) modeling in a U-shaped geometry as depicted in Fig.
1A including two cold bafﬂes are discussed. As mentioned above, the bottom wall is in variable function temperature and the
geometry is under the magnetic ﬁeld effect in different angles. After the mesh generation as depicted in Fig. 1B, which is based on
Table 3 conﬁrmation for 150×150 grid numbers, the ﬁrst results are depicted for the geometry with one bafﬂe based on Yuan Ma et
al. [1] to investigate the accuracy of results. As observed in Fig. 2 and Table 4 for the Ra=1e5, Φ=0.05, Ha=20, AR=0.4, the results are
in excellent agreements for isothermline values, streamline shapes and the average Nusselt numbers. The maximum error of the
applied method compared to the Yuan Ma et al. study is 1.244% in different Ha numbers.
Fig. 3 which is depicted for the streamlines and isotherms contours shows the effect of Hartmann number and aspect ratio
(AR) number. By increasing the AR, the length of fins (cold walls) are much greater than the smaller AR and causes smaller area
below the region of the cavity. So, the wide reason of higher temperature will be smaller in greater AR. Also, the vortexes in large
AR are more complicated due to the geometry affected by the baffles. Furthermore, this figure confirms that by increasing the Ha
number, vortexes separation will be appearing and the temperature distributions were approximately decreased in the whole
regions especially near the upper walls.
Fig. 4 demonstrates the effect of AR and different nanoparticle shapes (Platelet and spherical shapes) on isotherm and
streamlines. This figure confirms that Ψmax for platelet nanoparticles are greater than spherical shapes (λ=1), also the minimum
value of stream value for platelet shapes is smaller than spherical shapes for all the ARs. From this figure, it can be concluded
that AR=0.4 has the maximum ψ among the other examined aspect rations.
The effect of magnetic ﬁeld angle and Hartmann number on the average Nusselt number is presented via Fig. 5. Increasing the
Hartmann number make a reduction on the average Nusselt number due to the magnetic effect on the Fe3O4 nanoparticles
treatments, while increasing the inclination angle enhanced the heat transfer process as well as the average Nusselt numbers.
Fig. 6 which is obtained for the platelet nanoparticles when λ = 0.52, ϕ=0.05, γ=90o, illustrates the effect of Rayleigh and AR
numbers on the average Nusselt number. Increasing both AR and Ra numbers enhanced heat transfer process and improved the
average Nusselt numbers. Furthermore, no effect can be seen for non-magnetic (Ha=0) and low magnetic (Ha=20) from Fig. 6. This
behavior of AR and Ha effects on Nu number is also presented in Fig. 7. Also, Fig. 7 says that increasing the nanoparticle volume
fraction is an efficient method for increasing the average Nusselt number. Increasing the Ha, reduced the Nu which is due to
negative effect of magnetic field on the nanoparticles motion (especially Brownian motion) which leads to lower heat transfer in
higher Hartmann numbers. Finally, the effect of nanoparticles shape on the average Nusselt number is depicted in Fig. 8. As seen
platelet, cylindrical, brick and spherical shapes have the maximum Nusselt numbers in sequence due to their physical effect on
thermal conductivity based on Eq. 10. Also, AR=0.4 has the maximum values of Nusselt numbers among other values which can
be introduced as the optimum AR in this application.
Ma et al.[1]

Present study

Isotherms

Streamlines

Fig. 2. Isotherms (upper row) and Streamlines (lower row) for Ra=105, φ=0.05, Ha=20, AR=0.4, present study and Yuan Ma et al. [1]
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AR=0.2

AR=0.4
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AR=0.6

Streamlines

Ha=0

Isotherms

Streamlines

Ha= 60

Isotherms

Streamlines

Ha=100

Isotherms

Fig. 3. Streamlines and Isotherms for different Aspect ratio, different Hartman number, λ = 0.52, ϕ=0.05, Ra=106, γ=90o.
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Isotherms

Streamlines

AR=0.2

λ = 0.52
Ψ max = 7.6957
Ψ min = −7.7013

λ=1
Ψ max = 7.6207
Ψ min = −7.6266

AR=0.4

λ = 0.52
Ψ max = 10.410
Ψ min = −10.407

λ=1
Ψ max = 7.6207
Ψ min = −7.6266

AR=0.6

λ = 0.52
Ψ max = 7.4422
Ψ min = −7.4414

λ=1
Ψ max = 7.3370
Ψ min = −7.3361

Fig. 4. Streamlines and Isotherms for different Aspect ratio, different Hartman number, ϕ=0.05, Ra=106, γ=90o
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Fig. 5. Average Nusselt number for different angle of magnetic field and
different Hartman number at λ = 0.52, ϕ=0.05, Ra=106, AR=0.4.

Fig. 6. Average Nusselt number with Hartman number for different
Aspect ratio and Rayleigh number at λ = 0.52, ϕ=0.05, γ=90o.

Fig. 7. Average Nusselt number with volume fraction for different Aspect
ratio and Hartman number at λ = 0.52, ϕ=0.05, γ=90o

Fig. 8. Average Nusselt number with nanoparticle shape for different
Aspect ratio at ϕ=0.05, Ha=60, Ra=106, γ=90o

5. Conclusions
In this paper, natural convection heat transfer of U-shaped and nanofluid-filled cavity was studied numerically using the
Galerkin weighted residual finite element method. The enclosure has two baffles and under the magnetic field with various
inclination angle. The influence of Rayleigh number, Hartmann number, nanoparticles volume fraction, Aspect Ratio and shapes
of nanoparticles on the heat transfer mechanism is investigated and it is found that Rayleigh number increment enhance the
heat transfer process as well as the nanoparticles volume fraction. Also, it is found that AR=0.4 and platelet Fe3O4 nanoparticles
had maximum Nusselt numbers for the heat transfer.
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Nomenclature
Symbol

Description

Unit

cp

Heat capacitance

J/ kg. °C

Da
g
k
L
Nu
N
P
p
Pr
r
R
Ra
Re
Ri
S
T
U
u
V
v
X
x
Y
y

Darcy number
Gravitational acceleration
Thermal conductivity of the fluid
Height and width of the trapezoidal enclosure
Nusselt number
Number of undulations
Dimensionless pressure
Pressure
Prandtl number
Radius of the inner cylinder
Dimensionless radius of the inner cylinder
Rayleigh number
Reynolds number
Richardson number
Porous layer thickness
Temperature
Dimensionless velocity component in x-direction
Dimensional velocity component in x-direction
Dimensionless velocity component in y-direction
Dimensional velocity component in y-direction
Dimensionless coordinate in horizontal direction
Cartesian coordinate in horizontal direction
Dimensionless coordinate in vertical direction
Cartesian coordinate in vertical direction

m/s2
W / m. °C
m

N/m2
m

m
°C
m/s
m/s
m
m

Greek Symbols

α
β
θ
ϕ
Ω
ω
ν
ρ
µ
Ψ
λ

Thermal diffusivity
Volumetric thermal expansion coefficient
Dimensionless temperature distribution
Solid volume fraction
Dimensionless angular rotational velocity
Angular rotational velocity
Kinematic viscosity
Density
Dynamic viscosity
Dimensionless stream function
Nano Particle Shape

m2/s
K-1

rad/s
m2/s
kg/m3
kg./m.s

Subscripts
ave
bf
loc
c
eff
h
Max
Min
na
o
sp

Average
Base fluid
Local
Cold
Effective
Hot
Maximum
Minimum
Nano fluid
Center of enclosure
Solid particles
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