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A B S T R A C T   

The present work examines numerically the heat transfer and the buoyancy-driven flow within a U–shaped 
baffled enclosure filled with a nanofluid-saturated porous medium in the presence of an inclined magnetic field 
using a finite element scheme. The enclosure bottom wall is heated sinusoidally while the two baffles and the 
inner walls are maintained at a constant cold temperature. The rest walls of the enclosure are kept adiabatic. The 
parameters under investigation are Hartmann number (Ha), volume fraction (φ), Darcy number (Da), Rayleigh 
number (Ra), nanoparticles aspect ratio (AR), and the angle of applied magnetic field (γ). The results are crucial 
and illustrate that increasing the values of Ra, Da and the nanoparticles volume fraction enhances the heat 
transfer while the Hartmann number inversely affects the heat transfer augmentation. Moreover, the average 
Nusselt number (Nuave) increases by increasing the enclosure aspect ratio. For the geometry under consideration 
and for a better heat transfer rate, it is recommended to choose an AR = 0.6 at Ha = 0 with a 0.1 vol fraction.   

1. Introduction 

In the last recent years, many researchers have extensively studied a 
natural/mixed heat convection within different shape cavities. This 
noticeable focus is due to its important role in many natural and in-
dustrial applications, such as cooling systems and reactors in nuclear 
power plants. Other examples can be found in solar systems, at the 
enclosure receiving, and the processing of foods (Abu-Mulaweh, 2003; 
Oztop, 2010; Sabbar et al., 2018; Abdulsahib and Al-Farhany, 2021; 
Rahimi et al., 2018; Al-Chlaihawi et al., 2021). As known, the natural 
convection systems have a lower heat transfer coefficient, therefore, 
small (Nano-scale parts) solid particles have been used as the base to 
enhancement thermal conductivity of conventional fluids (Lai and Yang, 
2011; Hu et al., 2014; Wu et al., 2015a; Bondarenko et al., 2019; 
Al-Farhany and Abdulsahib, 2021; Hussein et al., 2020; Abdulsahib and 
Al-Farhany, 2020). Also, many techniques have been developed to 
improve natural convection heat transfer efficiency with an enclosure 
such as applying baffles/fins on the walls (Khanafer et al., 2015; 
Alshuraiaan and Khanafer, 2016; Elatar et al., 2016; Sankar et al., 2016; 

Torabi et al., 2017; Al-Rashed et al., 2017; Ghachem et al., 2018) and 
using even corrugating the enclosure walls to increase surface area 
(Mahian et al., 2016; Barnoon et al., 2019; Abu-Nada and Oztop, 2011) 
and using the porous medium with/without nanofluid (Wu et al., 2015b; 
Al-Farhany and Abdulkadhim, 2018a, 2018b; Abdulkadhim et al., 
2018a, 2018b). Mahmoudi et al. (2010) numerically studied heat con-
vection inside a square cavity with (cu-water)nano-fluid to cool a hor-
izontal heat source. Their investigation considered many variables 
including; Rayleigh number, the heat source position, and its geometry 
as well as the solid volume fraction. Their results showed that Nuave 
increased with the increase of φ, and Ra, while Nuave decreased by 
increasing the length of the heat source. Another study concerning 
natural convection in a square cavity filled with (Al2.O3-water) nano-
fluid has been made by Sayehvand et al. (2012). The investigation 
studied the effect of two-adiabatic partitions that were fixed to the 
horizontal walls with a range of the Rayleigh number (Ra). They found 
that when the Ra increases, the Nusselt number increases, while it de-
creases with increasing the adiabatic partitions. Naoufal et al. (2015) 
numerical investigation of the nanofluid natural convection inside a 
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square enclosure. Their investigation studied the effects of different 
lengths of the heat source partition as well as Rayleigh number and the 
nanoparticles volume fraction. It has been concluded that a maximum 
rate of the average Nusselt number can be gotten by positioning the heat 
source at the center of the enclosure. Alsabery et al. (2016) studied 
numerically the conjugate natural convective heat transfer in a square 
enclosure filled with (Al2O3, Cu, Ag, or TiO2)/water nanofluid. The 
horizontal walls were heated with sinusoidal temperature variations. 
The results demonstrated that; the heat transfer strengths with the in-
crease of the wall thickness. Also, the baffle inclined angle and its length 
effects on the natural convection heat transfer within a square cavity 
filled with two-different types of nano-fluids (Al2O3-water and 
Cuo-water) have been studied numerically by AL-Muhja and Al-Farhany 
(AL-Muhjaa and Al-Farhany, 2019). The results reported an increase in 
the fluid flow intensity with increasing in Rayleigh number, volume 
fraction, baffle length, and aspect ratio. Also, it showed that when the 
inclination angle increase, fluid flow intensity decreased. 

Many researchers studied the effect of inserting porous media in an 
enclosure for different purposes due to the porous material’s capability 
have of enhancing or decreasing heat transfer (Nithiarasu et al., 1997; 
Basak et al., 2006; Oztop, 2007; Sathiyamoorthy et al., 2007). Chamkha 
and Ismael (2013) investigated natural heat transfer effects on an 
enclosure that is filled with nanofluid/porous and considered a trian-
gular wall as a heat source. The results showed that at low Rayleigh 
number (Ra), the increase of the solid volume fraction (φ) significantly 
consolidate the convective heat transfer. The presence of the magnetic 
field (MHD) can negatively affect the heat transfer rate inside an 
enclosure (Benos et al., 2014; Hossain and Alim, 2014; Ahmed et al., 
2014; Hussein et al., 2016; Haq et al., 2018). Numerical study have been 
done by Öztop et al. (2012) to investigate heat convection in a cavity 
under magnetic effect and considered semi-circles heaters at the bottom. 
The efforts focused on the effect of Hartmann, Rayleigh numbers, and 
the position of the bottom heaters upon heat transfer. They determined 
that the magnetic field could be used as a control parameter to the heat 
transfer. 

A good study made by Sheremet et al. (2016) investigated MHD 
natural heat convection in a wavy open tall enclosure filled with 
nano-fluid and porous-medium and heated from the bottom corner. The 
results showed that the Nusselt number increases with the increase of 
the Rayleigh number, while it decreases with the increase of the Hart-
mann number. Also when the inclined angle of the cavity increases from 
0 to π/2, the Nusselt number increases. 

Matori et al. (2019) studied natural convection in a U-shaped 
enclosure filled with (MWCNT-Fe3O4)/water hybrid nanofluids under 
the effect of the MHD using the LBM method. The main results 
demonstrated that the Nusselt number is the later decreases with the 
increase of the magnetic field, which becomes stronger with a high 
Rayleigh number. Another study was induced by a heated arc-shaped 
baffle located in a square enclosure made by Arani and Roohi (2012). 
The horizontal walls are insulated and the vertical walls are heated 
isothermally; their temperatures are lower than that of the baffle. Cu and 
Al2O3 nanoparticles were used in this study. The results show that the 
effect of adding Cu-nanoparticles on the heat transfer rate enhancement 
are much more apparent as compared to adding Al2O3-nanoparticles due 
to its higher thermal conductivity. 

A numerical study of the heat transfer inside a differentially heated, 
square enclosure, influenced by a square adiabatic baffle by Mahmoodi 
and Esfe (Mahmoodi and HemmatEsfe, 2015). Cu-water has been used 
as a working fluid and the effect of Rayleigh number (Ra), baffle loca-
tion, and the nanoparticles volume fraction (φ) were investigated. Their 
results show that the baffle position effects on the rate of heat transfer 
vary according to the Ra. For low Ra, the maximum rating of heat 
transfer occurs when the baffle is positioned in the center of the cavity, 
on the other hand, the minimum rating of heat transfer occurs, as the 
baffle is located in the lower half of the cavity at high Ra. 

Armaghani et al. (2016) investigated numerically the influences of 

parameters such as baffle length, cavity dimension, Rayleigh numbers, 
and the volume fraction percentage of the nanoparticles on the entropy 
generation and the heat transfer in an L shaped baffled cavity filled with 
(AL2O3-water) nanofluid. Later, Mohebbi and Rashidi (2017) conducted 
the same study under-equipped with a heating rectangular obstacle. 
Different obstacle positions have been carried out on the left or bottom 
adiabatic walls for the flow in the cavity. 

Abedini et al. (2019) investigated the effect of MHD inserts on the 
natural heat transfer of a C-shaped enclosure fitted with (Fe3O4-water) 
nanofluid numerically. Lattice Boltzmann Method has been used to 
investigate the effect of the Rayleigh and Hartmann numbers, the vol-
ume fraction of the nanoparticle and the cavity aspect ratio on the flow 
field and heat transfer characteristics in a U-shaped baffled cavity filled 
with CuO-water under magnetic field effects by Ma et al. (Ma et al., 
2018, 2019; Zaim et al., 2020). Koo-Kleinstreuer-Li correlation equa-
tions have been used to calculate the viscosity and the effective thermal 
conductivity of the nanofluid. Darcy-Brinkman model has been used to 
investigate the effect of MHD heat convection in a square-shaped porous 
cavity filled with nanofluid by Al-Farhany et al., 2021a, 2021b. The left 
hot wall has two fins attached to it. 

Recently, Ali et al. (2020) numerically studied the Non-Newtonian 
nanofluid heat convection in a U-shaped enclosure with 2-baffles. The 
bottom wall heated Sinusoidal and the baffle walls were kept at a con-
stant low temperature while the other walls were assumed to be insu-
lated. Their results showed that when Ha < 30, the influence of Ha and n 
on the heat transfer are significant. For Ha more than 30, there is 
increasing in the heat transfer by 5% for AR = 0.4 and 7% for AR = 0.6. 

The major aim of this study is to investigate the natural convective 
heat transfer in a U-shaped enclosure filled with a nanofluid/saturated 
porous media with two baffles under MHD effects. A numerical solution 
was applied to study the effect of MHD, aspect ratio (AR), Rayleigh 
number (Ra), Darcy number (Da), Hartmann number (H), the inclina-
tion angle of magnetic field (γ), and the solid volume fraction (φ). The 
isothermal lines, stream functions, and the Nusselt numbers have been 
plotted for the considered variables. Consequently, the results give a 
declared analysis of how the considered variables affect the behavior of 
convection flow and heat transfer. 

2. Mathematical modelling 

Fig. 1 presents the two-dimensional coordinate model of the U- 
square-shaped enclosure of width (W) and the height (H) while the inner 
wall length is (L). Two baffles are assumed to be a constant length (h) for 
all cases and equal to (H/3), and three different aspect ratio (AR = L/w) 
have been used in this study which are (AR = 0.2, 0.4, and 0.6). The 
bottom wall has been heated as a sinusoidal function of the temperature 
distribution and the inner walls and the two baffles are kept at a uniform 
cold temperature (Tc), while the other walls are kept insulated. The 
baffled U-shaped enclosure is filled with incompressible nanofluid (Cu- 
water)/porous media. The Cu-nanoparticles and water thermal proper-
ties are described in Table 1. In this study, A uniform magnetic field is 
applied with the inclination angle (γ). 

The next assumptions are considered in the expression governing 
equations.  

• Single phase for nanofluid and porous medium.  
• Thermal equilibrium between porous and base fluid (water), also 

thermal equilibrium between porous and nanofluid are assumed.  
• No-slip conditions between nanoparticles and base fluid (water) are 

considered.  
• Porous medium and nanofluid are isentropic and homogenous.  
• No heat radiation boundary conditions, heat generation, and 

neglected the influence of viscous dissipation and Joule heating.  
• Boussinesq approach is applied to the density variation while other 

physical properties are constant.  
• Steady-state conditions 
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Based on the above assumption, the governing equations in dimen-
sionless form with a model of Darcy-Brinkman-Forchheimer is used in 
the present study it is given by (Rahimi et al., 2018; Hu et al., 2014; 
Bondarenko et al., 2019; Alshuraiaan and Khanafer, 2016; Sankar et al., 
2016; Abdulkadhim et al., 2018b): 

∂U
∂X

+
∂V
∂Y

= 0 (1)    

U
∂θ
∂X

+V
∂θ
∂Y

=
αna

αbf

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(4) 

The thermal diffusivity, density, heat capacity, and thermal expan-
sion of nanofluid are calculated from the following relations: 

αna =
kna

(
ρcp

)

nf

(5)  

ρna =(1 − φ)ρbf + φρsp (6)  

ρcp =(1 − φ)
(
ρcp

)

bf + φ
(
ρcp

)

sp (7)  

(ρβ)na =(1 − φ)(ρβ)bf + φ(ρβ)sp (8) 

the Brinkman model has been used to estimate the nanofluid vis-
cosity given by (Elatar et al., 2016; Ghachem et al., 2018; Mahian et al., 
2016; Abu-Nada and Oztop, 2011; Wu et al., 2015b; Mahmoudi et al., 
2010; Sathiyamoorthy et al., 2007; Hossain and Alim, 2014; Ahmed 
et al., 2014; Haq et al., 2018): 

μna =
μbf

(1 − φ)2.5 (9) 

The Maxwell model has been used to obtain the nanofluid thermal 
conductivity as given by (Elatar et al., 2016; Mahian et al., 2016; Bar-
noon et al., 2019; Abu-Nada and Oztop, 2011; Wu et al., 2015b; Mah-

moudi et al., 2010; Sathiyamoorthy et al., 2007; Hossain and Alim, 
2014): 

kna

kbf
=

ksp + 2kbf − 2φ
(
kbf − ksp

)

ksp + 2kbf + 2φ
(
kbf − ksp

) (10) 

The generalization model was used in this study to describe the 
saturated porous media. (Fc) express the coefficient of the Forchheimer 

Fig. 1. Schematic diagram and mesh generation of this model.  

Table 1 
Water and nanoparticles thermo-physical properties at T = 25◦c (Zaim et al., 
2020; Al-Farhany et al., 1002).  

Properties ρ (kg/ 
m3) 

Cp (J/ 
kg.K) 

k (W/ 
m.K) 

σ/(S/m) β (1/K) μ(kg/m. 
s) 

Water 997 4180 0.614 5.5 ×
10− 5 

2.1 ×
10− 4 

8.9 ×
10− 4 

Copper 8933.0 385.0 401.0 59.6 ×
10− 5 

1.67 ×
10− 5 

–  

1
ε2

(

U
∂U
∂X

+V
∂U
∂Y

)

= −
∂P
∂X

+
νna

αbf

1
ε

(
∂2U
∂X2 +

∂2U
∂Y2

)

−
νna

αbf

U
Da

−
Fc
̅̅̅̅̅̅
Da

√ U
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 + V2

√
+ Pr Ha2( Vsin(γ)cos(γ) − U sin2(γ)

)
(2)   

1
ε2

(

U
∂V
∂X

+V
∂V
∂Y

)

= −
∂P
∂Y

+
νna

αbf

1
ε

(
∂2V
∂X2 +

∂2V
∂Y2

)

−
νna

αbf

V
Da

−
Fc
̅̅̅̅̅̅
Da

√ V
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 + V2

√
+

βna

βbf
RaPrθ − Pr Ha2( Usin(γ)cos(γ) − V cos2(γ)

)
(3)   
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parameter which hardly be contingent on the configuration of the 
porous membrane. Because of insufficient information about the quan-
tities, therefore it is not easy to estimate at present. If the porous medium 
to be having a spherical ball configuration. The Forchheimer coefficient 
(Fc) regarding to the permeability of the porous media, which can 
determine depending on the Ergun (1952) which investigated experi-

mental relation given by 

⎛

⎜
⎜
⎝Fc = 1.75̅̅̅̅̅̅

150
√

ε2 /

2

⎞

⎟
⎟
⎠. 

The effectiveness of thermal conductivity effects keff and the thermal 
diffusivity αeff are given by: 

keff =(1 − ε)ksp + εkna (11)  

αeff =
keff(

ρcp
)

na

(12) 

The electric conductivity of the nanofluid mixture is expressed by the 
following equation (Sathiyamoorthy et al., 2007): 

σna

σbf
= 1 +

3
(

σsp
σbf

− 1
)

φ
(

σsp
σbf

+ 2
)

−

(
σsp
σbf

− 1
)

φ
(13) 

The dimensionless parameters have been used to obtain the dimen-
sionless governing equations:  

2.1. Nusselt number 

The local/average Nusselt numbers on the bottom hot wall are 
written as (Ma et al., 2019): 

Nuloc = −

[
kna

kbf

]
∂θ
∂Y

(15)  

Nuave =
1
L

∫ 1

0
NulocdX (16)  

2.2. Boundary conditions 

The two dimensionless equations have been used in this study by 
employing the following boundary conditions. The velocities on walls 
are assumed to be zero. 

At the bottom hot wall; 

Th =Tc +(Th − Tc)sin
(

π. x
H

)
;U =V = 0 (17) 

At the inner cold walls as well as the baffles; 

θ= 0;U = V = 0 (18) 

At the insulation walls; 

∂θ
∂X

=
∂θ
∂Y

= 0;U = V = 0 (19)  

2.3. Solution procedure 

In the present work, commercial software (COMSOL Multiphysics) 
was used for the current investigation. The Galerkin-finite element 

technique has been used to solve the non-dimensional equations. The 
convective heat transfer in the nanofluids application mode, the 
incompressible Naiver-Stokes momentum mode, the heat transfer in the 
solid (within the baffles), and the coupling between fluid and thermal 
fields are used to solve equations (1)–(5). Moreover, the Newton 
Raphson approach was utilized to resolve the discretized equations for 
the nanofluid/porous domain. A steady-state convergence solution was 
announced when the comparative difference in the dependent parame-
ters between one and the next iteration was convinced by the next 
criteria. The convergence criterion errors are set to be at least equal to 
10− 5 for each variable. 

∑⃒
⃒
⃒ξn+1

i,j − ξn
i,j

⃒
⃒
⃒
/⃒
⃒
⃒ξn+1

i,j

⃒
⃒
⃒
≤ 10− 5 (20) 

Mesh generation on a baffled U-shaped enclosure is made by using a 
mapped mesh consisting of square elements. Various grid distribution 
was utilized to catch the quick variation independent parameters, 
particularly in the nearness of the boundaries, where the changes of 
physical properties can notice, as such. A uniform mesh distribution of 
300x300 nodes was established. Fig. 1 shows a two-dimensional 
computational domain that is subdivided into small elements due to 
the square mapped mesh. Table 2 shows the mesh independence tested 
in the case of the average Nusselt number on the hot surfaces and |Ψ| 
_max at Ra = 106, DA = 0.001, φ = 0.05, Ha = 20, and γ = 90. the grid 
size of (300x300) has been selected in this study because the average 
Nusselt numbers (Nuave) had a small deviation from the results obtained 
from the other mesh sizes. For more explanation that has more 
description of the solution, the procedure can see Ref. (Basak et al., 
2006). Fig. 2, Table 3 shows the comparison of the code results with 
Yuan Ma et al., 2019 results in terms at Ra =105,ϕ = 0.05, and AR = 0.4 
with different Ha. 

3. Results 

The current paper numerically investigates natural convective heat 
transfer within a U-shaped baffled porous cavity filled with a Cu-water 
nanofluid. The numerical study considered a range of parameters 
including; Rayleigh number (Ra = 103 to 106), Darcy number (Da =
10− 6 to 10− 3), volume fraction (φ = 0 to 0.1), Aspect ratio (AR = 0.2, 
0.4, and 0.6), Hartman number (Ha = 0, 20, 40, 60, 80, 100) and the 
applied magnetic field angle (γ = 0◦ to 90◦). The results are presented in 

Table 2 
Mesh independence exam for Nuave. on hot surface for |Ψ |max at Ra = 106, Da =
0.001, φ = 0.05, Ha = 20, and γ = 90.  

Grid size Nuave. Δ =
|Nunew − Nuold|

Nunew
×

100   

|Ψ |max   Δ =
|Ψnew − Ψold|

Ψnew
×

100   

100x100 6.7485 – 6.8049 – 
150x150 6.7899 0.613 6.8071 0.032 
200x200 6.8074 0.2577 6.8100 0.0426 
250x250 6.8167 0.1366 6.8102 0.0029 
300x300 6.8260 0.1364 6.8094 0.0117 
350x350 6.8261 0.0014 6.8093 0.00146 
400x400 6.8262 0.0029 6.8092 0.00146  

X =
x
H
; Y =

y
H
; A=

L
H
; U =

uH
αbf

; V =
vH
αbf

; θ=
T − Tc

(Th − Tc)
; P=

pH2

ρnaα2
bf
; Pr =

νbf

αbf
; Ra=

gβbf (Th − Tc)H3

αbf νbf
;Da=

K
H2; kr =

kw

kna
;Ha=BoH

̅̅̅̅̅̅̅̅̅̅̅̅σna

ρnaνna

√

(14)   
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Stream functions, Isothermlines, as well as local and average Nuslet 
numbers. 

3.1. Hartmann number effect 

Fig. 3 demonstrates the influence of the Hartmann number (Ha) and 
another geometrical parameter which is the aspect ratio at Ra = 106, Da 
= 10− 3, φ = 0.05, and γ = 90◦. Firstly, let us explain the aspect ratio and 
the Hartmann number effects on the streamlines. It can be seen that 
increasing the Hartmann number reduces the fluid flow strength, which 
is at this point reversely proportional to the Rayleigh number. For 
example, at AR = 0.4 the absolute value of stream function reduces from 
Ψ = 5.7 into Ψ = 3.5 when the Hartmann number goes up from Ha = 40 
into Ha = 60. In addition, Hartmann’s number changes slightly the 
shape of inner recirculation but it remains symmetry due to the sym-
metrically of the enclosure geometry. It is worthy to mention that baffles 
will be restricted partition that will not be allowed the eddies to spread 

anywhere but locate them between the two baffles and the bottom wall. 
With respect to the isotherms lines, it may be distinguished that it was 
affected by aspect ratio more than the Ha. It may be noted that when the 
aspect ratio is AR = 0.2, it can be seen that isotherms distribution covers 
the whole of the enclosure area while it is limited to cover only the gap 
between the bottom wall and the baffle length at a high aspect ratio such 
as AR = 0.6. 

3.2. Darcy number effect 

Fig. 4 demonstrates the influence of the Darcy number and another 
geometrical parameter which is the aspect ratio at Ra = 106,Ha = 60,φ 
= 0.05, and γ = 90◦. As a beginning, let us focus on the streamlines, it 
can be observed that increasing Darcy number (Da), increasing the 
strength of the fluid. For example, when Da increases from 10− 5 into 
10− 3, the stream function (Ψ) increases from 0.066 into 4.8 for case 3 
(when AR = 0.6) due to the conversion of the heat transfer mode from 
conduction into the buoyancy is driven flow mode. However, the Darcy 
number does not affect the shape of the streamline so much. Further-
more, the aspect ratio affects the shape of the streamlines very much 
where the streamlines vortices blockage between the baffles. Concerning 
the isotherms, it can be seen that isotherms lines are horizontals and 
uniform as the Darcy number decreases, which is a sign on the con-
duction heat transfer mode is dominated while as the Darcy number 
increases, the isotherm lines are converted into non-linear curved lines, 
which means that convection heat transfer is dominated. Regarding the 
aspect ratio, it can be seen that it is very close and similar to the aspect 
ratio effect with Rayleigh numbers. 

Fig. 2. Comparison of the code results with Yuan Ma et al. (Ma et al., 2019) results in terms of isotherms and streamlines at Ha = 20, Ra = 105,φ = 0.05, and AR 
= 0.4. 

Table 3 
Comparison of the present work with Yuan Ma et al. (2019) in terms of average 
Nusselt number at Ra = 105, AR = 0.4, and φ = 0.05.  

Hartmann 
No. 

Present 
work 

Yuan Ma et al. (Ma et al., 
2019) 

Percentage 
error 

0 9.11 9 1.22 
20 7.44 7.45 0.13 
40 4.45 4.5 1.11 
60 3.01 3 0.33  
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3.3. Rayleigh number effect 

Fig. 5 shows the effect of the Rayleigh number and the aspect ratio 
(AR) at Da = 10− 3, φ = 0.05, Ha = 40, γ = 90◦ on the stream function 
and the isotherms contours. Regarding the stream function, it may be 
noted due to a hot sinusoidal temperature from the bottom with a cold 
upper wall will generate vortices of the convection current due to a 
density difference in the clockwise and anti-clockwise direction. It can 
seem that at (Ra = 103), the fluid flow strength is relatively low. For 

example, at AR = 0.2, the absolute value of stream function is Ψ = 0.032 
while it increases to Ψ = 0.36 and Ψ = 5.9 when Rayleigh number (Ra) 
increases up to Ra = 105 and 106 respectively. The reason behind this 
increment is that when the Ra increases, the buoyancy force increases, 
which makes the heat transfer mode change from conduction mode at 
low Ra to natural convection mode at high Ra, which makes increasing 
in the strength of the fluid. However, the Rayleigh number had a 
negligible impact on the streamline shapes while the aspect ratio 
changes the shapes of streamlines completely. For example, the 

Fig. 3. Stream functions (Ψ)and Isothermlines (θ) for different Hartmann number and aspect ratio at Da = 10− 3, Ra = 106, φ = 0.05, and γ = 90◦.  
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Fig. 4. Stream functions (Ψ)and Isothermlines (θ) for different Darcy number and aspect ratio at Ra = 106,Ha = 60, φ = 0.05, and γ = 90◦.  
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convection current vortices filled the enclosure area no matter at high or 
low Rayleigh number while as the aspect ratio increases, it can be seen 
that convection eddies filled the small area till it is located below the 
baffle and the bottom wall at the highest value of aspect ratio. The 
physical explanation regarding the aspect ratio is that the baffle works 
like a restriction wall that breaks down the circular vortices and this 

breaking leads to a reduction in the fluid flow strength even if this 
reduction is small. Besides that increasing, the aspect ratio restricts the 
area of movement of vortices and make it unfree. With respect to the 
influence of Rayleigh number and aspect ratio on isotherm, it can be 
seen that at the low Ra, the isotherm lines are somewhat horizontal 
while increasing the Rayleigh number changes its shapes and become 

Fig. 5. Stream functions (Ψ) and Isothermlines (θ) for Rayleigh number and aspect ratio at Ha = 40, Da = 10− 3, φ = 0.05, and γ = 90◦. (a) AR = 0.2. (b) AR = 0.4. (c) 
AR = 0.6. 
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had the curve shapes. The physical reason is due to increasing the 
buoyancy force as Rayleigh number increases, which leads to increasing 
the collision between the fluid particles, which increases the kinetic 
energy, and according to the principle of energy conservation this ki-
netic energy changes into thermal energy that makes the isotherms 
spread within the enclosure. There is a crucial observation with respect 
to the aspect ratio, which is isotherms lines, covers all the possible areas 
within the enclosure, especially at high Rayleigh number while it’s 
become limited to the small area due to the baffle effect which restricts 
the spread of the isotherms line. 

3.4. Nusselt number 

Since the Nusselt number (Nu) is the indicator of heat transfer 
augmentation, then it is necessary to discuss the results in terms of the 
local and the average profiles of the Nu. Fig. 6 (a), (b) and (c) demon-
strate the local Nusselt number profile (Nuloc) for various Darcy numbers 

and aspect ratio. It has been noted that as Darcy number increases, the 
Nuloc increases, which is an indicator of enhanced heat transfer. Con-
cerning aspect ratio (AR), it is clear to see that where AR increases at a 
low Darcy number (Da = 10− 5), the amplitude of the Nuloc profile in the 
middle line of the cavity increases, while it decreases near the ends of 
the hot wall. At high Darcy number when the aspect ratio increases up to 
AR = 0.4 then there is an increment in the Nusselt number profile. 
However, there amplitude of the Nuloc profile in the center of the bottom 
wall will be inverse behavior when the aspect ratio is increasing more 
than 0.4 and that is happening due to the effects of minimizing the free 
fluid area and the cold wall being closer to the hot wall near the center of 
the hot wall. 

Regarding Hartmann numbers (Ha) and aspect ratio as explained in 
Fig. 7 (a), (b) and (c). As Ha increases, there will be a reduction in Nuloc 
profile, which leads to a decrease in the heat transfer, on the other hand, 
the increase of the aspect ratio leads to increasing the Nuloc profile. Fig. 8 
(a), (b) and (c) examine the influence of Ra and AR on the Nuloc profile. 

Fig. 6. Variation of the local Nusselt numbers along the bottom hot wall for 
different Darcy number at Ra = 106, Ha = 60, φ = 0.05, and γ = 90◦. (a) AR =
0.2. (b) AR = 0.4. (c) AR = 0.6. 

Fig. 7. Variation of the local Nusselt numbers along the bottom hot wall for 
different Hartmann number at Ra = 106, Da = 10− 3, φ = 0.05, and γ = 90◦. (a) 
AR = 0.2. (b) AR = 0.4. (c) AR = 0.6. 
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Both of them will enhance the Nusselt number profile. As the increase of 
Ra increases the collision between the fluid particles which makes the 
heat transfer augmented. 

With regard to the average Nusselt number, Firstly, in Fig. 9 the 
results show that increases Hartmann number from Ha = 0 to 100, there 
will be decreasing in Nusselt number, for example, at AR = 0.2, the from 
Nu = 5.7 to Nu = 4.2. The cause behind this decrease is that the magnetic 
field is working as an additional resistance on the bouncy force. The 
effecting on besides that the magnetic field angle effects are negligible at 
low Hartmann number (Ha) while its effect becomes obvious at high 
Hartmann number (Ha = 100). Also, the increase of the aspect ratio 
increases the average Nusselt number (Nu) which enhances the heat 
transfer. 

Secondly, Fig. 10 displays the relation between Ha, Da, and AR with 
Nu. It can be seen that the effect of Ha is negligible at a low Darcy 
number. The increase of Da leads to enhance in the Nu while the increase 
of Ha leads to a reduction in the no. Besides that, it is noted that 
increasing AR leads to augmentation in Nu. 

Fig. 11 shows that Ra and Ha have an inverse impact on Nu as it can 

be seen that increasing Ha leads to reduced Nu while increasing Ra 
enhances Nu. In addition, it is recommended to increase AR to get better 
heat transfer characteristics. 

Finally, Fig. 12 (a), (b) and (c) shows the Nusselt number in its 
average profile with respect to volume fraction under various aspect 
ratio and Hartmann number for Ra = 106, Da = 10− 3, and γ = 90◦. It can 
be seen that nanofluid had a positive effect on the Nuave, which leads to 
augmentation in heat transfer. However, the nanofluid impact is rela-
tively negligible at the higher Hartmann number and the impact of 
nanofluid is obvious as the Hartmann number decreases. The physical 
reason behind this is due to the reduction of Nuave regarding Hartmann 
number nearly equal to the enhancement of Nu with an increase in the 
percentage of the volume fraction. Besides that, it is noted that the 
increasing aspect ratio leads to an increase in the value of the Nu. For an 

Fig. 8. Variation of the local Nusselt numbers along the bottom hot wall for 
different Raleigh number at Ha = 60, Da = 10− 3, φ = 0.05, and γ = 90◦. 

Fig. 9. Variation of the average Nusselt number (Nuave) with magnetic field 
angle (γ) and different aspect ratio at Da = 10− 3, Ra. = 105, and φ = 0.05. 

Fig. 10. Variation of the average Nusselt number (Nuave) with an aspect ratio 
(AR) and Darcy number (Da) at R a = 106,γ = 90◦, and φ = 0.05. 
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improved heat transfer rate, it is recommended to choose the aspect 
ratio of AR = 0.6 at Ha = 0 with 0.1 vol fraction as shown in Fig. 12 (c). 

4. Conclusions 

The present work uses the finite element technique to investigate 
numerically the natural convective heat transfer within a U-shaped 
baffled cavity filled with a nano-fluid/porous medium for a great ranges 
of parameters including; Darcy number, Rayleigh number, Hartmann 
number, solid volume fraction, aspect ratio and the angle of the applied 
magnetic field. The main results illustrate that the thermal performance 
or the Nusselt number increases as both the Rayleigh and Darcy numbers 
and/or the nanoparticles solid volume fraction increase. It also found 
that the increase of the Hartmann number which corresponds to an in-
crease in the magnetic field strength leads to converting the mode of 
heat transfer into a diffusive heat transfer mode that reduces the heat 
transfer rate. It is also found that increasing the aspect ratio and the 
angle of the magnetic field increases the rate of heat transfer. 

The Future work:  

i. Study the lid driven cavity for the present enclosure. 
ii. Corrugate the bottom surface and study the influence of the un-

dulation number on the heat transfer. 
iii. Non–Newtonian fluid mixed with nanofluid along with the in-

fluence of MHD looks like an interesting idea due to many in-
dustrial applications. 

Fig. 11. Variation of the average Nusselt number (Nuave) with Raleigh number, 
aspect ratio at Da = 10− 3, φ = 0.05, and γ = 90◦. (a) AR = 0.2 (b) AR = 0.4 (c) 
AR = 0.6. 

Fig. 12. Variation of the average Nusselt number (Nuavg) with volume fraction (φ) and Hartmann number (Ha) at Ra = 106, Da = 10− 3, and γ = 90◦ for (a) AR = 0.2, 
(b) AR = 0.4, and (c) AR = 0.6. 
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Nomenclature 

AR Aspect Ratio 
Cp Specific heat 
g Gravitational acceleration 
k Thermal conductivity 
L Length of inner wall of the enclosure 
h Baffle length 
H Height of the enclosure 
Ha Hartmann Number 
Nuloc Local Nusselt number 
Nuave Average Nusselt number 
P Dimensionaless pressure 
Pr Prandtl number 
Ra Rayleigh number 
T Dimensional temperature 
U Dimensionless velocity component X-direction 
V Non-dimensional velocity component Y-direction 
W Width of the enclosure 
X Dimensionaless X-coordinates 
Y Dimensionaless Y-coordinates  

Greek symbols 
β thermal expansion coefficient 
α thermal diffusivity 
μ Dynamic viscosity 
Ψ Absolute stream function 
φ Solid volume fraction 
θ Non-dimensional temperature  

Subscripts 
bf Base fluid 
c Cold 
f Fluid (pure water) 
h Hot 
nf Nano-fluid 
sp Solid particle 
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