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A B S T R A C T   

The magnetohydrodynamic conjugate heat transfer characteristics of a ferrofluid-filled porous inclined enclosure 
heated differentially have been investigated numerically in the present work. Two-conducting fins are attached 
to the hot wall of the cavity and the horizontal walls are insulated. The ranges of dimensionless flow controlling 
parameters are taken as: modified Rayleigh number (10 ≤ Ra* ≤ 104), length of the fins (a = 0.3, 0.5, 0.7), gap 
between the two fins (b = 0.3, 0.5, 0.7), and Darcy number (10− 5 

≤ Da ≤ 10− 2), volume fractions of nano-
particles (0 ≤ ϕ ≤ 0.06), Hartmann number (0 ≤ Ha ≤ 50), and the cavity inclination angles (0 ≤ γ ≤ 90o). The 
finite element method has been used to solve the governing equations and the present code have been validated 
with previously published work. The results show that the average Nusselt number increases by increasing the 
modified Rayleigh number, Darcy number, fins length while it decreases by increasing the Hartmann number. 
For any range of modified Rayleigh numbers, the highest fin length and the widest gap between the fins can be a 
superior heating strategy. At a fixed fin length, the lower gap between the fins is of a better choice to boost heat 
transfer when the cavity inclination angle increases up to 30o.   

1. Introduction 

Low power consumption, simplicity, reliability, noiseless, cost- 
effective and easy maintenance are among the most advantages that 
make natural convection systems extremely useful in a variety of engi-
neering situations like electronic components cooling systems, chemical 
reactors, solar collectors, food storage, drying foods, etc. [1–6]. The 
natural convection heat transfer is also an important issue in the liquid 
regions of phase change energy storage systems, as discussed in [7,8]. 
Because of the lower heat transfer coefficient in natural convection, 
many techniques to improve natural convection of heat transfer effi-
ciency with an enclosure were developed such as applying baffles or fins 
on the active walls [9–16], enhancement thermal conductivity of con-
ventional fluids through disperse a small (nano-scale) solid particles into 
the base fluid [17–21] and even corrugating (wavy) the enclosure walls 
to increase surface area [22–25]. 

Natural convection within an enclosure filled with a hybrid/nano-
fluid which is exposed to different boundary conditions and obstacles or 

baffles fixed to the cavity walls has been studied by many researchers. 
Arani and Roohi [26] researched natural convection heat transfer 
induced by a heated arc-shaped baffle located in a square cavity filled 
with nanofluid. The upper and bottom horizontal walls of the enclosure 
are insulated and the vertical walls are isothermal; their temperatures 
are lower than that of the baffle. Two types of nanoparticles (Cu, Al2O3) 
were used in this research. The obtained results show that because of its 
higher thermal conductivity, the effect of adding Cu-nanoparticles on 
the heat transfer rate enhancement is much more apparent as compared 
to Al2O3. Davoudian and Solghar [27] focused on the magnetic field 
effect on buoyancy driven heat and fluid flow in a square-shaped cavity 
filled with Al2O3 − water nanofluid with a vertical plate at the center. 
The vertical left and the right walls of the cavity are maintained at 
constant temperatures (Th and Tc), respectively, while the top and bot-
tom walls are isolated. Mahmoodi and Esfe [28] studied the buoyancy 
driven heat transfer inside a differentially heated, square-shaped cavity 
filled with (Cu-water) nanofluid influenced by a square adiabatic baffle 
numerically. The vertical walls of the cavity are kept isothermal of Th 
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and Tc, respectively (Th > Tc), while the horizontal walls are adiabatic. 
The effect of baffle location, Rayleigh number (103 to 106) and the 
nanoparticles volume fraction from 0 to 0.1 were investigated. The 
governing equations were solved using the finite volume method. Re-
sults show that the effect of baffle position on the rate of heat transfer 
varies according to Rayleigh number, where at Ra = 103 the heat 
transfer maximized when the baffle positioned in the center of the 
enclosure, and at Ra = 106, a minimum heat transfer rates takes place as 
the obstacle is situated in the lower half of cavity. Free convection heat 
transfer within horizontal annuli filled with nanofluid and eight radial 
fins which have been connected to the inner cylinder studied by Arbaban 
and Salimpour [29]. Three types of nanoparticles(TiO2, Al2O3, and Cu) 
were used in this investigation. From the obtained results, it is found 
that the (Cu/water) nanofluid gives the highest Nusselt number among 
the nanofluids used. Alsabery et al. [30] focused on natural heat con-
vection in a closed porous trapezoidal-shaped enclosure partly filled 
with non-Newtonian and nanofluid. The study was acheived over a wide 
range of Rayleigh number (105 and 106), nanoparticle volume fraction 
(0–0.2), Darcy number (10− 5–10− 1), power-law index (0.6–1.4), porous 
layer thickness (0.3–0.7), the cavity side wall inclination angle (0o – 
21.8o), the inclination angle of the enclosure (0o – 90o) and four nano-
particles (silver or copper or alumina or titania). The governing equa-
tions have been solved by using the Finite Volume Method (FVM). 

Rehman et al. [31] studied the buoyantly convective non-Newtonian in 
hexagonal enclosure rooted with T-Shaped flipper and lated they studied 
numerically the effects of T-Shaped blade rooted in trapezium enclosure 
on the heat transfer individualities [32]. 

Armaghani et al. [33] researched the influences of parameters such 
as Rayleigh numbers, volume fraction of nanoparticles, the dimension of 
the cavity and the baffle length on entropy generation and the heat 
transfer in L-shaped baffled enclouser filled with (AL2O3- water) nano-
fluid numerically. The left vertical wall and the bottom wall of the cavity 
are placed on constant hot temperature Th, the middle of the horizontal 
wall and the right vertical wall are in constant cold temperature Tc, 
while the other walls are kept insulated. Mohebbi and Rashidi [34] 
conducted a numerical investigation of the natural convection in L- 
shaped enclosure filled with (Al2O3-water) nanofluid and equipped with 
a heating rectangular obstacle. Different positions of obstacle on the left 
or bottom adiabatic walls of the enclouser for the flow in the enclosure 
have been carried out. The results showed that the location of obstacle 
has a great influence on heat transfer phenomena in the enclosure and 
when the obstacle was positioned inside lower left wall, maximum 
Nusselt number was observed. Al-Kouz et al. [35] accomplished a nu-
merical study aimed to investigate the effects of nanoparticles' volume 
fraction(0–0.2), Rayleigh number(103–106) and Knudsen number 
(0–0.1) on the heat transfer and flow f;ow characteristics in a square- 
cavity filled with gaseous low-pressure nanofluid and two solid fins 
attached to the hot wall. The results show that Nu decreases with Kn 
while it increases with Ra. In addition, adding Al2O3 nano-particles to 
the base fluid (low-pressure gaseous) will be enhanced heat transfer. 
Also for constant Ra, the Nu increases as the nano-particle volume 
fraction increased. Finally, for Ra = 106 and Kn = 0.05 the Nu increased 
by 53% as the nanoparticles' volume fraction increased from 0.01 to 0.2. 

A recent novel type of basic nanofluids and hybrid nanofluids have 
also been investigated in enclosures. For example, Mehryan et al. [36] 
examined the convection heat transfer of nano-encapsulated phase 
change particles in an annulus enclosure. The nanoparticles were made 
of phase change material and contributed to liquid's phase change by 
their latent heat of fusion. Ghalambaz et al. [37] analyzed the free 
convection of phase change functional liquids in porous spaces. The 
results showed that the nanoparticles could be beneficial to heat transfer 
enhancement at certain concentrations. The convection heat transfer of 
these hybrid nanofluids was addressed in other enclosures [38,39]. 

Siavashi et al. [40] investigated numerically the effect of porous fins 

Fig. 1. Physical geometry of the model along with coordinates system and 
boundary conditions. 

Table 1 
Thermo physical properties of fluid and Nanoparticles at T = 25 ◦c.  

Properties Pure water Fe3O4 

Cp(J/kg K) 4179 670 
ρ(kg/m3) 997.1 5200 
k (W/m K) 0.613 6 
β(1/K) 21 × 10− 5 1.30 × 10− 5  

Fig. 2. The triangle mesh distribution of the enclosure.  
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and nanofluid on entropy generation and heat natural convection of 
flow inside a square cavity filled with Cu-water nanofluid using a two- 
phase approach. The left and right vertical walls of the enclosure are 
heated and coled at constant temperatures Th and Tc, respectivlly, while 
the others are insulated and the fins are attached to the hot wall. The 
investigation was carried out at a range of Rayleigh number (104–106), 
Darcy number (10− 1–10− 4), and the volume fraction of the nanoparticle 
(0–0.04). Results show that adding porous fins can be increased the heat 
transfer up to 7% at lower Rayleigh numbers (Ra = 104), and the adding 
of fins can improve heat transfer at higher Darcy number while at low 
Da; fins can deteriorate the convection and drop Nu. Rahimi et al. [41] 
used lattice Boltzmann method to simulate the buoyancy-driven heat 
transfer and fluid flow in a capsule-shape heat exchanger. Six internal 
active solid bodies (baffles) insert inside the heat exchanger to model the 
internal pipes . CuO-water nanofluid have been used as working fluids in 
the heat exchanger. The sidewalls of the enclosure have a curved shape. 
The bottom and left walls are kept at Th while the other walls at Tc and 
the baffles have a temperature as similar as the external walls. The re-
sults showed that the arrangement of internal fins has a considerable 
effect on the performance of the heat exchanger. Matori et al. [42] 
investigate the effect of hot obstacle position and MWCNT-Fe3O4-water 
hybrid nanofluids in a Π-shaped cavity on natural heat convection and 
fluid flow using the LBM method. Another numerical study conducted 
by Hussain and Rahomey [43] aimed to investigate and compare the 
fluid flow and the convective heat transfer around a hot circular cylinder 
located inside a cold square cavity being filled with Ag-Nanofluid su-
perposed porous-Nanofluid layers with different geometries of cylinders 
(circular, rectangular, elliptic, triangular and rhombic). From the re-
sults, the authors noted that the convection heat and the fluid flow in-
tensity enhanced with increasing of Rayleigh number, thermal 
conductivity ratio, Darcy number, and the volume fraction of the 
nanoparticles, while they decrease with increasing the porous layer 
thickness. Also, the triangular cylinder shape shows the best 

improvement in natural convection. Moreover, the free convection 
decreased by about 50% when the porous layer thickness increased from 
(20 to 80)%. Al-Farhany and Abdulkadhim [44] studied numerically the 
effect of the partially heating on conjugate natural convection in a 
square cavity filled with saturated porous medium. Later, their study has 
been extended by [45,46] using a rectangular porous cavity with 
different boundary conditions and a wide range of variable parameters. 
Abedini et al. [47] numerically investigated the effect of an insert on 
natural convection heat transfer of a C-shaped enclosure fitted with 
water– Fe3O4 nanofluid in the presence of a magnetic field. The vertical 
walls of the enclosure are kept at a constant hot and cold temperatures 
and the rest walls are adiabatic. Recently Ma et al. [48] used Lattice 
Boltzmann Method (LBM) to examine the effect of Rayleigh number 
(103, 104 and105), Hartmann number(0, 20, 40, and 60), the volume 
fraction of nanoparticles (0–0.05), and the cavity aspect ratio (0.2, 0.4 
and 0.6) on the heat transfer as well as the flow field. The buoyancy- 
driven heat transfer in a U-shaped baffled enclosure filled with (CuO- 
water) nanofluid under the effect of the magnetic field have been 
investigated numerically. Koo-Kleinstreuer-Li correlation equations 
have been used to calculate the (CuO-water) nanofluid viscosity and the 
effective thermal conductivity. The results show that at higher Rayleigh 
number, the influence of magnetic field on heat transfer was more sig-
nificant and alos it showed that at Ha = 0, ϕ = 0.05, and AR = 0.6, the 
best thermal performance happened at a fixed position and length of the 
baffle. Recently Al-Farhany et al. [49] studied numerically the MHD 
effects on the natural nonvection in porous enclosure filled with Al2O3- 
water nanofluid and heated partially from left side with two heated fins. 
The Darcy-Brinkman model have been used in porous media. Three 
different cases have been investigated due to partially heater lengths (b 
= 0.25, 0.5, and 0.6) with two hot fins at three different lengths (a =
0.25, 0.5, and 0.75). Their results show that the Nuavg enhancement by 
15.99% and 22.46% in the case of b = 0.6 when and ϕ = 0, and 0.06 
respectively. 

From the vast pool of literature survey, the need for enhanced 
convective heat transfer by means of passive technique is well estab-
lished. However, for exploring the new innovative technique under-
standing of the fundamental flow physics is of utmost importance. In 
view of this, the novel aspect in the present work is to study the effects of 
fins lengths and their positions on magnetohydrodynamic conjugate 
natural heat convection in an inclined porous cavities filled with Fe3O4- 
water nanofluid. The effects of modified Rayleigh number (10 ≤ Ra* ≤
103), Darcy number (10− 5 ≤ Da ≤ 10− 2), Hartmann number (0 ≤ Ha ≤
50), fins length (a = 0.3, 0.5, 0.7), the gap between the two fins (b = 0.3, 
0.5, 0.7), and the volume fraction of the nanofluid (0 ≤ ϕ ≤ 0.06), and 
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Fig. 3. . The average Nusselt number (Nu) on cold wall with mesh elements at Ra* = 104, Da = 10− 2, ϕ = 0.05, γ = 0, a = 0.7, b = 0.5 and Ha = 0.  

Table 2 
Comparison of average Nusselt number obtained with the present code and 
those of Al-Kouz et al. [59].  

Rayleigh number (Ra) Present study Al-Kouz et al. [59] Error (%) 

102 1.77 1.66 6.62 
103 1.78 1.67 6.58 
104 2.41 2.46 2.03 
105 5.24 5.14 1.94 
106 10.85 11.09 2.16  
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the inclination angles of the cavity (0 ≤ γ ≤ 90o) on these characteristics, 
will be addressed and analyzed. The mean contributes of this work is to 
enhanced heat transfer in cavities without any additional energy input. 

2. Problem description 

The geometry and the boundary conditions of the problem under 
investigation is represented in Fig. 1. The problem geometry consists of a 
square inclined porous cavity filled with nanofluid (Fe3O4-water) and 
porous medium having fixed porosity (ε) equal to 0.4. The left wall is 
heated with constant temperature (Th) while the opposite right wall is 
cooled at a low temperature (Tc), moreover, the other walls are insu-
lated. Two hot fins have been attached to the hot wall with three 
different lengths (a = 0.3, 0.5, and 0.7) while the fin width for all cases, 
is taken to be constant. (Wb = 0.02). The system has been exposed to an 

external magnetic field that is normal to the hot wall. Three different 
cases have been investigated in this study in terms of the gap between 
the fins (Case 1 at b = 0.3, Case 2 at b = 0.5, and Case 3 at b = 0.7). (See 
Table 1. shows the thermo physical properties of fluid and 
Nanoparticles) 

3. Mathematical model 

In the present work, two-dimensional governing equations of free 
convection of nanofluid flow through the porous substance in a square 
enclosure with two fins attached to the hot wall with MHD effects on 
laminar, incompressible flow are presented. For the analysis of nano-
fluid flow through the porous matrix the validity of the Boussinesq 
approximation is assumed. The Brinkman-Darcy model is adopted for 
modelling the porous medium considering the local thermal equilibrium 

Fig. 4. Visualization of isotherms contours under different length of the fins (a) and the gap between the fins (b) at Ra* = 104, Da = 10− 2, pure water (solid lines) and 
ϕ = 0.05 (dashed lines), γ = 0, and Ha = 0. 
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between the porous medium and the ferrofluid [24,25]. In this study, the 
porous matrix are assumed to be homogeneous and have uniform pores. 
The numerical analysis is carriedout through a single-phase homoge-
neous approach of the nanofluid flow. The Fe3O4 nanoparticles are 
dispersed uniformly in water without agglomeration and sedimentation 
[50]. The Joule heating, and Hall effect is neglected as the induced 
magnetic Reynolds number is smaller (as a result of lower values of the 
Hartmann number and nanoparticles concentration). The viscous 

dissipation effect is also negligible in this study [50]. The present study's 
governing equations in dimensional form are given by [40,47,51] 

∂u
∂x

+
∂v
∂y

= 0 (1)    

Fig. 5. Visualization of streamlines contours under different length of the fins (a) and the gap between the fins (b) at Ra* = 104, Da = 10− 2, pure water (solid lines) 
and ϕ = 0.05 (dashed lines), γ = 0, and Ha = 0. 
. 

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
1

ρnf

∂p
∂x

+
μnf

ρnf

(
∂2u
∂x2 +

∂2u
∂y2

)

−
μnf

ρnf K
u+ gβnf (T − Tc)sinφ −

σnf B2
o

ρnf
usinφ (2)   
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u
∂T
∂x

+ v
∂T
∂y

= αeff

(
∂2T
∂x2 +

∂2T
∂y2

)

(4) 

For the fin region, it's given by: 

∂2T
∂x2 +

∂2T
∂y2 = 0 (5) 

The dimensionless form of the governing equations is obtained using 
the dimensionless parameters mentioned below: 

X =
x
L
,Y =

y
L
,Wb =

wb

L
,U =

uL
αf
,V =

vL
αf
,θ=

T − Tc

(Th − Tc)
,P=

pL2

ρnf α2
f
,Pr =

νf

αf
,Ra

=
gβf (Th − Tc)L3

νf αf
,Da=

K
L2,Ra* =Ra*Da,Ha=BoL

̅̅̅̅̅̅̅̅̅̅̅̅
σnf

ρnf νnf

√

,
σnf

σf

= 1+
3
(

σp
σf
− 1

)

φ
(

σp
σf
+2

)

−

(
σp
σf
− 1

)

φ

(6) 

The governing equations in a dimensionless are given by [52,53]: 

∂U
∂X

+
∂V
∂Y

= 0 (7) 

Fig. 6. Average Nusselt number at various modified Rayleigh number (Ra*) and concentration of the nanoparticles (ϕ) with different gaps between the fins (a) Case 
1, (b) Case 2 and (c) Case 3 for Da = 10− 2, a = 0.5, γ = 0, and Ha = 0. 

(

u
∂v
∂x

+ v
∂v
∂y

)

= −
1

ρnf

∂p
∂y

+
μnf

ρnf

(
∂2v
∂x2 +

∂2v
∂y2

)

−
μnf

ρnf K
v+ gβnf (T − Tc)cosφ −

σnf B2
o

ρnf
vcosφ (3)   
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U
∂θ
∂X

+V
∂θ
∂Y

=
αeff

αf

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(10) 

For the fin region, it's given by: 

∂2θ
∂X2 +

∂2θ
∂Y2 = 0 (11) 

The following models show the thermophysical properties of nano-
fluids. [50]. 

αnf =
knf(

ρCp
)

nf

(12)  

ρnf = (1-ϕ) ρf +ϕ ρs (13) 

Fig. 7. Average Nusselt number at various modified Rayleigh number (Ra*) and length of the fins (a) with different gaps between the fins (a) Case 1, (b) Case 2 and 
(c) Case 3 for Da = 10− 2, ϕ = 0.05, γ = 0, and Ha = 0. 

U
∂U
∂X

+V
∂U
∂Y

= −
∂P
∂X

+
1

(1 − ϕ)2.5

ρf

ρnf
Pr

(
∂2U
∂X2 +

∂2U
∂Y2

)

−
1

(1 − ϕ)2.5

ρf

ρnf

Pr
Da

U +
(ρβ)nf

ρnf βf
⋅
Ra*

Da
⋅Pr⋅θ⋅sinφ − Ha2⋅Pr⋅U⋅sinφ (8)   

U
∂V
∂X

+V
∂V
∂Y

= −
∂P
∂Y

+
1

(1 − ϕ)2.5

ρf

ρnf
Pr

(
∂2V
∂X2 +

∂2V
∂Y2

)

−
1

(1 − ϕ)2.5

ρf

ρnf

Pr
Da

V +
(ρβ)nf

ρnf βf
⋅
Ra*

Da
⋅Pr⋅θ⋅cosφ − Ha2⋅Pr⋅V⋅cosφ (9)   
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(
ρCp

)

nf = (1-ϕ)
(
ρCp

)

f +ϕ
(
ρCp

)

s (14)  

(ρβ)nf = (1-ϕ) (ρβ)f +ϕ (ρβ)s (15) 

Using the Brinkman model to estimate the viscosity of the nanofluid 
given by: 

μnf =
μf

(1 − ϕ)2.5 (16) 

The nanofluid thermal conductivity is obtained by the Maxwell 
model given by [54,55]: 

knf

kf
=

ks + 2kf − 2ϕ
(
kf − ks

)

ks + 2kf + 2ϕ
(
kf − ks

) (17) 

The porous effective thermal conductivity (keff) is given by [55,56]: 

Keff = (1 − ε)Ks + εKnf (18) 

The effective thermal conductivity of the porous media is given by: 

αeff =
Keff

(ρCp)nf
(19)  

3.1. Stream function 

Streamline contours are represented the flow fields within the cavity. 
They are defined as follows [46,57]: 

U =
∂Ψ
∂Y

,V = −
∂Ψ
∂X

(20) 

Fig. 8. Visualization of isotherms contours under different length of the fins (a) and the gap between the fins (b) at Ra* = 103, Da = 10− 2, ϕ = 0.05, γ = 0, and Ha 
= 40. 
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the dimensionless formula of stream function equation: 

∂2Ψ
∂X2 +

∂2Ψ
∂Y2 =

∂U
∂Y

−
∂V
∂X

(21)  

3.2. Local and average Nusselt number 

The local Nusselt number defined by [54,58] can be written on the 
wall as: 

Nuloc = −

(
Knf

Kf

)
∂θ
∂n

(22)  

and the average Nusselt number is written as: 

Nuavg =

∫1

0

NulocdY (23)  

3.3. Boundary conditions 

The following boundary conditions were used to figure out the two- 
dimensionaless equations in this study. 

At fins surface and the hot wall of the cavity θ = 1, U = V = 0 
At the cold wall of the cavity θ = U = V = 0 
At the insulation walls ∂θ

∂Y = 0 U = V = 0 

Fig. 9. Visualization of stream function contours under different length of the fins (a) and the gap between the fins (b) at Ra* = 103, Da = 10− 2, ϕ = 0.05, γ = 0, and 
Ha = 40. 
. 
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4. Numerical model 

4.1. Solution procedure 

In this study, the finite element method (FEM) has been used to solve 
the dimensionless governing equations. Non-uniform triangular grid 
mesh have been applied in the present computational study as shown in 
Fig. 2. The convergence solution will be reached if the relative error of 
each variable meets the following convergence criterion: 
⃒
⃒
⃒
⃒
f i+1 − f i

f i+1

⃒
⃒
⃒
⃒ ≤ 10− 5 (24)  

where (f) represents to pressure (P), U and V-velocity components and 
Temperature (T) while (i) represents to the iteration number. 

4.2. Validation and grid independence study 

In Fig. 3, the results of a grid independence test is carried out for 
different mesh sizes at Ra* = 104, Da = 10− 2, ϕ = 0.05, γ = 0, a = 0.7, b 
= 0.5 and Ha = 0. The Nusselt number (Nuavg) at the cold wall is 
monitored. A (12116) element of the grid size was found to accurately 
model the flow fields described in the corresponding results, and it is 
used for all simulation cases in the study. The accuracy of the numerical 

model was validated with the results of Al-Kouz et al. [59] with this 
work results as shown in Table 2 and its shows a good agreement with 
Al-Kouz et al. 

5. Results and discussion 

The present work numerically investigates the magnetohydrody-
namic conjugate heat transfer characteristics of a ferrofluid (Fe3O4- 
water nanofluid) filled porous inclined enclosure heated differentially. 
Two numbers conducting fins of variable length (a) are attached at a 
distance of b symmetrical with respect to the mid-horizontal axis of the 
cavity. To explore the underlying flow physics the effects of different 
pertinent parameters on the hydrothermal characteristics are investi-
gated systematically. The ranges of dimensionless flow controlling pa-
rameters are taken as: modified Rayleigh number (101 ≤ Ra* ≤ 104), 
length of the fins (a = 0.3, 0.5, 0.7), gap between the two fins (b = 0.3, 
0.5, 0.7), and Darcy number (Da = 10− 5 to 10− 2), nanoparticles volume 
fraction (ϕ = 0, 0.02, 0.04, 0.05 and 0.06), Hartmann number (Ha =
0–50), cavity inclination angles (0 ≤ γ ≤ 900) keeping the fixed value of 
solid wall conductivity ratio Kr = 1, and porosity of the porous medium 
ε = 0.4. The overall results from the analysis under the effects of selected 
pertinent parameters on the flow-structure, temperature distribution, 
and global heat transfer performance are illustrated using streamlines 

Fig. 10. Average Nusselt number at various modified Rayleigh number (Ra*) and gap between the fins (b) with different length of the fins (a) a = 0.3, (b) a = 0.5 and 
(c) a = 0.7 for Da = 10− 2, ϕ = 0.05, γ = 0, and Ha = 0. 
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(ψ), isotherms (θ), and average Nusselt number (Nuavg). 

5.1. Effects of fin length (a) and its position (b) 

The insight flow-dynamics and associated temperature distribution 
within the cavity under the three different fins length (a = 0.3, 0.05, 0.7) 
and the gap between the two fins – which are designated as Cases 1, 2 
and 3 (b = 0.3, 0.5, 0.7) is depicted in Figs. 4 and 5 keeping Ra* = 104, 
Da = 10− 2, pure water (in solid lines) and ϕ = 0.05 (in dashed lines), γ =
0, and Ha = 0 fixed. From the geometry of the problem, it is obvious that 
the ferrofluid (Fe3O4-water nanofluid) filled porous cavity is mainly 
heated at the left and cooled at the right side. As a result, due to lighter 
density heated fluid (adjacent to the let heated wall) from the bottom 
left corner moves upward about the left portion of the cavity. However, 
the hot fluid interacts with the conducting lower fin attached to the 
heated wall. Thus, further heat addition to the adjacent fluid layers 
causes more heating of the cavity fluid. Heated plume gets clustered to 
the heated wall as well as conducting fin. Further, hot fluid flows over 
the lower conducting fin and then over the left vertical wall. Due to the 
presence of one more conducting in the upper-left portion of the cavity, 
heated fluid flows over the conducting fin and after obstructed by the 
upper insulated wall hot fluid moves towards the right side. Of course, 

due to cooling at the right sidewall, hot fluid rejects heat through the 
cold wall and finally goes downward. As a result, clockwise fluid cir-
culation formed. From the isotherm contours (Fig. 4), it is observed that 
for the fixed gap between the two fins (Case 1, b = 0.3), isotherms lines 
take sharp bends near the left heated wall and conducting fins. For 
understanding the effect of nanoparticles on the temperature distribu-
tion, isotherms with solid and dashed lines are superimposed for pre-
senting the pure fluid and nanofluid, respectively. Comparing the 
temperature lines, a distinct gap between any two isotherm lines is noted 
clearly. In addition to the nanoparticles, nanoparticles improve the 
conductivity of the working fluid, resulting in higher fluid velocity and 
more heat transfer from the heated walls to the cooled wall. Further-
more, for the fixed position of the fins, as the length of the fins increased 
from 0.3 to 0.5 and 0.7 effective lengths of the heat source increase 
substantially. As a result, more amount of heat added to the cavity fluid – 
leads to more heat energy transfer from the heat source to the heat sink. 
The isotherm with a higher fin length clearly depicts this fact. The left 
portion of the cavity in-between the two fins and between the upper fin 
and upper insulated wall leads to high temperature as the fin length 
increases. Furthermore, the isotherm lines are deformed in a complex 
shape as the fin length increases. With the increase in the gap between 
the two fins for the fixed fin length, it is found that the isotherm lines 

Fig. 11. Average Nusselt number at various Darcy number (Da) and Hartmann number (Ha) with different gaps between the fins (a) Case 1, (b) Case 2 and (c) Case 3 
for Ra = 106, a = 0.5, ϕ = 0.05, and γ = 0. 
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clustered are closer to the left heated wall in between the two fins. Also, 
the static temperature shows uniform temperature along with the hor-
izontal direction – as the isotherm lines are stretched horizontally from 
left to right. However, as the length of the fins and the gap between the 
fins increases zones of high temperature are observed below the lower 
fin and above the upper fin, which is clearly reflected by the isotherm 
lines. It is pertinent to mention that, the pattern of the isotherms for the 
pure water (solid lines) and ferrofluid (dash lines) had a similar distri-
bution. However, the deviations in the temperature lines in-between the 
pure fluid and ferrofluid appear at the higher fin length and the lower 
gap between the fins. Thermal energy transports from the heat source to 
the heat sink in a shorter direction following a complex form. 

The insight flow-dynamics under the varying fin length (a) and the 
gap between the fins (b) is illustrated in Fig. 5. Of course, clockwise 
circulating cells take up the whole cavity. At the lesser fin length (a =
0.3) and the gap between the fins, the flow structure follows a horizontal 
‘U' shape at the left half of the cavity and the flow structure is stretched 
horizontally in the right half of the cavity. For Case 1, as the length of the 
fins increase core of the circulating cell shrinks significantly and be-
comes very small at higher fin length a = 0.7. It is found that the strength 
of the circulation remains the same with the increase in the fin length. At 
the higher fin length, very weaker flow is observed in-between the two 

fins and between the upper fin and upper insulated wall. This results in a 
lesser amount of thermal energy removal from these zones. It's worth 
mentioning that, although the pattern of the streamlines for the pure 
water (solid lines) and ferrofluid (dash lines) are similar magnitudes are 
different (as reflected by the streamlines). This is happened due to the 
fact that the addition of nanoparticles, leads to higher thermal con-
ductivity and which corresponds to higher fluid velocity. However, as 
the gap between the fins increases for the fixed length of the fins, fluid 
circulation strength increases significantly (as shown by the stream 
function's maximum value). The circulation strength becomes maximum 
at the higher fin length (a = 0.7) when the fins are located (b = 0.7) far 
away from the horizontal mid-plane. The reason behind this fact due to 
the higher gap between the fins, the fluid flow enters the valley in be-
tween the two fins and takes the thermal energy from the heated wall. 
The core of the streamlines also stretched horizontally and penetrates 
towards the valley in between the two fins (in Case 2). Increase in the fin 
length, the inner core of the circulation deformed markedly as the fluid 
circulation strength increases (due to the additional higher heat to the 
cavity fluid). Further increase in b (= 0.7) the gap between the lower fin 
and bottom wall and upper fin and top wall decreases significantly. This 
restricts fluid to flow in these zones and resulting in very weaker cir-
culation. However, circulation strength is more in Case 3 compared to 

Fig. 12. Average Nusselt number at various Hartmann number (Ha) and length of the fins (a) with different gaps between the fins (a) Case 1, (b) Case 2 and (c) Case 
3 for Ra* = 104, Da = 10− 2, ϕ = 0.05, and γ = 0. 
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Case 1. Interestingly for the lower fin length and higher gaps between 
the fins (Case 3), there appear multiple circulation cores within the main 
circulation cell. With the upsurge in the fin length, circulating cell vol-
ume reduces but its strength increases significantly. This is attributed 
due to the addition of a higher amount of heat to the working fluid. 

In order to understand the effect of fin length (a) and the gap be-
tween the fins (b), the concentration of the nanoparticles (ϕ) on the 
overall thermal performance, the variation of global heat transfer 
characteristics is illustrated in Fig. 6(a, b and c) using average Nusselt 
number (Nuavg). Fig. 6a depicts the effect of varying modified Rayleigh 
numbers (Ra*) and nanoparticles concentration (ϕ) on the Nuavg keeping 
Da = 10− 2, a = 0.5, γ = 0, and Ha = 0 fixed. From Fig. 6a, it can be seen 
that the Nuavg curves are almost invariant with the increasing Ra* up to 
102, and this is true irrespective of specific cases. This is happening due 
to dominating conduction heat transfer mode at lower Ra* ≤ 102. In this 
mode of heat transfer, there is weaker fluid velocity and a little amount 
of heat transfer from the domain. As the Ra* increases beyond 102, the 
convective mode of heat transfer starts to dominate the thermal con-
duction mode. As a result, heat transfer from the heat source to the heat 
sink increased markedly as depicted by the monotonous increasing trend 
of Nuavg. This is true for any values of the nanoparticle concentration (ϕ) 
and cases under consideration (Fig. 6b and c). It is maximum at a higher 
value of Ra*. As expected, heat transfer always improves with the 
nanofluid as the nanoparticle concentration (ϕ) increases. The Nuavg 

curve of ϕ = 0.05 shows a higher magnitude compared to base fluid (ϕ 
= 0), which is due to the enhanced thermal conductivity of the nano-
particles. The Nuavg value in Case 3 (Fig. 6c) shows a higher magnitude 
compared to Case 1 (Fig. 6a), which is also attributed to the contours of 
streamlines and isotherms. This is an interesting finding in this study. 

Now, the effect fin length (a) and gap between the fins (b) on the 
overall thermal performance using Nuavg is presented in Fig. 7(a, b and c) 
varying the modified Rayleigh numbers (Ra*) keeping Da = 10− 2, ϕ =
0.05, γ = 0, and Ha = 0 fixed. The trend of the Nuavg curves for the 
varying Ra* follows a similar trend as in Fig. 6. However, the magnitudes 
of the average Nuavg values are markedly higher for the higher fins 
length. This is attributed due to the more heat transfer through the larger 
heated surfaces, which is also supported by the enhanced circulation 
strength (in Fig.5). Furthermore, the difference between Nuavg curves is 
markedly higher up to Ra* ≤ 102. This is due to the conduction- 
dominated heat transfer through the increased heated surfaces. It is 
also pertinent to mention that higher gaps between the conducting fins 
with higher fin length are of a better choice for achieving greater heat 
transfer as supported by Fig. 7c. 

Furthermore, the simultaneous effect of the varying length of the fins 
(a) and the gap between the fins (b) it is studied in the presence of an 
external magnetic field. Corresponding results of thermo-fluid flow and 
associated heat transfer characteristics are presented in Figs. 8, 9 and 10, 
respectively for Ra* = 103, Da = 10− 2, ϕ = 0.05, γ = 0, and Ha = 40 

Fig. 13. Visualization of isotherm contours under different cavity inclination angle (γ) and fin length a = 0.3 (first row), 0.5 (second row), and 0.7 (third row) at Ra* 

= 103, Da = 10− 3, b = 0.7 (Case 3), ϕ = 0.04, and Ha = 50. 
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fixed. From Fig. 8 it is found that the isotherm lines cut the top and 
bottom wall and stretched almost vertically beyond the fins. For the 
fixed gap between the fins as the length of the fins increases zone of high 
temperature in-between the two fins increases and isotherms are com-
pressed towards the cold vertical wall. However, such compression ef-
fect of the isotherms modifies substantially with the increasing gap 
between the fins. Isotherm lines deform more in the valley between the 
two fins towards the left hot wall; whereas isotherm lines of high tem-
perature (in the gap – below the lower fin and above the upper fin) shift 
towards the cold wall. This corresponds to the zone of low temperature 
in the valley between the fin and the zone of high temperature below 
and above the fins. The reason behind this fact is due to the circulating 
fluid velocity. Although the similar findings we have noted from Fig. 4, 
the distribution of the static temperature or the position of the isotherm 
lines within the cavity marked different here compared to Fig. 4. The 
changes are also clearly reflected by the contours of streamlines as 
shown in Fig. 9. Fig. 9, depicts the presence of a clockwise circulating 
cell with the cavity. Compared to Fig. 4, here fluid circulation strength is 
substantially less. Here, as the modified Rayleigh number is less – con-
vection strength is also less. Interestingly, streamline contours shows 
complex behavior. For the fixed gap between the fins, an increase in the 
fin length from 0.3 to 0.7 leads to the compression of the circulating cell 

towards the cold wall and a reduction in the circulation strength. 
Furthermore, there appear multiple inner cores (rotating in a clockwise 
direction) within the main circulating cell. Thus, the zone of circulating 
fluid flow shrinks with the increasing fin length, which in turn increases 
the temperature near the heat source. As the gap between the fins in-
creases circulation strength also increases and this is true for any length 
of the fins. Interestingly, as the gap between the fins increases, multiple 
inner cores merge together and form a single core of the main circulating 
cell. For the maximum fin length and gap between the fins, the fluid 
velocity is very low towards the heated wall below the lower fin and the 
upper fin – this leads to the higher temperature in these zones. The effect 
of varying fin length (a) and the gap between the fins (b) on the global 
thermal performance under the presence of an external magnetic field is 
illustrated using average Nuavg as shown in Fig. 10(a, b, and c) varying 
Ra* keeping the fixed value of Da = 10− 2, ϕ = 0.05, γ = 0, and Ha = 0. 
One can see the monotonic increasing trend of the Nuavg curves. 
Although the Nuavg curves show a similar trend (as in Figs. 6 and 7). 
Interestingly, in the conduction domain of Ra* ≤ 102 and for the effect of 
a gap between the fins; whereas higher fin length is of a better choice of 
higher heat transfer compared to lower fin length. Furthermore, higher 
fin length shows superior heat transfer with the increasing gap between 
the fins. This is due to the stronger convection mechanism for higher 

Fig. 14. Visualization of stream function contours under different cavity inclination angle (γ) and fin length a = 0.3 (first row), 0.5 (second row), and 0.7 (third row) 
at Ra* = 103, Da = 10− 3, b = 0.7 (Case 3), ϕ = 0.04, and Ha = 50. 
. 
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heat transfer from the higher heated surfaces. 

5.2. Effects of Darcy number (Da) and Hartmann number (Ha) 

The presence of porous media in any flow domain causes significant 
changes in the fluid flow and associated heat transfer characteristics). 
Here, the porous media is modeled through permeability (K) using the 
Darcy number (Da). When Da value is very low, it corresponds to the 
lower permeability, which means a higher resistance to the flowing 
fluid, and vice-versa. As a result, the velocity of the flowing fluid de-
creases with the decreasing Da value. The simultaneous effects of the 
different Darcy numbers (Da = 10− 5, to 10− 2) and the Hartmann number 
(Ha = 0 to 50) on the global heat transfer characteristics are illustrated 
in Fig. 11 with different gaps between the fins (Cases 1, 2, 3) for Ra =
106, a = 0.5, ϕ = 0.05, and γ = 0. From Fig. 11 one can observe that at 
the lower Darcy number value (Da = 10− 5), the Nuavg curves coincide 
with each other, and also the magnitude of Nuavg is less. As Da value 
increases, Nuavg value increases markedly beyond Da = 10− 4. This is 
attributed because as the Da value increases resistance to fluid flow 
decreases. It results in an increase in thermal convection which in turn 
higher rate of heat transfer. This trend is similar to any values of Ha. Of 

course, as the buoyancy-induced convection increases with the 
increasing Da, magnetic field intensity (expressed in terms of Ha) also 
plays a crucial role. When the Ha value increases, it corresponds to 
higher magnetic field intensity. It reduces the convective flow velocity, 
which in turn reduction in heat transfer rate. The reason behind this fact 
can easily be understood. From the momentum Eqs. (7)–(8), there ap-
pears a negative term associated with Ha and associated magnetic force 
counteracts the buoyancy force. As a result, fluid velocity reduced and 
corresponding heat transfer reduced. Higher is the Ha value lower is the 
Nuavg value and this is true for any gap between the fins. When there is 
no magnetic field (Ha = 0), the Nuavg value shows a higher value – as 
there is no flow dampening effect due to magnetic force. Furthermore, 
the simultaneous effects of varying Hartmann number (Ha) for the 
different length of the fins (a) and the gaps between the fins (b) are 
illustrated in Fig. 12 for Ra* = 104, Da = 10− 2, ϕ = 0.05, and γ = 0. As 
the magnetic field strength increases from Ha = 0 to 50, average Nuavg 
decreases markedly. This decreasing trend is similar to any length and 
gap between the fins. Of course, higher fin length (a = 0.7) and the 
higher gap between the fins always show superior heat transfer, which is 
reflected by the Nuavg values. This is attributed due to higher thermal 
energy transport from the heat source to the heat sink. A higher gap 

Fig. 15. Average Nusselt number at various cavity inclination angle (γ) and modified Rayleigh number (Ra*) with different gaps between the fins (a) Case 1, (b) Case 
2 and (c) Case 3 for Da = 10− 2, a = 0.5, ϕ = 0.05, and Ha = 0. 
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between the fins (Case 3) is a better choice for higher heat transfer. The 
above, study clearly reflects the simultaneous effect of various control-
ling parameters on the overall thermal performance. From this outcome, 
anyone can select the set of appropriate data set for achieving the 
desired thermal performance, which in turn proper thermal manage-
ment of any device/ system. 

5.3. Effects of cavity inclination angles (γ) 

In this section, the effect of cavity inclination angle (γ = 0, 300, 450, 
600, and 900) is presented. In general, as the cavity angle changes (in an 
anti-clockwise direction with respect horizontal axis) from 0 to 900, the 
relative position of the heated wall and conducting fins alters the flow 
physics within the flow domain. This effect is illustrated in Figs. 13 and 
14 using isotherms and streamlines, respectively keeping fixed values of 
Ra* = 103, Da = 10− 3, b = 0.7 (Case 3), ϕ = 0.04, and Ha = 50. Here, the 
length of the fins is varied as a = 0.3 (first row), 0.5 (second row) and 0.7 
(third row), respectively for the fixed gap between the fins (b = 0.7). At 
γ = 00, the cavity along with the heated walls remains at a horizontal 
position. Thus, the isotherm lines exhibit similar trends as observed in 
Fig. 8 (Case 3) for the varying length of the fins. When the angle γ 
changes to 300, the left heated walls as well as the fins and right cold 
wall are positioned at an angle γ = 300. As a result, buoyancy force di-
vides into X and Y components, which causes a change in the fluid ve-
locity as well as temperature distribution. The relative changes in the 
temperature distribution can significant when the cavity inclination 
increases to 900. As the angle increases, the isotherm deformed more in 
the valley in between the betted fins. At γ = 900 the heated walls are 
positioned at the bottom and the cold wall positioned at the top. Thus, 
the cavity is positioned as a bottom heated and top cold cavity. As a 
result, the isotherm linens are stratified in between the two fins. About 
the middle of the cold wall, isotherm lines deform towards the valley in- 
between the two fins and take a complex shape. As the length of the fins 
increases, such complexity in the temperature distribution reduces and 
isotherm lines take a ‘U' shape in-between the two fins. The reason 
behind such complex distribution of the temperature lines can easily be 
understood by observing corresponding streamline distributions as 
shown in Fig. 14. From Fig. 14, one can see that as γ increase from zero to 
300, one single circulating cell occupy the cavity space (in between the 
fins and near the cold wall). This is true for any fin length. However, 
beyond γ = 300 the circulating cells split into two cells: the larger one 
near the top/ left fin and the smaller one near the bottom/right fin. The 
formation of multiple cells are noticed for γ = 900 (Case 1), γ = 600 (Case 
2) and γ = 450 (Case 3). This is attributed due to the larger contact 
surface of the heated wall and the more amount of heat added to the 
working fluid. At lower fin length and γ = 900 the flow structure is more 
complex. This complexity is reduced at a higher fin length. At the higher 
fin length, the fin dictates the fluid flow path. This is an interesting 
finding of this study. 

Now the variation of global heat transfer characteristics under 
different cavity inclination angles and Ra* are illustrated in Fig. 15 
keeping Da = 10− 2, a = 0.5, ϕ = 0.05, and Ha = 0 fixed for the three 
different gaps between the fins (Cases 1, 2 and 3). The trend of the Nuavg 
shows that the change in average Nuavg value with increasing γ is almost 
insignificant for Ra* ≤ 102. This is attributed due to the dominance of the 
conduction mode of heat transfer. However, as the Ra* value increases to 
103 and 104, the convection mechanism starts to dominate the heat 
transfer. This effect can easily be understood from the average Nuavg 
curve. As γ increases from 0, Nuavg value also increases up to 300 and 
then decreases gradually and becomes minimum at γ = 900. The trend 
Nuavg with increasing γ is flatter for Ra* = 103, whereas for Ra* = 104 it 
deflects more, and decrement in average Nuavg is more at γ = 900. 
Furthermore, higher is the gap between the fins leads to a higher 
decreasing rate of Nuavg. This implies the lower gap between the fins is of 
better choice when the cavity inclination angle increases from 0 to 900. 

6. Conclusions 

The magnetohydrodynamic conjugate heat transfer characteristics of 
a ferrofluid (Fe3O4-water nanofluid) filled porous inclined enclosure 
heated differentially in the presence of conducting fins are studied 
numerically. The study will enrich the knowledge base for the design of 
thermal storage, electronic cooling applications, etc. The ranges of 
dimensionless flow controlling parameters are taken as: modified Ray-
leigh number (101 ≤ Ra* ≤ 103), length of the fins (a = 0.3, 0.05, 0.7), 
gap between the two fins (b = 0.3, 0.5, 0.7), and Darcy number (Da =
10− 5 to 10− 2), nanoparticles volume fraction (ϕ = 0, 0.02, 0.04, 0.05 
and 0.06), Hartmann number (Ha = 0–50), cavity inclination angles (0 
≤ γ ≤ 900) keeping the fixed value of solid wall conductivity ratio. The 
salient outcome of the study are summarized below:  

• The length and gap between the conducting fins alter the buoyancy- 
induced convective heat transfer of the ferrofluid flow. A higher fin 
length and a higher gap between the fins can be a more efficient 
heating strategy for any range of Ra*. Both the fluid circulation 
strength and Nuavg are superior at the higher value of Ra*. At the 
lower gap between the fins, the fin length has a lower less effect on 
the heat transfer rate due to the weaker velocity between the fins. For 
a fixed fin length, increases in the gap between the fins have a 
marginal impact on the average Nuavg for the higher value of Ra* 

(≥102); whereas the increase in fin length for the fixed gap between 
the fins causes a significant change in the Nuavg values for the lower 
value of Ra* (≤102).  

• The porous media permeability has a major role in the convective 
heat transfer characteristics. For the fixed value of the Rayleigh 
number. An increase in the value of the Darcy number leads to a 
decrement of the resistance to fluid flow. This results in an increase 
in the global heat transfer rate. For the lower range of Da (≤10− 4), 
the thermal convection is very low due to a weaker fluid velocity.  

• Dispersion of Fe3O4 nanoparticles into pure water improves the heat 
transfer characteristics. The addition of nanoparticles intensifies the 
effective thermal conductivity of the working fluid, thus resistance to 
the flowing fluid flow decreases and it leads to increment in Nuavg 
irrespective of any length of the fins and the gap between the fins.  

• Increasing the strength of the external magnetic field (through the 
Hartmann number Ha), the thermal buoyancy reduces significantly, 
leading to the significant decrement of heat transfer rate irrespective 
of any of a, b, Ra*, Da, ϕ, and γ. For the higher fin length and the 
lower gap between the fins, the presence of a magnetic field causes 
multiple circulation cells, which disappear at a higher gap between 
the fins.  

• For a fixed fin length, the lower gap between the fins is a better 
choice when the cavity inclination angle increases up to 30o. 

Nomenclature 

a length of the fins (m) 
b the gap between the fins (m) 
Cp specific heat, J. kg− 1.K− 1 

Da Darcy number 
g gravitational acceleration, m.s− 2 

k thermal conductivity, W.m− 1. K− 1 

K permeability of the porous medium (m2) 
L length of the enclosure, m 
NuL local Nusselt number 
Nu average Nusselt number 
P non-dimensional pressure 
Pr Prandtl number 
Ra modified Rayleigh number 
T dimensional temperature, C 
U non-dimensional velocity component X-direction, 
V non-dimensional velocity component Y-direction, 
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wb fin width, m 
Wb non-dimensional Fin width, (Wb = wb/L) 
X non-dimensional X-coordinates 
Y non-dimensional Y-coordinates 

Greek symbols 

α thermal diffusivity, m2.s− 1 

β thermal expansion coefficient, K− 1 

γ cavity inclination angle (degree) 
μ dynamic viscosity, kg. m− 1.s− 1 

Ψ absolute stream function 
ϕ solid volume fraction 
θ dimensionless temperature 

Subscripts 

c cold 
eff effects 
f fluid (pure water) 
h hot 
nf nanofluid 
p nanoparticle 
s solid 
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