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A B S T R A C T

Mixed convection convection is a vital subject and it is beneficial in many engineering applications. The current 
paper addresses this subject with a novel geometry and very vital variables including magnetohydrodynamic 
influences on the forced/free convection as well as the reproduction of irreversibilities in an enclosure filled with 
water/carbon nanotubes (CNT) and a nonadiabatic cylinder. The top wall is split from the middle and moves in 
different directions to drive the isotherms which are generated from the bottom wall and cold from the vertical 
surfaces. The numerical analysis was carried out using finite element method; the variables are Reynolds number 
(40–200), Richardson number (0.01–10), Hartmann number (0–62), inclined magnetohydrodynamic angle 
(0–60), volume concentration (0–0.08) while Prandtl number has kept constant at 6.2. The results show that the 
transformation of heat, as well as the fluid flow, are largely influenced by the change of variables, where 
increasing Reynolds number, Richardson number enhances heat and increases the flow circulation. Furthermore, 
heat transfer enhances by 57 % when increasing Ri from 0.1 to 10 at Re=41 and this enhancement increases to 
62.5 % at Re = 200. Furthermore, increasing the concentration of the carbon nanotube can cause heat transfer 
but decrease the circulation of the fluid. In contrast, the transfer of heat as well as the flow streams are 
remarkably decreased with the increase of the Hartmann at zero inclination angle; however, the value of the 
Nusselt average increases with the increase of the inclination angle. Moreover, the value of Nusselt average 
decreses by 34.7 % when increasing Ha from 0 to 62 at Re = 200. Furthermore, the total entropy generation 
increases as Richardson number, Reynolds number, and volume concentration increase; in contrast, detraction 
with the rise of the MHD.

1. Introduction

There are lots of papers which have searched to investigate the mixed 
convection phenomena due to its importance in uncountable engineer
ing applications [1–4], large cooling applications [5,6], small cooling 
applications [7,8], nuclear power plant [9–12], renewable energy ap
plications [13–17].

Mixed convection in different applications means different 

geometries to be investigated [18–22]. Combined convection in a 
trapezoidal enclosure lid drive contains an obstacle was numerically 
studied by Shah et al. [23]. Richardson number (Ri) and Reynolds 
number (Re) are some variables which were considered by authors. The 
enhancement of thermal transformation, according to the authors re
sults, increased as Ri and bouncy ratio increase while declined with the 
rise of Re. Ruvo et al. [24] studied the combined convection in a T 
enclosure filled with nonfluid. A range of, Re and Ri were analyzed to 
understand their effect on the fluid flow and heat transformation. The 
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findings confirmed that heat and fluid flow positively effected by Gr and 
Ri while negatively effected by Re. Different shape enclosure, l-shaped, 
was numerically studied by Armaghani et al. [25]. Authors searched 
combined convection under the MHD influence and the hybrid fluid. The 
aspect ratio of the geometry, according to the results, can highly effect 
the fluid and heat transformation, where the smallest aspect ratio was 
the most efficient in enhancing heat and fluid flow. A triangular enclo
sure with different inner obstacles with moving the top wall were 
numerically searched by Xiong et al. [26]. They revealed that heat and 
fluid are both enhanced by rising Re while decreased by rising Ri. Colak 
et al. [27] numerically investigated double convection in an enclosure 
with chamfer. They tested a range of radius chamfer (0.1 to 0.3) and it 
was revealed that the chamfer radius can affect fluid flow and heat 
transfer.

Researchers have found that the fluid streams and heat trans
formation can be modified using nanoparticles [28,29]. Armaghani et al. 
[30] numerically searched the effect of adding CuO to the base fluid, 
water, on the combined convection in a C- enclosure. The influence of 
the considered nanofluid was tested with considering some important 
variables such as Ri, Re and volume concentration. It was found that heat 
transfer enhanced with the increase of the volume fraction and the 

influence of the volume fraction become high at higher Ri number. Zhou 
et al. [31] numerically examined the influence of using Al2O3-water on 
the mixed convection in 3-D cubical enclosure in which two surfaces 
were moving. The Nuavg was increased as increasing of ϕ at all Ri values. 
SiO2 nanoparticles with different volume concentration were numeri
cally examined Selimefendigil et al. [32]. A range of volume concen
tration were examined and the results confirmed the previous results, 
where the transformation enhances with the volume fraction rising. 
Some different nanoparticles (CuO, Al2O3, TiO2 and Cu) were examined 
by Loni et al. [33] in order to present the more effective type. These 
nanoparticles were taken with a wide range of volume concentration, 
the most effective choice from the thermal prospective was Al2O3 while 
CuO overcome other types from the exergy prospective. Kareem et al. 
[34] examined the influence of four different types of nanofluids (TiO2, 
CuO, SiO2 and Al2O3) on the free forced convection. The findings 
reveled that the SiO2 is the most effective nanofluid, where it gave the 
highest Nu values; on the other hand, CuO had the less influence among 
the four types. Carbon nanotube has been used widely by many re
searchers [35–37], where the authors found that this nanfluid is an 
effective in enhancing heat transfer due to its thermal properties.

Magnetohydrodynamic can highly influence the thermal 

Nomenclature

Bo The applied magnetic field (T)
Cp Specific heat (Jkg− 1Co − 1)
g Gravitational acceleration (ms− 2)
Gr Grashof number
k Thermal conductivity (W m− 1 K− 1)
ρ Density (kg/m3)
Nu Nusselt number
p Dimensional pressure
P Dimensionaless pressure
Pr Prandtl number
Re Reynolds number
Ri Richardson number
∅ Volume concentration
S Entropy generation
T Dimensional temperature (Co)
u Dimention velocity in x-direction (m.s-1)
U Dimensionless velocity component X-direction

v Dimention velocity in y-direction (m.s-1)
V Dimensionless velocity component Y-direction
X Dimensionless X-coordinates
W Dimensionless enclosure hight
Y Dimensionaless Y-coordinates
α thermal diffusivity (m2

s )
σ electrical conductivity (S m-1)
βo thermal expansion coefficient (T-1)
µ Dynamic viscosity ( kg

m.s)
θ Dimensionless temperature
Ψ Absolute stream function

Subscripts
l low
h high
avg average
loc local

Fig. 1. The geometry.
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transformation as well as fluid flow and hence it can be a parameter to 
control those two phenomenon [38–41]. The effect of the MHD on the 
combined convection in a triangular enclosure was examined by 
Chamkha et al. [42]. Authors indicated that the trnasormation of heat as 
well as the fluid flow are highly decreased with the increase of Ha 
number. Yuan et al. [43] studied the impact of exploiting various 
strengths of magnetohydrodynamic up on the combined convection in a 
wavy cavity. A wide range of Ha number was considered from which 
they concluded that the transformation of heat decreases with the in
crease of the Ha number. Furthermore, the entropy generation decreases 
with the increase of the Ha. Bilal et al. [44] numerically examined the 
impact of using different strengths of MHD field on the natural con
vection in an enclosure with star shape. The results showed that the 
convection is decreased as of Ha rise and hence the transformation of 
heat is declined. important variables that can influence heat enhance
ment and fluid flow. The current paper aims to investigate the influence 
of using carbon nanotube nanoparticles on the forced/free convection as 
well as entropy generation under inclined MHD in a novel geometry in 
which the top surface is split to move independently to get a motion in 
different directions. Also, it investigates the influence of using an adia
batic cylinder, in the cavity’s core with different sizes, on both flow and 
transformation of heat. The considered geometry can be used in one of 
the renewable applications current case can be an application of 
renewable energy. The study was carried out with different variables 
such as Re (40–200), Ri (0.01–10), Ha (0–62), Ɣ (0–60), and ϕ (0–0.08), 
to understand the influence of these parameters on the heat transfer and 
fluid flow. Furthermore, the influence of these variables on heat and 
flow has been presented using contours, diagrams, and tables.

2. Mathematical modeling

2.1. Physical model

The setup of the current geometry is fully described in Fig. 1, which 
also presents the important boundary conditions (B.Cs). The enclosure is 
curvilinear with an adiabatic cylinder in the center of the enclosure 
which is 0.25 W in diameter where W presents a non-dimensional cavity 
height. The bottom base presents the hot surface, Th, and its dimension is 
equal to W. The upper serface is adiabatic and split to drive the flow in to 
two different directions. vertical walls considered to be cold, TC, at a 
fixed velocity. Furthermore, The cavity is filled with CNT nanofluid 
which explained in Table 1. Moreover, the width of the cavity equals 2 
W while the height equals to W.

2.2. Numerical equations

The numerical equations that governed the flow inside the cavity 
depend on some assumptions like laminar flow, steady flow, and 
incompressible under the Boussinesq approximation are presented 
below: [46–48]. 

∂u
∂x

+
∂v
∂y

= 0 (1) 
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= −
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The dimensionless governing equations can be generated by intro
ducing the following non dimentional parameters: 
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x
W
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y
W
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,
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The Eqs. (2–5),depending on the above non-dimentional parameters, 
can be written as below: [46–48]: 

∂U
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+
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= 0 (10) 
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(
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(13) 

2.3. Model presumptions

The thermophysical properties of the nanofluid are obtained 
depending on the following equations [47,49]. 

αnf =
knf
(
ρcp
)

nf

(14) 

ρnf = (1 − ϕ)ρf +ϕ ρs (15) 

(
ρcp
)

nf= (1 − ϕ)
(
ρcp
)

f +ϕ
(
ρcp
)

s (16) 

(ρβT)nf= (1 − ϕ)(ρβT)f +ϕ(ρβT)s (17) 

(ρβc)nf= (1 − ϕ)(ρβc)f +ϕ(ρβc)s (18) 

Thermal conductivity of the nanofluid ca be obtained applying the 
Maxwellmodel [50]: 

knf

kf
=

ks + 2kf + 2ϕ ×
(
ks − kf

)

ks + 2kf − ϕ ×
(
ks − kf

) (19) 

The local and average Nusselt number for the hot source, i.e. the base 
of the cavity, is expressed below: 

Table 1 
Base fluid and the exploited nanoparticles (H2O/CNT) [45].

Material ρ
(

kg
m∧3

)

k(
W

m ∗ K
) Cp(

J
kg ∗ K

) β (1
K
)

μ(Pas)

H2O 997.1 0.6131 4179.1 1.67 × 10-5 8.9 × 10-4

CNT 1350 3500 650 4.2 × 10-5 –
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Nuloc = −
∂θ
∂Y

(20) 

Nuavg =
1
W

∫W

0

Nuloc|dY (21) 

2.4. Boundary conditions

The B.Cs that which have been considered are as following:
At the hot serface: θ = 1, V = U = 0
At the top serface: U =± 1,V = 0, dθ = 0
At the vertical serfaces: θ = 0, V = U = 0
For the cylinder and the inclined walls: U = 0,V = 0, dθ = 0

Table 2 
Average Nu a longe hot serface with the varying 
mesh at Re = 100, Ri = 10, Ha = 15, ϕ = 0.03.

Mesh element Nuavg

2527 9.3711
3954 9.3786
11,513 9.3924
30,602 9.4139
43,262 9.4135

Fig. 2. The mesh type.

Fig. 3. The stream lines and isotherms of current work with Abdulkhdim [55] at q = 4, Φ = 0.03.
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Fig. 4a. Validation with Shah et al. [56] at Re = 200, Ri = 0.1, N = − 1 and Le = 0.1.

Fig. 4b. Validation with Ghasemi et al. [57] and Mondal and Mahapatra [47] for Ra = 103, Ha = 60, N = = 0.8, and φ = 0.03 of Al2O3/water.

Fig. 5. The contours of Streams with different values of Re and Ha at constant values Ri = 7.1, γ = 0, ϕ = 0.02.

M.A. Alomari et al.                                                                                                                                                                                                                             International Journal of Thermoϩuids 24 (2024) 100852 

5 



2.5. Entropy generation

The irreversibilities are responsible for the entropy which are 
generated because of heat transfer, SHT, the flow of fluid, SFF, and the 

magnetohydrodynamic, SMG. These types of entropy can be presented as 
[51,52]: 

Fig. 6. The contours of isotherms with different values of Re and Ha at constant values of Ri = 3, γ = 0, ϕ = 0.01.

Fig. 7. The variation Average Nusselt number with different values of Ha and Ri numbers and constant Re = 41, γ = 0, ϕ = 0.01.

Fig. 8. The variation Average Nusselt number with different values of Ha and Re at constant Ri = 3.1, γ = 0, ϕ = 0.01.
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Fig. 9. The contours of Streams with different values of Ri and γ at constant values of Ha = 60 and ϕ = 0.01.

Fig. 10. The contours of isotherms with different values of γ and Ri at constant values of Ha = 60 and ϕ = 0.01.
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SFF =

(
knf

kf

) ((
∂T
∂x

)2

+

(
∂T
∂y

)2
)

(23) 

SMG = λ1

(
μnf

μf

)

Ha2.U2 (24) 

The entropy generation from all irreversibilities equals the summa
tion of equation (27–30) 

Stotal = SHT + SFF + SMG (25) 

The value of λ1 

λ1 =
μf

kf
.

(
Th + Tc

2

)

.

(
Uo

Th + Tc

)2

, (26) 

The value for λ1 is taken as 0.0001 [53,54]

3. Numerical study

The Finite Element Method, FEM, is the numerical method which has 
been considered to model the variables. The Galeerkin technique is used 
in the current work with non-uniform triangular mesh. Near the solid 
surfaces, there is an important physical change that needs highly refined 
mesh to be captured. However, the domine away from the solid surfaces 
dose not require high refine mesh for that reason is very important to 
consider a local refinement by which a fewer mesh elements would be 
used. The convergence method which should be reached by all the non- 
dimensional variables (P, U, V, θ) using the iteration is: 

Fig. 11. The variation Average Nusselt number with different values of Ri and γ at fixed values of Ha = 20, Re = 40, ϕ = 0.03.

Fig. 12. The contours of Streams with different values of Re and Ri at constant Ha = 15, ϕ = 0.01 and γ = 0.
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⃒
⃒
⃒
⃒
ξi+1 − ξi

ξi+1

⃒
⃒
⃒
⃒ ≤ 10− 5 

The accuracy of the numerical results is highly affected by the type of 
the mesh as well as the number of elements. To be sure that the 
appropriate type of mesh has been used, a mesh dependency study must 
be done before making the numerical analysis. This is the reason for 
doing the mesh independency, as can be seen in Table 2, which indicates 
that grid 4 is the most accepted grid with fewer elements as can be seen 
in Fig. 2.

4. Model validation

After the mesh dependency study, the current model must be vali
dated with previously published papers to be sure that the model has 

been set correctly. For that reason, a validation study with two published 
papers has been made as can be seen in Fig. 3 and 4. Where Fig. 3 ex
plains a validation of the current paper with Abdulkhdim et al. [55]. at 
different values of Ra number and Ha number and fixed values of heat 
generation, q = 4, and volume concentration, Φ = 0.03. The isotherms of 
the current paper and the published paper are very similar, this means 
that modelling the nanofluid is correctly coded. Another validation has 
been done with Shah et al. [56] at Re = 200, Ri = 0.1, N= -1 and Le = 0.1 
as can be seen in Fig. 4a. where both isotherms and streams are drawn 
with the current paper.

To confirm the accuracy of the current code, another validation with 
two published papers has been explained in (Fig. 4b) for different Ra 
numbers and fixed values for other parameters such as Ha = 30 and Φ =
0.04. The values of Nuavg for the current paper and the published papers 
are very similar and hence confirm the accuracy of the current code.

Fig. 13. The contours of isotherms with different values of Re and Ri at constant values of Ha = 15, ϕ = 0.01 γ = 0.

Fig. 14. The variation Average Nusselt number with different values of Re and Ri at fixed values of Ha = 3, γ = 0 and ϕ = 0.02.

M.A. Alomari et al.                                                                                                                                                                                                                             International Journal of Thermoϩuids 24 (2024) 100852 

9 



5. Results and discussion

The present work numerically searched the influence of applying 
MHD in different angles and the entropy generation on combined con
vection in an enclosure in which the top serface split to make a two lid- 
drives and an adiabatic cylinder. Furthermore, a special type of nano
particle, carbon nanotube, has been added to the base fluid, water with 
constant Pr number (Pr=6.2), in different concentrations to investigate 
its influence on the flow and heat transfer. Moreover, some other pa
rameters that have been considered were Re (41 - 200), Ri (0.01–10), Ha 
(0–62), Ɣ (0–60o), and ϕ (0–0.06).

5.1. Influence of magntohydrodynimic and the inclination angle

Fig. 5 shows how the MHD influences the flow of the fluid at different 
strengths (Ha = 0, 28, 62) and different Re (Re = 41, 75, 200) while 
fixing other variables such as Ri (Ri = 7.1), Ɣ (Ɣ = 0) and ϕ (ϕ = 0.02). 
From the contours, at low Re and free MHD, the flow of fluid spread in 
the cavity with two strong vortices in different directions mainly 
concentrated near the lid drives. As the force of MHD is present, the 
streams are minimized in the main cavity and concentrated close to the 
lid drives. The reason behind that is the force of Lorentz which is sup
plied along the x-axis and depending on the right-hand rule, it acts 
vertically to force the streams to the up. Furthermore, the streams totally 
concentrated on the top are at high MHD. As the Re number increases, 
the influence of the streams circulates strongly and distributed in the 
cavity, however, the force of the MHD pushes most of the streams to the 
top are with fewer streams around the cylinder.

Fig. 6 explains the influence of the Magnetic field on the isotherms 
contours for different Ha (0, 28, 62) and different Re (41, 75, 200) with 

constant Ri (Ri = 3), (Ɣ = 0), (ϕ = 0.01). The influence of MHD on 
isothermals is noticeable with low Re number, Re = 41, where the iso
thermals are distributed from the bottom to the upper serface at free 
MHD. Moreover, as Ha rises the isotherms are distributed in the bottom 
region. This behavior of isothermals is due to having less flow circula
tion with the presence of the MHD and hence the isothermals depend 
only on the bouncy in spreading throughout the cavity. Furthermore, as 
Re rises, the flow circulation increases with less effect by the presence of 
the MHD; consequently, the isotherms spread through the cavity even 
with the high presence of the MHD.

For more explanation of the influence of MHD on heat transfer, 
Fig. (7) presents the influence of applying different values of Ri number 
with a range of Ha number on the value of average Nu at constant Re (Re 
= 41), Ɣ (Ɣ = 0) and case 2. The convection declines as Ha rise for all Ri 
values; however, the influence of the Ha number increases with the in
crease of the Ri number. Fig. 8 presents the impact of Ha number on the 
average Nu with a range of Re (41, 75, 100, and 200) and constant Ri (Ri 
= 3.1), Ɣ (Ɣ = 0), and case 2. For all values of the Re, the increase of Ha 
results in droping the values of the average Nu number; however, the 
influence of MHD is less with a high Re number. This is because of high 
circulation with a high Re number with a very high Ha number; hence, 
the flow streams push the isotherms throughout the cavity and this in
creases the convection.

On the other hand, when the orientation of the MHD changes, 
changing the inclination angle of the MHD, there is a new trend for the 
MHD. Fig. 9 presents the impact of the inclination angle on the streams 
at different inclination angles (0, 30, 60) and Ri number (0.01, 0.1, 1, 4) 
at Ha= 60, ϕ = 0.01, and case 2. It is clear that with the increase of the 
inclination angle, the influence of the MHD changes with the angle ac
cording to the right-hand rule. Furthermore, instead of compressing the 

Fig. 15. The contours of Streamlines with different values of Re and Ri and different cases at constant values of Ha = 0, ϕ = 0.01.
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streams to the top region at (Ɣ = 0), the magnetic field at (Ɣ = 30) 
pushes the streams of the right vortices through the geometry. 
Furthermore, at (Ɣ = 60), the influence of the MHD includes both 
vortices, and hence the streams are more streams are pushed from the 
top area to the cavity. This behavior of the streams has a great influence 
on the isotherms as can seen in Fig. 10, where these streams that have 
been moved from the top to the down of the cavity can push the iso
therms away from the hot surface. This behavior is very effective at low 
Ri numbers and less effective with high Ri numbers. This trend is more 
explained in Fig. (11), which explians the variation of average Nu with a 
range of inclination angle and Ri, where the value of Nuavg increases as 

the inclination angle increase. Also, the influence of the inclination 
angle on the Nuavg is higher for low Ri number.

5.2. The influence of Reynolds and Richardson number

The influence of Re number and Ri number on streams and isotherms 
is well presented in Figs. 12 & 13 with a range of Re (41, 100, 200) and 
Ri (0.6, 3.1, 10) at constant Ha (Ha = 15), ϕ (ϕ = 0.01) and case 2. It is 
clear from Fig. 12 that the streams are highly influenced by the change 
of the Ri number at all Re values. However, the influence of the Re 
number depends on the value of the Ri number, where Re influence is 

Fig. 16. The contours of isotherms with different values of Re and Ri and different cases at constant values of Ha = 0, ϕ = 0.01.

Fig. 17. The variation Average Nusselt number with different cases at Re = 41, Ha = 3, ϕ = 0.01.
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only sensible when the value of the Ri number is high.
On the other hand, Fig. 13 explains that the isotherms are highly 

influenced by both Re and Ri. At constant Re, the rise of Ri increases the 
distribution of isothermals because of rising the bouncy force which 
drive the isothermls to the top area. Furthermore, the strength of iso
therms becomes at its higher level with high values of Ri and Re. 
Moreover, at constant Ri number, the isotherms are also noticeably 
influenced by changing Re number.

The enhancement of heat transformation can be well understood 
from the chart of average Nu numbers with a range of Re and Ri 
numbers, Fig. 14. It is clear that increasing the Ri number enhances the 
transformation of heat for all values of the Re number. However, the 
influence of Ri number on heat transfer increases with the increase of Re 
number to be at a maximum influence at maximum Re. On the other 
hand, the increase of the Re number enhances the transformation of heat 
for all the Ri values and its influence becomes maximum at high Ri 
number.

5.3. Impact of the cylinder’s size and volume concentration

The influence of the adiabatic cylinder on the streams and isotherms 
contour is well presented in Figs. (15 & 16), where three different sizes 
are tested with a range of Ri (0.6, 10) and Re (41,10) at constant other 
variables. From Fig. 15, it is clear that the influence of the cylinder’s size 
is effective at low Re (41) and Ri (0.6), where the circulation of the flow 
is very weak and the cylinder acts as an obstacle in the flow path. As the 
Re increases the influence of the size becomes less because the streams 
flow around the obstacle with the same strength for all cases. On the 
other hand, the isotherm contour, as can be seen in Fig. 16, presents the 
same trend, where the influence of the cylinder is only active with low 
Re and Ri numbers.

Fig. 17 explians the variation of the Nuavg with the different cases 
and a range of Ri number at very low Re (Re = 41), Ha (Ha = 3), Ɣ (Ɣ =
0), ϕ (ϕ = 0.02). It can be seen that the transfer of heat is enhanced with 
the decrease of the cylinder for all values of the Ri number. In contrast 
with Fig. 18 in which a high Re number has the experience, Re = 200, it 
can be seen that the transfer of heat for the three cases is nearly similar.

Fig. 18. The variation Average Nusselt number with different values with different cases at fixed values of Re = 200, Ha = 3 and ϕ = 0.01.

Fig. 19. The variation Average Nusselt number with different values of Ri and ϕ at constant values of Re = 200, Ha = 2 Ɣ = 0.
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Heat transformation seems to be enhanced by adding nanoparticles 
to the base fluid. Fig. 19 explains the importance of adding nanoparticles 
in different concentrations to the transformation of heat at various Ri 
with constant Re (Re = 200), Ha (2), case 2, and Ɣ (Ɣ = 0). The value of 
Nuavg increases with increase rise of the volume concentration for all 
the Ri values. However, the influence of the nanoparticles of the trans
formation of heat enhances with the rise of the Ri to reveal a maximum 
influence at a higher Ri (Ri = 10). More explanation about the influence 
of the cylinder’s size with a range of data which are Re and Ri is 
explained in Table 3. Furthermore, the highest values of Nu avgare 
presented for case 3, while the lowest are shown in case 1.

5.4. The influence of entropy generation

Fig. 20 explains the influence of Ri and Ha on the total entropy 
generation at constant Re (Re = 100) and Ɣ (Ɣ = 0). It is clear that the 
irreversibility highly increases with the increase of the Ri number 
because of the increase of heat transfer. However, the increase of the 
MHD decreases the generation of entropy because it increases the 
transformation of heat transfer. Fig. 21 presents the variation of total 
entropy generation and Re number with a range of Ha number at con
stant Ri (Ri = 7.1), Ɣ (Ɣ = 0), and case 2. It is clear that the value of total 
entropy generation is enhanced with the increase of Re for all values of 
Ha. This means that the irreversibility from fluid flow increases with the 
increase of the fluid flow. In contrast, at a fixed Re number, the value of 
total entropy generation decreases with the increase of Ha number. On 

Table 3 
Average Nusselt number at different values of Re and Ri and constant values of Ha = 3, ϕ = 0.02 and Ɣ = 0.

Re = 41 Re = 71 Re = 91 Re = 100 Re = 131 Re = 151 Re = 171 Re = 200

Case 1 Ri Nuavg
0.1 2.5937 3.1053 3.4151 3.5496 3.9895 4.2469 4.4809 4.7735
0.6 2.9757 4.1889 4.9201 5.2126 6.0577 6.4978 6.87 7.3156
1 3.3252 4.8341 5.6235 5.9281 6.8004 7.2541 7.6452 8.1271
1.8 3.9393 5.6343 6.4464 6.7592 7.6681 8.1551 8.5867 9.1374
3.1 4.6226 6.3755 7.2108 7.5375 8.509 9.0451 9.5306 10.166
4.1 4.9853 6.7577 7.6128 7.9504 8.9652 9.5322 10.05 10.734
5.1 5.2687 7.0596 7.9346 8.2824 9.3356 9.9292 10.474 11.199
7.1 5.6985 7.5283 8.4406 8.8065 9.925 10.562 11.151 11.939
10 6.1474 8.0349 8.9944 9.3821 10.576 11.262 11.898 12.754

Case 2 0.1 2.0197 2.3479 2.5576 2.6537 2.9982 3.2277 3.4616 3.7928
0.6 2.2673 3.3339 4.1286 4.466 5.4999 6.0726 6.5835 7.23
1 2.5524 4.0823 4.9971 5.3643 6.46 7.0557 7.582 8.2449
1.8 3.1683 5.0548 6.0284 6.4125 7.5441 8.1524 8.6895 9.3709
3.1 3.9436 5.9695 6.9741 7.3671 8.5199 9.1419 9.696 10.409
4.1 4.3707 6.4391 7.4558 7.8527 9.0191 9.6522 10.22 10.955
5.1 4.7081 6.8056 7.8312 8.2316 9.4118 10.056 10.636 11.392
7.1 5.2237 7.3625 8.4031 8.8103 10.018 10.683 11.286 12.078
10 5.7642 7.9449 9.0053 9.4223 10.668 11.361 11.993 12.829

Case 3 0.1 1.4812 1.6458 1.745 1.7903 1.9609 2.0922 2.2479 2.5248
0.6 1.5727 2.1439 2.7934 3.1174 4.198 4.8188 5.3811 6.1113
1 1.6899 2.7705 3.6832 4.073 5.2394 5.883 6.4631 7.221
1.8 2.0423 3.7875 4.8124 5.9512 6.4241 7.0917 7.7011 8.5095
3.1 2.7081 5.4762 5.8509 7.1844 7.5194 8.2278 8.8825 9.7582
4.1 3.1495 6.1377 6.3816 7.7376 8.098 8.8355 9.5191 10.431
5.1 3.5171 6.6027 6.799 8.1519 8.563 9.326 10.033 10.971
7.1 4.0901 7.2585 7.4452 8.7724 9.2967 10.099 10.838 11.809
10 4.688 7.9079 8.1429 9.419 10.097 10.937 11.701 12.699

Fig. 20. The variation of total entropy generation with different values of Ha and Ri at constant values of Re = 100, case2 and Ɣ = 0.
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the other hand, as the orientation of the MHD changes, the entropy 
generation increases and this increase rises with the increase of the 
inclination angle as presented in Fig. 22. This is due to the fact that with 
an inclination angle both the flow streams as well as the transformation 
of heat are enhanced and this increases the irreversibilities. Fig. 23 ex
plains the influence of entropy generation with the volume concentra
tion with different values of Re and Ri while constant Ha (Ha = 3), Ɣ (Ɣ 
= 0), and case 2. It can be seen that for low Re and Ri, the influence of 
volume concentration on the entropy generation is not sensible and this 
is due to less increase in heat transfer at these low values; however, the 
entropy generation becomes clear at high Re and Ri. Fig. 24 explains the 
influence of cylinder size on the entropy generation at different Re and 
constant Ha (Ha = 3), Ri (Ri = 3), ϕ (ϕ = 0.02), and Ɣ (Ɣ = 0). It is 
observed that increasing the size of the cylinder increases the irrevers
ibilities and this is only sensible with a high Re number.

6. Conclusion

The current work studied the influence of inclined magnetohydro
dynamics upon forced/free convection as well as the reproduction of 
entropy in a cavity filled with nanofluid and its lid drive split to give 
motion in different directions. A range of effective variables has been 
considered and numerically solved after making a validation for the 
code which gives an acceptable and good agreement with some pub
lished papers. The main points that can be concluded are:

• The transfer of heat as well as the flow of the fluid are greatly 
influenced by changing Reynolds and Richardson numbers. The 
remarkable point is that at lower value of Richardson number, the 
streamlines are fundamentally in the upper area making two vortices 
which are circulated in opposite directions for all values of Re. 
However, the streams expand to the cavity around the adiabatic 
cylinder at a high Ri number.

Fig. 21. The variation of total entropy generation with different values of with different values of Ha and Re at constant values of Ri = 7.1, case2 and Ɣ = 0.

Fig. 22. The variation of total entropy generation with different values of the inclination angle and Ri number at constant values of Re = 40, case2 and ϕ = 0.03.
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• The MHD acts to decrease the flow of the streams and compress the 
flow close to the top of the cavity. Furthermore, the value of Nuavg 
drops with the rise of the MHD at all the Reynolds and Richardson 
values. Furthermore, the value of Nuavg decreses by 34.7 % when 
increasing Ha from 0 to 62 at Re = 200. however, as the value of the 
inclination angle increases the influence of the MHD changes ac
cording to the right hand and this increases the flow of the fluid and 
enhances the transfer of heat.

• Adding nanoparticles increases the transformation of heat, where the 
value of average Nu increases with the increase of the volume con
centration; however, the influence of the nanoparticles is only sen
sible at high Re and Ri numbers.

• The total entropy generation increases with the increase of the 
Richardson, Reynolds, and volume concentration; however, it de
creases with the increase of the MHD. Furthermore, the inclination 
angle also increases the irreversible and this is because of increasing 
heat and flow with the inclination angle.

• The best geometry for the heat enhancement is case 2 which gives the 
higher values of Nusselt average.

• Heat transfer enhances by 57 % when increasing Ri from 0.1 to 10 at 
Re = 41 and this enhancement increases to 62.5 % at Re = 200.

7. Future work

7.1. Recommendations

• The recommendations for future work are:
• To explore more than one nanofluid to investigate the most effective 

type for heat enhancement.
• It is recommended to investigate the current case in different ap

plications and different geometries.
• In many engineering applications that include high heat transfer, 

there is a radiation factor, this could be added to future work.
• Mass transfer is very recommended to be investigated with heat 

transfer.

Fig. 23. The variation of total entropy generation with different values of Ri and Re at constant values of Ha = 3, case2 and Ɣ = 0.

Fig. 24. The variation of total entropy generation with different values of Re and different cases at constant values of Ri = 100, ϕ = 0.02 and Ɣ = 0.
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7.2. The advantages, disadvantages, and limitations

The considered model is the Finite element method which is very 
recommended for the current case and similar cases in which the Ra 
number ranges from 103 to 106. there is no problem with the conver
gence as long as the Ra number is limited. However, if the author wanted 
to explore a higher number of Ra numbers, especially with some vital 
parameters such as porous media, and exothermic chemical reactions, 
then the coverage of such cases would be a big challenge.
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