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A B S T R A C T   

Non-Newtonian flows are a relatively recent aspect of industrial heat transfer and fluid mechanics. The 
development of new products, the use of conventional fluids under special conditions, the interaction of heat 
exchange phenomena with viscosity variations, and the search for new manufacturing processes all encourage 
us to evaluate industrial problems involving fluid flows that do not obey Newton’s classical law. The present 
study deals with the modelling and the numerical simulation of natural convective flow, heat exchange, and 
entropy generation features within a hexagonal-shaped domain influenced by an inclined magnetic field and 
filled with a non-Newtonian shear-thickening fluid charged with Alumina nanoparticles. Three variant con-
figurations of three cooling channels positioned inside the domain are considered. The equations system 
resulting from the mathematical modelling of the physical problem has been discretized via the finite element 
method. The spatial distribution of apparent viscosity was portrayed in this study. The findings represented 
that by growing the Power-law index from 1.2 to 1.8 as well as the magnetic field’s power from 0 to 80, the 
mean Nusselt would descend 27.5% and 12.1%, respectively. Moreover, it was recognized that Config.2 
might present the highest mean Nu among other cases examined in this research.  
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1. Introduction 

Heat transport enhancement can help meet the major problem of developing compact thermal devices. Two types of heat transfer 
(HT) enhancement techniques are active and passive. It is an active technique when external actions such as mechanical support, 
surface/fluid vibrations, magnetic or electric field, heat and mass injection or suction, and radiation flux are required [1–5]. The 
passive technique generally requires heat exchange surface improvements, modifying the geometries, and using porous materials or 
fluid additives (e.g., nanofluids) [6–11]. Nanofluids (NFs), liquids containing nano-solid materials, may behave as non-Newtonian 
fluids (NNFs) where their viscosity may be well contingent on shear rate. Non-Newtonian nanofluids (NNNFs) are an industrial re-
ality, and their significance derives from the importance of NFs in improving heat transfer in fluid-based thermal devices and thus is 
being explored by many researchers. Numerous researchers have done different investigations on pure NNFs (non-charged with 
nanoparticles) in thermal natural convection (NC) [12–18]. With regard to studies of thermal and flow features of normal fluids, NFs, 
and NNNFs, Kefayati [19] numerically studied, using the Finite Difference Lattice Boltzmann simulation approach, the generation of 
entropy due to the magnetized thermal NC of a Cu-based NNNF that exhibits a shear-thinning behaviour inside a heated square 
domain. He stated that without the effect of the magnetic field (MF), raising the flow index reduces heat exchange; nevertheless, 
increasing the flow index increases heat exchange under the magnetic field. The same author [20] employed the same numerical 
approach to simulate the heat and mass transfer by NC of a NNNF in a porous domain. The mathematical model of Buongiorno was 
adopted for the NF. Both heat and mass transfer rates were found to increase with Rayleigh, Darcy, and buoyancy ratio parameters, 
whereas the Lewis parameter enhances mass transfer while decreasing heat transfer. Raizah et al. [21] simulated the laminar thermal 
NC of a NNNF inside an inclined Darcian porous cavity using a finite volume technique algorithm. For the NF, the Buongiorno 
mathematical model is used. The second law of thermodynamics is also analyzed. Barnoon et al. [22] employed a two-phase mixture 
model to investigate the hydrodynamic and thermal properties of a NNNF flowing under thermal buoyancy-driven in an inclined 
square permeable enclosure with two inserted cylinders. Thermal radiation may also be taken into account. According to the findings, 
increasing the enclosure angle and size of the inserted cylinders might result in growth or diminution in heat transmission. The 
magnetized thermal-free convection flow and HT characteristics of a power-law NNNF (H2O–Fe3O4) flowing in a U-shaped domain 
were numerically addressed by Ali et al. [23]. The impact of Rayleigh, Hartmann, Fe3O4 volume fraction, flow index, and geometric 
aspect ratio was discussed. In the work of Acharya and Dash [24], the evaluation of magneto thermal NC and entropy development in a 
permeable enclosure with a plane or undulated vertical surface filled with a NNNF is detailed. The mean Nusselt as a function of the 
relevant input variables has been expressed as a correlation. Almensoury et al. [25] modeled numerically, via COMSOL Multiphysics 
and finite element method, the thermogravitational convection flow and HT mechanism of a NNNF within an F-shaped permeable 
enclosure. It has been discovered that the convection process increases with geometric aspect ratio, Darcy, and Rayleigh numbers and 
reduces with flow index. Yuki et al. [26] used the lattice Boltzmann technique to examine magneto-thermogravitational convection of 
power-law NNNFs inside a rectangular domain. The HT rate was detected to be enhanced for shear-thinning NFs but diminished for 
shear-thickening NFs Furthermore, the magnetic field limits the thermal convection transfer. Nag and Molla [27] employed a 
CFD-based FORTRAN code to simulate the coupled heat and mass transport via NC of NNNF in a wavy-sides domain. It was discovered 
that when the NF acts as a shear-thinning liquid, both heat, and mass transfer rates become optimal. Garmroodi et al. [28] investigated 
the thermogravitational convection of an NNF charged with Fe3O4 nanoparticles within an annulus between elliptical porous cylinders 
with various configurations that are affected by a non-uniform external MF. It was demonstrated that the flow index significantly 
influences NC, and the shear-thinning nanofluid type increased the HT rate. Recently, Abderrahmane et al. [29] considered a half an 
inclined annulus geometrical system to investigate the magneto-thermogravitational convection behaviour as well as an entropy 
analysis of non-Newtonian liquid charged with alumina nanoparticles. The authors concluded that for various convection regimes, the 
cavity inclination angle and magnetic field may be employed as effective design factors. Convection HT is reduced when a magnetic 
field is applied, and the flow index is boosted. Chen et al. [30] perused and optimized the magnetized NC of NFs inside a domain with a 
fin located on a vertical surface. Lanjwani et al. [31] explored the magnetic, and radiative Casson NF flows over an exponential plane 
which is either stretching or shrinking. Mathew et al. [32] scrutinized the efficacy of nanomaterial shape and multiple slips on the 
stagnation point liquid of magnetic blood-silver NF. Aly et al. [33] inspected the magnetic strength’s influence on NC of novel NF 
within a porous annulus. Aly and Raizah [34] explored Double-diffusive NC of NF in a porous zone having rotational roundish and 
hexagon cylinders inside. Other published research may be recognized in [35–38]. 

We determined from the existing literature that limited studies have been conducted on the impact of the magnetic field on 
Newtonian nanofluids in complex geometries despite their geometrical similarities to a variety of technical thermal devices, including 
heat exchangers, fuel cells, solar systems, electronic devices, refrigerators, and more. The present study explores thermal-natural 
convection behaviour and irreversibility evaluation of shear-thickening Al2O3-based nanofluid flowing within a hexagonal-shaped 
domain influenced by an inclined magnetic field with three cooling channels inside which have not been scrutinized before. 

2. Governing equations 

Non-Newtonian Al2O3–H2O nanofluid natural convection within a hexagonal-shaped domain influenced by an inclined magnetic 
field with three cooling channels inside is explored (Fig. 1). Three variant configurations of such channels (Config. 1, Config. 2, and 
Config. 3) are considered in this study to analyse their impact on natural convection features. In Config. 1, two cooling channels are 
placed at h1 (=0.3L) while one is positioned at h3 (=0.7L). Config. 2 entails three cooling channels placed at h2 (=0.5L) and in Config. 
3, one cooling channel is maintained at h1 while two are placed at h3. The inclined bottom walls of the cavity act as a heater, while 
other walls may be adiabatic and the whole domain is influenced by Boussinesq viewpoint. Governing equations of such system may be 
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defined as [19,39,40]: 

∂yv+ ∂xu = 0 (1)  

ρnf
(
v∂yu+ u∂xu

)
= − ∂xp+

(
∂yτyx + ∂xτxx

)

+B2
0σnf [v cos(λ)sin(λ) − u sin(λ)sin(λ)]

(2)  

ρnf

(
v∂yv+ u∂xv

)
= − ∂yp+

(
∂yτyy + ∂xτxy

)
+ ρnf βnf g(T − Tc)

+B2
0σnf [u cos(λ)sin(λ) − v cos(λ)cos(λ)]

(3)  

(
ρCp

)

nf

(
v∂yT + u∂xT

)
= knf

(
∂yyT + ∂xxT

)
(4)  

here τ indicates shear stress tensor that could be characterized by power-law (Ostwald-de Waele) correlation as follow in the case of 
non-Newtonian nanofluids [19,39]: 

τxx =Δnf

(
∂u
∂x

+
∂u
∂x

)

= 2Δnf
∂u
∂x

(5)  

τxy =Δnf

(
∂u
∂y

+
∂v
∂x

)

τyy =Δnf

(
∂v
∂y

+
∂v
∂y

)

= 2Δnf
∂v
∂y  

τyx =Δnf

(
∂u
∂y

+
∂v
∂x

)

in which Δnf would be the apparent viscosity and may be expressed as [39]: 

Δnf = μnf

[
2
(
∂yv

)2
+ 2(∂xu)2

+
(
∂yu + ∂xv

)2
]n− 1

2 (6)  

here n and μnf illustrate power-law and consistency indexes, respectively. Based on the values of n the fluid flow may possess the 
features of different fluids. If n < 1 the liquid will behave like a shear-thinning one while n > 1 leads the liquid to behave like a shear- 
thickening one. The below parameters, on the other hand, ought to be expressed to create the non-dimensional form of governing 
equations: 

(Y,X)=
(y, x)

L
, θ=

T − Tc

ΔT
,P=

pL2

ρf α2
f
, ( V,U)=

(v, u)L
αf

(7) 

Fig. 1. The geometry explored in this research.  
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So the dimensionless Δnf, as well as governing equations, are characterized as: 

Πnf =
[
2(∂Y V)2

+ 2(∂XU)
2
+ (∂Y U + ∂XV)2]n− 1

2 (8)  

[
ρnf

/
ρf
]
(V∂Y U +U∂XU)= − ∂XP+

[
μnf

/
μf
]
Pr
[

∂Y
(
Πnf (∂XV + ∂Y U)

)

+∂X
(
2Πnf ∂XU

)

]

+
[
σnf

/
σf
]
Pr Ha2[V cos(λ)sin(λ) − U sin(λ)sin(λ)] (9)  

[
ρnf

/
ρf
]
(V∂Y V +U∂XV)= − ∂Y P+

[
μnf

/
μf
]
Pr
[

∂X
(
Πnf (∂XV + ∂Y U)

)

+∂Y
(
2Πnf ∂Y V

)

]

+
[
ρnf

/
ρf
][

βnf
/

βf
]
Ra Pr θ cos(γ)

+
[
σnf

/
σf
]
Pr Ha2[U cos(λ)sin(λ) − V cos(λ)cos(λ)] (10)  

[(
ρCp

)

nf

/ (
ρCp

)

f

]
(V∂Y θ+U∂Xθ) =

[
knf

/
kf
]
(∂YY θ+ ∂XXθ) (11)  

here Ha and Ra indicate the Hartmann and Rayleigh numbers, and the βnf/βf , ρnf/ρf , knf/kf , and μnf/μf of Al2O3–H2O nanofluid 
(Table 1) could be characterized as [41]: 

βnf
/

βf =(1 − φ)+φ
(
βs
/

βf
)
, ρnf

/
ρf =(1 − φ) + φ

(
ρs
/

ρf
)

μnf

/
μf =

(
1+ 39.11φ+ 533.9φ2), knf

/
kf =(1+ 7.47φ) (12) 

The boundary conditions are specified as: 

V = 0, θ = 1,U = 0 on heater  

V = 0, θ = 0,U = 0 on cooling channel  

V = 0, ∂nθ = 0,U = 0 on other walls (13) 

The rate of heat transfer (Nusselt number) on the left heater may be demonstrated as: 

Nuloc. = [1+ 7.47φ]∂nθ,Nuave. =
1
S

∫ s

0
Nuloc.ds (14)  

in Eq. (14) S displays the heater’s length, and n is the normal vector. 
On the other hand, the entropy production that is the summation of the magnetic field, fluid friction, and heat transfer irrevers-

ibilities (EnMF, EnFF, and EnHT) may be characterized as [40]: 

EnLocal = [1 + 7.47φ]
[
(∂Xθ)2

+ (∂Y θ)2]
EnLocal,HT

⎴

+
[
1 + 39.11φ + 533.9φ2]Πnf η

[
2(∂XU)

2
+ (∂XV + ∂Y U)

2
+ 2(∂Y V)2]

EnLocal,FF
⎴

+
[
σnf

/
σf
]
Ha2η[U sin(λ) − V cos(λ)]2

EnLocal,MF
⎴

EnAve =

∫

V
EnlocaldV.

(15) 

Accordingly, the Bejan number could be expressed based on the above equation as: 

BeLocal =
EnLocal,HT

EnLocal
,BeAve =

∫

ABeLocaldA
∫

AdA
(16)  

4. Numerical method and validation 

Finite element method (FEM) [42–44] may be utilized to achieve an error-free solution of governing equations of non-Newtonian 
Al2O3–H2O NF natural convection within a hexagonal-shaped domain influenced by an inclined magnetic field with three cooling 
channels inside. To test the exactitude of the applied method, the outcomes have been compared with Kahveci’s results [45]. A 
plausible agreement may be seen between the results, as illustrated in Fig. 2. 

Table 1 
The Al2O3 and H2O’s thermo-physical features [41].   

Cp(J /kg K) k(W /m K) ρ(kg /m3)

Water 4179 0.613 997.1 
Al2O3 765 40 3970  
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5. Results and discussion 

This section is dedicated to the presenting of the numerical outcomes relating to the buoyancy-driven flow features and entropy 
generation behaviour of a NF which is behaved as a dilatant fluid (because dilatant fluids are generally formed by using a colloidal 
suspension of solid particles in liquids) within a hexagonal-shaped domain with three cooling channels inside. The domain is influ-
enced by an inclined magnetic field. Three variant configurations of such channels (Config. 1, Config. 2, and Config. 3) are considered. 
It was accomplished by describing (i): dimensionless iso-lines maps of stream function (Ψ), temperature (θ), horizontal and vertical 
velocities, apparent viscosity (Π), and local Bejan number, (ii): profiles of local and mean heat transfer rates (Nuloc and Nuave), as 
function the following pertinent input parameters; n: Power-law index (flow index), Ha: Hartmann number, Ra: Rayleigh number, λ: 
Angle of the MF, φ: Volume fraction of nanofluid. The basic settings are: n = 1.2, Ra = 106, λ = 0◦, φ = 0.5, and Ha = 0 for the Config. 1. 

Fig. 3 depicts the dependence of thermal and dynamic flow patterns, represented by the dimensionless countors of isotherms (θ), 

Fig. 2. Comparison of the Nuave (Present outcomes against Kahveci findings [45]).  

Fig. 3. The countors of θ, Ψ, U, V, and Π for disparate n (Ra = 106, Ha = 0, λ = 0
◦

, φ = 3%, Config.1).  
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streamlines (Ψ), horizontal and vertical velocities (U and V), and the apparent viscosity distribution (Π), on the power-law index for 
the Config. 1 when Ra = 106, Ha = 0, λ = 0

◦

, and φ = 3%. As can be seen, the heated nanofluid at the hot boundary tries to ascend to the 
top of the domain under the influence of buoyancy effects, cool at the top, and then descend under the effect of its density, seeping 
between the cold cylinders. This process gives the nanofluid a double-cell flow structure, as represented by the stream function iso- 
lines. The right cold cylinder is confined in the right anticlockwise vortex, and the left cold cylinder is confined in the left clock-
wise vortex, with the central cold cylinder located between the two vortices. Also, velocity components exhibit maximum values on the 
enclosure’s lateral borders and the cold cylinders’ edges. The apparent viscosity distributions indicate large values in regions with a 
large velocity gradient, especially near the side heaters and on the edges of cold cylinders. This is because it is in this type of non- 
Newtonian fluid (shear-thickening fluids), the higher the deformation rate, the higher the apparent viscosity, according to the 
Ostwald-de Waele model presented in equation (8) above when n > 1. Since raising n-index value causes the apparent viscosity to rise, 
natural convection within the system is found to be reduced. This is evidenced by the decline in the development of the thermal lines 
and values of stream function and velocity components. 

Fig. 4. The countors of θ, Ψ, U, V, and Π for disparate Ha (Ra = 106, n = 1.2, λ = 0
◦

, φ = 3%, Config.1).  

Fig. 5. The countors of θ, Ψ, U, V, and Π for disparate Ra (Ha = 0, n = 1.2, λ = 0
◦

, φ = 3%, Config.1).  
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Fig. 4 illustrates how much the application of a horizontal magnetic field influences the thermal, dynamic, and apparent viscosity 
distributions. Under the impact of Lorentz forces, natural convection within the system diminishes, resulting in a decrement in the 
apparent viscosity of the nanofluid due to the decrease of velocity gradients. The thermal buoyancy forces, which provide the driving 
force and are defined by the Ra, which reflects the ratio of buoyancy forces to viscous ones, are primarily responsible for natural 
convective flow. As can be observed in Fig. 5, as Ra increases, the flow by natural convection becomes more powerful because of the 
domination of buoyancy forces over viscous ones. However, the fluid streams carry the parietal fluid layers adjacent to the active walls, 
in a vigorous way, in their wake, increasing the nanofluid apparent viscosity there due to the increased deformation rate. 

Fig. 6. Shows contours of θ, Ψ, U, V, and Π for disparate configurations when Ra = 106, n = 1.2, λ = 0
◦

, φ = 3%, and Ha = 0. The 
three geometric configurations are characterized by the system’s distinct formations of the cold cylinders. The thermal and dynamic 
field distributions are considerably affected by changing the arrangement of cold cylinders, where regions with high-velocity gradients 
alter according to the cylinders’ formation, influencing regions with high apparent viscosity. Large and intense convective flow cells 
for the Config. 3 translated by large zones of highly-apparent viscosity. 

Fig. 7(a) represents spatial distributions of total local entropy and local Bejan number, as well as their average values over the 
domain for different n-index values. Again, remarkable entropy generation regions can be seen, particularly around cold cylinders and 
heaters, owing mostly to fluid friction effects. Because the apparent viscosity of the nanofluid increases with n, the convective flow 
reduces, leading the total entropy generation to diminish. As a consequence, Bejan numbers increase, indicating that the thermal 
irreversibility contributes more to total entropy generation. 

In fact, applying a magnetic field raises the value of magnetic irreversibility; however, because Lorentz forces diminish natural 
convection, as previously noted, the total entropy inside the system is found to drop with Ha. In light of this, it was found that the 
largest contribution of thermal irreversibility to the total entropy was in the absence of the MF (See Fig. 7(b)). Fig. 7(c) shows that 
increasing the strength of the buoyancy forces by boosting Ra exacerbates total irreversibility while minimizing the contribution of 
thermal irreversibility to it, and the flow-related irreversibilities (fluid friction and magnetic effects) are being the major contributors. 
In Fig. 7(d), large and strong convective flow cells are discovered for Config. 3, as previously mentioned, resulting in a higher average 
total entropy generation because the vast majority of it, in this stage, is due to the fluid friction, as a consequence, the participation of 
thermal irreversibility in the overall entropy generation within the system decreases as shown by the average Bejan numbers. Fig. 8 
indicates the velocities profile for diverse n along a horizontal plane of enclosure (Y = 0.5). The velocity constituents seem to grow with 
a decrement in the power-law index as by descending n the buoyancy force within the studied domain will be the dominant force. In 
this case, the utmost figure of the stream function which is related to velocity components, also rises as there may be a direct rela-
tionship between stream function and buoyancy force. Accordingly, the flow inside the domain can move faster in the case of raising n. 

The profiles in Fig. 9 show how different values of n, Ha, Ra, and various Configurations affect the Nuloc. all over the left heater. 
First, the thermal transport rate at the heater is greater at the bottom because this is the first contact between the cold nanofluid 
returning from the top of the cavity and the hot surface, where we determine the greatest temperature difference. Then the HT rate 

Fig. 6. The countors of θ, Ψ, U, V, and Π for disparate Configurations (Ra = 106, n = 1.2, λ = 0
◦

, φ = 3%, Ha = 0).  
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Fig. 7(a). The countor of Enlocal and Belocal for disparate n (Ra = 106, Ha = 0, λ = 0
◦

, φ = 3%, Config.1).  
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Fig. 7(b). The countor of Enlocal and Belocal for disparate Ha (Ra = 106, n = 1.2, λ = 0
◦

, φ = 3%, Config.1).  
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Fig. 7(c). The countor of Enlocal and Belocal for disparate Ra (Ha = 0, n = 1.2, λ = 0
◦

, φ = 3%, Config.1).  
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Fig. 7(d). The countor of Enlocal and Belocal for disparate Configurations (Ra = 106, n = 1.2, λ = 0
◦

, φ = 3%, Ha = 0).  
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distribution is relatively structured along the hot wall, with a slight increase in the center of the wall (the area opposite the cold 
cylinder) for the Config. 1 due to the narrowness of the thermal boundary layer there. Increasing the n-index from 1.2 to 1.8 increased 
the apparent viscosity and decreased the nanofluids circulating, decreasing the local thermal transport rate along the heater. 

Furthermore, it was discovered that when the Rayleigh parameter increased, the local rate of heat transfer enhanced along the 
heater. The Nuloc., on the other hand, declined as the horizontal magnetic field intensity increased. In addition, changing the 
arrangement of cold cylinders has a minor effect on the distribution of local Nusselt. 

Table 2 summarizes the overall natural thermal transport rates through Nuave values for various n, Ha, Ra, λ, and geometrical 
configurations. Nuave is shown to be increased with Rayleigh, magnetic field inclination angle, and nanoparticles’ concentration 
variables but decreased with Hartmann and power-low index variables. Changing the arrangement of the cold cylinders inside the 

Fig. 8. Velocity profiles for diverse n along a horizontal plane of enclosure.  

Fig. 9. Nulocal for diverse n, Ha, Ra, and Configurations.  
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domain slightly affects the value of the overall natural thermal transport rate. However, it was found that the second configuration 
(Config. 2) gave the largest value for Nuave. 

6. Conclusion 

A two-dimensional thermal laminar natural convection of a shear-thickening (dilatant) nanofluid flowing within a hexagonal- 
shaped domain with three cooling channels inside has been evaluated in the presence of an inclined magnetic field. The behavior 
of the entropy generation was also analyzed. Numerical examinations have been conducted taking into account the appropriate 
physical variables, such as n: Power-law index (flow index), Ha: Hartmann number, Ra: Rayleigh number, λ: Angle of the magnetic 
field, and φ: Volume fraction of nanofluids. The natural thermal transport rate was found to be suppressed when the magnetic field 
intensity and the flow index parameter were increased, whereas it increased when the buoyancy term and nanoparticles’ concentration 
were increased. An increase in the value of the magnetic field angle reduces the effect of the magnetic field in suppressing the natural 
convection within the domain. Changing the arrangement of the cold cylinders inside the domain slightly affects the overall natural 
thermal transport rate. However, it was found that the second configuration (Config. 2) gave the largest value for Nuave 

Moreover, the spatial distribution of apparent viscosity was also represented, and it was shown that it was concentrated in high- 
velocity gradient areas, and its maximums were augmented as the flow index and natural convective flow increased. Furthermore, the 
overall entropy production decreased as n and Ha parameters were boosted but to increase while the Ra parameter was increased. 
Without a magnetic field, the thermal irreversibility contributes more to total entropy production for large n and low Ra. 

Author statement 

A.M. Pasha: Writing, Simulation. M.M. Alam: Formal analysis. T. Tayebi: Formal analysis, Software, Validation, Writing. S. Kasim: 
Software, Writing. A.S. Dogonchi: Conceptualization, Methodology, Validation, Simulation. K. Irshad: Formal analysis, Writing. Ali J. 
Chamkha: Supervision. J. Khan: Formal analysis, Writing. A.M. Galal: Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This research work was funded by Institutional Fund Projects under grant no. (IFPIP: 1377-135-1443). The authors gratefully 
acknowledge the technical and financial support provided by the Ministry of Education and King Abdulaziz University, DSR, Jeddah, 
Saudi Arabia. 

References 

[1] T. Alam, M.H. Kim, A comprehensive review on single phase heat transfer enhancement techniques in heat exchanger applications, Renew. Sustain. Energy Rev. 
81 (2018) 813–839. 

Table 2 
Nuave for various n, Ha, Ra, Configurations, and λ  

n Ha Ra Config. λ φ Nuave 

1.2 0 106 Config.1 0◦ 0.03 8.592 
1.5      6.749 
1.8      6.224 
1.2 0     8.592  

40     8.270  
80     7.548  
0 105    6.385   

106    8.592   
106 Config.1   8.592    

Config.2   8.662    
Config.3   8.400  

80  Config.1 0◦ 7.548     
30◦ 7.610     
60◦ 7.935     
90◦ 8.217  

0 105  0◦ 0.01 6.042      
0.03 6.385      
0.05 6.959  

A.A. Pasha et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2214-157X(22)00825-5/sref1
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref1


Case Studies in Thermal Engineering 41 (2023) 102588

14

[2] S.S. Mousavi Ajarostaghi, M. Zaboli, H. Javadi, B. Badenes, J.F. Urchueguia, A review of recent passive heat transfer enhancement methods, Energies 15 (3) 
(2022) 986. 

[3] F.C. Lai, Electrohydrodynamic-enhanced natural convection in an enclosure by a nonsymmetric electric field, J. Thermophys. Heat Tran. 33 (2) (2019) 441–448. 
[4] A. Ali, H.S. Khan, S. Saleem, M. Hussan, EMHD nanofluid flow with radiation and variable heat flux effects along a slandering stretching sheet, Nanomaterials 12 

(21) (2022) 3872. 
[5] Z. Raizah, A.M. Aly, Effect of dual-rotation on MHD natural convection of NEPCM in a hexagonal-shaped cavity based on time-fractional ISPH method, Sci. Rep. 

11 (1) (2021) 1–18. 
[6] M.S. Sadeghi, N. Anadalibkhah, R. Ghasemiasl, T. Armaghani, A.S. Dogonchi, A.J. Chamkha, A. Asadi, On the natural convection of nanofluids in diverse shapes 

of enclosures: an exhaustive review, J. Therm. Anal. Calorim. (2020) 1–22. 
[7] S. Rostami, S. Aghakhani, A. Hajatzadeh Pordanjani, M. Afrand, G. Cheraghian, H.F. Oztop, M.S. Shadloo, A review on the control parameters of natural 

convection in different shaped cavities with and without nanofluid, Processes 8 (9) (2020) 1011. 
[8] A. Rahimi, A. Dehghan Saee, A. Kasaeipoor, E. Hasani Malekshah, A comprehensive review on natural convection flow and heat transfer: the most practical 

geometries for engineering applications, Int. J. Numer. Methods Heat Fluid Flow 29 (3) (2019) 834–877. 
[9] H.J. Xu, Z.B. Xing, F.Q. Wang, Z.M. Cheng, Review on heat conduction, heat convection, thermal radiation and phase change heat transfer of nanofluids in 

porous media: fundamentals and applications, Chem. Eng. Sci. 195 (2019) 462–483. 
[10] Y. Menni, A.J. Chamkha, A. Azzi, Nanofluid transport in porous media: a review, Spec. Top Rev. Porous Media Int. J. 10 (1) (2019). 
[11] M. Muneeshwaran, G. Srinivasan, P. Muthukumar, C.C. Wang, Role of hybrid-nanofluid in heat transfer enhancement-A review, Int. Commun. Heat Mass Tran. 

125 (2021), 105341. 
[12] K.M. Gangawane, B. Manikandan, Laminar natural convection characteristics in an enclosure with heated hexagonal block for non-Newtonian power law fluids, 

Chin. J. Chem. Eng. 25 (5) (2017) 555–571. 
[13] D.S. Loenko, A. Shenoy, M.A. Sheremet, Effect of time-dependent wall temperature on natural convection of a non-Newtonian fluid in an enclosure, Int. J. 

Therm. Sci. 166 (2021), 106973. 
[14] A. Jahanbakhshi, A.A. Nadooshan, M. Bayareh, Magnetic field effects on natural convection flow of a non-Newtonian fluid in an L-shaped enclosure, J. Therm. 

Anal. Calorim. 133 (3) (2018) 1407–1416. 
[15] M.M.A.I. Ahmad, M.A. Imran, M. Aleem, I. Khan, A comparative study and analysis of natural convection flow of MHD non-Newtonian fluid in the presence of 

heat source and first-order chemical reaction, J. Therm. Anal. Calorim. 137 (5) (2019) 1783–1796. 
[16] T.S. Devi, C.V. Lakshmi, K. Venkatadri, M.S. Reddy, Influence of external magnetic wire on natural convection of non-Newtonian fluid in a square cavity, Partial 

Diff. Equat. Appl. Math. 4 (2021), 100041. 
[17] M. Nemati, H.M. Sani, A.J. Chamkha, Optimal wall natural convection for a non-Newtonian fluid with heat generation/absorption and magnetic field in a 

quarter-oval inclined cavity, Phys. Scripta 96 (12) (2021), 125234. 
[18] S. Pandey, Y.G. Park, M.Y. Ha, Unsteady analysis of natural convection in a square enclosure filled with non-Newtonian fluid containing an internal cylinder, 

Numer. Heat Tran., Part B: Fundamentals 77 (1) (2020) 1–21. 
[19] G.R. Kefayati, Simulation of heat transfer and entropy generation of MHD natural convection of non-Newtonian nanofluid in an enclosure, Int. J. Heat Mass 

Tran. 92 (2016) 1066–1089. 
[20] G.H.R. Kefayati, Simulation of natural convection and entropy generation of non-Newtonian nanofluid in a porous cavity using Buongiornos mathematical 

model, Int. J. Heat Mass Tran. 112 (2017) 709–744. 
[21] Z.A.S. Raizah, A.M. Aly, S.E. Ahmed, Natural convection flow of a power-law non-Newtonian nanofluid in inclined open shallow cavities filled with porous 

media, Int. J. Mech. Sci. 140 (2018) 376–393. 
[22] P. Barnoon, D. Toghraie, R.B. Dehkordi, M. Afrand, Two phase natural convection and thermal radiation of Non-Newtonian nanofluid in a porous cavity 

considering inclined cavity and size of inside cylinders, Int. Commun. Heat Mass Tran. 108 (2019), 104285. 
[23] F.H. Ali, H.K. Hamzah, K. Egab, M. Arıcı, A. Shahsavar, Non-Newtonian nanofluid natural convection in a U-shaped cavity under magnetic field, Int. J. Mech. 

Sci. 186 (2020), 105887. 
[24] S. Acharya, S.K. Dash, Natural convection and entropy generation in a porous enclosure filled with non-Newtonian nanofluid, J. Thermophys. Heat Tran. 35 (3) 

(2021) 438–458. 
[25] M.F. Almensoury, A.S. Hashim, H.K. Hamzah, F.H. Ali, Numerical investigation of natural convection of a non-Newtonian nanofluid in an F shaped porous 

cavity, Heat Transfer 50 (3) (2021) 2403–2426. 
[26] J.Q. Yuki, I. Sen, M.M.Q. Sakib, P. Nag, M.M. Molla, Multiple-relaxation-time lattice Boltzmann simulation of magnetic field effect on natural convection of non- 

Newtonian nanofluid in rectangular enclosure, Adv. Appl. Math. Mech. 13 (2021) 1142–1168. 
[27] P. Nag, M.M. Molla, Double-diffusive natural convection of non-Newtonian nanofluid considering thermal dispersion of nanoparticles in a vertical wavy 

enclosure, AIP Adv. 11 (9) (2021), 095219. 
[28] M.R. Daneshvar Garmroodi, A. Ahmadpour, M.R. Hajmohammadi, S. Gholamrezaie, Natural convection of a non-Newtonian ferrofluid in a porous elliptical 

enclosure in the presence of a non-uniform magnetic field, J. Therm. Anal. Calorim. 141 (5) (2020) 2127–2143. 
[29] A.I.S.S.A. Abderrahmane, M. Hatami, M.A. Medebber, S. Haroun, S.E. Ahmed, S. Mohammed, Non-Newtonian nanofluid natural convective heat transfer in an 

inclined Half-annulus porous enclosure using FEM, Alex. Eng. J. 61 (7) (2021) 5441–5453. 
[30] H. Chen, S. Saleem, M. Ghaderi, Using artificial neural network to optimize the flow and natural heat transfer of a magnetic nanofluid in a square enclosure with 

a fin on its vertical wall: a lattice Boltzmann simulation, J. Therm. Anal. Calorim. 145 (4) (2021) 2261–2276. 
[31] H.B. Lanjwani, S. Saleem, M.S. Chandio, M.I. Anwar, N. Abbas, Stability analysis of triple solutions of Casson nanofluid past on a vertical exponentially 

stretching/shrinking sheet, Adv. Mech. Eng. 13 (11) (2021), 16878140211059679. 
[32] A. Mathew, S. Areekara, A.S. Sabu, S. Saleem, Significance of multiple slip and nanoparticle shape on stagnation point flow of silver-blood nanofluid in the 

presence of induced magnetic field, Surface. Interfac. 25 (2021), 101267. 
[33] A.M. Aly, A. Al-Hanaya, Z. Raizah, The magnetic power on natural convection of NEPCM suspended in a porous annulus between a hexagonal-shaped cavity and 

dual curves, Case Stud. Therm. Eng. 28 (2021), 101354. 
[34] A.M. Aly, Z. Raizah, Double-diffusive convection of a nanofluid in a porous cavity containing rotating hexagon and circular cylinders: ISPH simulations, Int. J. 

Numer. Methods Heat Fluid Flow 32 (1) (2022) 432–452. 
[35] Z. Raizah, A.M. Aly, A rotating superellipse inside a hexagonalshaped cavity suspended by nano-encapsulated phase change materials based on the ISPH 

method, Int. J. Numer. Methods Heat Fluid Flow 32 (3) (2022) 956–977. 
[36] L.B. McCash, S. Nadeem, S. Akhtar, A. Saleem, S. Saleem, A. Issakhov, Novel idea about the peristaltic flow of heated Newtonian fluid in elliptic duct having 

ciliated walls, Alex. Eng. J. 61 (4) (2022) 2697–2707. 
[37] S. Saleem, I.L. Animasaun, S.J. Yook, Q.M. Al-Mdallal, N.A. Shah, M. Faisal, Insight into the motion of water conveying three kinds of nanoparticles shapes on a 

horizontal surface: significance of thermo-migration and Brownian motion, Surface. Interfac. 30 (2022), 101854. 
[38] A.M. Aly, Z. Raizah, A. Al-Hanaya, Double rotations between an inner wavy shape and a hexagonal-shaped cavity suspended by NEPCM using a time-fractional 

derivative of the ISPH method, Int. Commun. Heat Mass Tran. 127 (2021), 105533. 
[39] S. Acharya, S.K. Dash, Natural convection in a cavity with undulated walls filled with water-based non-Newtonian power-law CuO-water nanofluid under the 

influence of the external magnetic field, Numer. Heat Tran., Part A: Applications 76 (7) (2019) 552–575. 
[40] S.M. Seyyedi, On the entropy generation for a porous enclosure subject to a magnetic field: different orientations of cardioid geometry, Int. Commun. Heat Mass 

Tran. 116 (2020), 104712. 
[41] G.C. Bourantas, V.C. Loukopoulos, Modeling the natural convective flow of micropolar nanofluids, Int. J. Heat Mass Tran. 68 (2014) 35–41. 
[42] T. Basak, S. Roy, T. Paul, I. Pop, Natural convection in a square cavity filled with a porous medium: effects of various thermal boundary conditions, Int. J. Heat 

Mass Tran. 49 (7–8) (2006) 1430–1441. 

A.A. Pasha et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2214-157X(22)00825-5/sref2
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref2
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref3
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref4
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref4
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref5
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref5
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref6
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref6
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref7
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref7
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref8
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref8
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref9
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref9
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref10
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref11
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref11
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref12
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref12
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref13
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref13
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref14
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref14
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref15
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref15
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref16
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref16
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref17
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref17
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref18
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref18
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref19
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref19
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref20
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref20
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref21
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref21
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref22
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref22
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref23
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref23
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref24
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref24
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref25
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref25
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref26
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref26
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref27
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref27
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref28
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref28
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref29
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref29
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref30
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref30
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref31
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref31
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref32
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref32
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref33
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref33
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref34
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref34
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref35
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref35
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref36
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref36
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref37
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref37
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref38
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref38
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref39
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref39
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref40
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref40
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref41
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref42
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref42


Case Studies in Thermal Engineering 41 (2023) 102588

15

[43] Cedric Taylor, Hood Paul, A numerical solution of the Navier-Stokes equations using the finite element technique, Comput. Fluids 1 (1) (1973) 73–100. 
[44] T. Basak, S. Roy, P.K. Sharma, I. Pop, Analysis of mixed convection flows within a square cavity with linearly heated side wall (s), Int. J. Heat Mass Tran. 52 

(9–10) (2009) 2224–2242. 
[45] K. Kahveci, Buoyancy driven heat transfer of nanofluids in a tilted enclosure, ASME. J. Heat Transfer. 132 (2010), 062501, https://doi.org/10.1115/1.4000744. 

A.A. Pasha et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2214-157X(22)00825-5/sref43
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref44
http://refhub.elsevier.com/S2214-157X(22)00825-5/sref44
https://doi.org/10.1115/1.4000744

	Heat transfer and irreversibility evaluation of non-Newtonian nanofluid density-driven convection within a hexagonal-shaped ...
	1 Introduction
	2 Governing equations
	4 Numerical method and validation
	5 Results and discussion
	6 Conclusion
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


