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A B S T R A C T   

Fins are introduced in numerous engineering applications related to heat exchangers, gas turbines, electric 
transformers, semiconductor devices, air-cooled engines, automobile radiators, hydrogen fuel cells, etc. Nano-
fluids are known as novel engineered fluids having superior thermal conductivity compared to traditional 
coolants. With this motivation, the present effort is dedicated to enlightening the hydrothermal variations of 
alumina-water nanofluid passing through the parallel fins inside a partially heated hexagonal enclosure. The 
bottom part of the enclosure is assumed to be heated, while the top face is partly heated. Three parallel fins are 
positioned inside the hexagonal compartment with the right as well as left fins are cooled and the middle fin is 
heated. The hexagonal cavity experiences a magnetic influence applied horizontally. Similarity conversions are 
considered to have the non-dimensional flow profile and they are tackled with Galerkin finite element scheme. 
The grid independence and comparison tests are directed to establish the designed model's accuracy. The 
parametric discussion includes various streamlines, velocities, temperature, isotherms, and Nusselt number 
profiles for Rayleigh number, Hartmann number, and nanoparticles concentration. The analysis reveals 
enhanced convection, velocity, and thermal outcomes for the Rayleigh number, but the opposite trend is 
switched on for Hartmann number and nanoparticle concentration   

1. Introduction 

The coupling of thermal and velocity fields has an imperative role to 
cool various technological and industrial devices like electrical systems, 
nuclear reactor cooling, fire engineering, petroleum reservoirs, heat 
exchangers, and others [1–4]. During natural convective cooling, the 
buoyancy force driven by the thermal difference between cold liquid and 
the hot surface is the only stimulus to drive the flow upwards. Thus, the 
buoyancy-induced cooling mechanism has significant advantages. An 
ample number of investigations have been conducted on the bouncy- 
induced flow inside different cavities and the related cooling mecha-
nism [5–10]. Natural convective flows inside circular, square enclosures 
attract the researcher more due to their simple geometric shape and 
boundary constraints. But still few inaccuracies are noted for flows in-
side square cavities [11]. McQuain et al. [12] claimed that the hydro-
thermal consequences relating to the square cavities are not reliable to 
apply for other cavities like trapezium, triangle, hexagonal, prismatic, 
etc. But those irregular configurations are frequently employed in 
practice. Fluid flow through the hexagonal enclosure and its 

hydrothermal consequences are of major importance in various tech-
nological and engineering applications like nuclear power plants [13], 
solar collectors [14,15], heat exchangers [16], microfluidic heat sinks 
[17], etc. For solar energy collectors, transparent tubes are arranged in 
an array-like honeycomb hexagonal pattern between the cover plate and 
absorbing surface to minimize convection and radiation losses. The 
proficiency of solar collectors without a honeycomb layer is low 
compared to honeycomb solar collectors [13,18]. In nuclear reactors, 
the fuel bars are arranged to form the hexagonal lattice and placed inside 
the hexagonal or circular channel to flow the coolants over them [19]. 
Hexagonal ducts are more frequently used in lamella-type heat ex-
changers which explores considerable applications in the industries like 
alcohol, paper, petrochemical, etc. [20]. Zhang [21] investigated both 
experimentally and numerically the conjugate and transient heat-mass 
transport inside hexagonal ducts having absorbent walls. The results 
claim both Sherwood and Nusselt number enhancement for wall thick-
ness. Fayz-Al-Asad et al. [22] introduced the natural convective viscous 
flow through the hexagonal duct with a vertical fin placed at the lower 
surface. They noted heat transport amplification for Rayleigh numbers 
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and fin's height. Moutaouakil et al. [23] illustrated the natural convec-
tive flow amid a square enclosure and hexagonal cylinder. They noticed 
the increased flow intensity for Reynolds number and hexagonal size. 
Munshi et al. [24] investigated the mixed convective airflow inside the 
hexagonal compartment considering the corner heater. They observed 
heat transport enhancement for Hartmann and Richardson numbers. 
The buoyancy-driven Casson fluidic transport inside hexagonal cavity 
with T-shaped obstacle was reported by Rehman et al. [25] and noticed 
heat transport amplification for Rayleigh number. 

Nanofluids belong to the novel class of engineered fluids that con-
tains tiny nanometer-sized particles, named as nanoparticles [26]. The 
base liquids are often considered as water, engine oil, kerosene, ethylene 

glycol, etc. Nanoparticles that are dispersed within the host liquids are 
generally metals, carbon nanotubes (CNTs), oxide, etc. The unique and 
novel feature of nanofluid that motivates us to replace nanofluid as a 
coolant instead of conventional liquid, is that its superior thermal con-
ductivity and improved heat transport capability. Some major applica-
tions of these nanofluids are heat pipes, solar receivers, heat exchangers, 
chemical engineering, drug delivery, mechanical engineering, microbial 
fuel cells, etc. [27–30]. Ho et al. [31] investigated experimentally the 
alumina-water nanofluid stream inside the square enclosure. Results 
detected 18% heat transport enhancement for 0.1% nanoparticle con-
centration 0.1%. Al-Sayegh [32] studied incline magnetic influences on 
the buoyancy-driven CNT nanofluid stream inside the trapezoidal 
enclosure. He noticed heat transport reduction for Rayleigh numbers 
and Hartmann numbers. Haq and Aman [33] discussed the CuO-water 
nanofluidic stream within a trapezoidal compartment with an inner 
trapezoidal-shaped heated obstacle. They observed intense thermal 
outcomes for the Rayleigh number but reduced heat transference for 
nanoparticle concentration. Ghalambaz et al. [34] addressed the non- 
uniform magnetic impacts on the nanofluidic stream inside the hexag-
onal chamber and claimed both heat-mass transport decrease for Hart-
mann number. Entropy investigation of magnetized Cu-water nanofluid 
inside the porous wavy hexagonal chamber was illustrated by Seyyedi 
et al. [35]. Results assured a 2.9% heat transport increase for the 
nonattendance of a magnetic field. Toudja et al. [36] demonstrated a 
mixed-convective MWCNT–MgO hybrid nanofluid stream inside an 
irregular lid-driven hexagonal chamber. They marked nanoparticle 
concentration leads to escalating heat transport and the maximum is for 
forced convection. Haq et al. [37] investigated the viscous fluid flow 
inside a partially heated lid-driven hexagonal enclosure having a heated 
circular obstacle. They noted Reynolds and Richardson's numbers are 
positively correlated with heat transport amplification. Ma et al. [38] 
analyzed the magnetized Ag-TiO2/water hybrid nanofluidic transport 
within shames knot-shaped compartment. The consequences indicate a 
negative impact on heat transport for the Hartmann number. Related 
articles can be traced in [39,40]. 

Nomenclature 

(u,v) Velocity components (m s− 1) 
g Gravitation (m s− 2) 
L Enclosure length (m) 
Th Temperature of heated wall (K) 
Tc Temperature of cold wall (K) 
T Nanofluid Temperature (K) 
ρ Density (kg m− 3) 
μ Dynamic viscosity (kg m− 1 s− 1) 
κ Thermal conductivity (W m− 1/K) 
ρCp Heat capacitance (J m− 3 K− 1) 
β Thermal expansion coefficient (K− 1) 
α Thermal diffusivity (m2s− 1) 
σ Electrical conductivity (Ω− 1 

m
− 1

) 
B0 Magnetic field (Ω

1/2 
m
− 1 

s
-1/2 

kg
1/2

) 
ϕ Nanoparticle Volume fraction 

Ra =
gβf (Th − Tc)L3

νf αf
Rayleigh number 

Pr =
μf(ρCp)f

ρf κf
Prandtl number 

Ha = B0L
̅̅̅̅σf
μf

√
Hartmann number 

Nuloc Local Nusselt number 
Nuavg Average Nusselt number 

Subscript 

f Base fluid 
nf Nanofluid 
s Nanoparticle 

Table 1 
Vertices arrangement for the hexagonal cavity.  

Corner Vertices 

A (a1,b1) = (0.25L,0) 
B (a2,b2) = (0.75L,0) 
C (a3,b3) = (L,0.5L) 
D (a4,b4) = (0.75L,L) 
E (a5,b5) = (0.25L,L) 
F (a6,b6) = (0,0.5L)  

Fig. 1. Schematic of the nanofluidic transport.  

Table 2 
Fins arrangement inside the hexagonal 
cavity.  

Fins Centers 

Γ7 (0.3L,0.5L) 
Γ8 (0.5L,0.5L) 
Γ9 (0.7L,0.5L)  

Table 3 
Thermophysical properties of the base liquid and Al2O3 nanoparticles [27,31].  

Physical properties H2O Al2O3 

Cp (J/Kg K) 4179 765 
ρ (Kg/m3) 997.1 3970 
κ (W/mK) 0.6071 40 
σ(Ωm)− 1 0.005 35 × 10− 6 

β(1/K) 21 × 10− 5 0.846  
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Fins are commonly defined as the extended surfaces from any object 
whose primary role is to foster heat transport by enhancing the required 
surface area of that object via convection. Heat transport can be 
increased by enhancing the temperature differences, heat transport co-
efficient. But these are normally fixed, so the only thing that we can 
manipulate is the area. That's why the fins are economically feasible to 
use and more attractive to the researchers. Fins are introduced in 
numerous engineering applications related to heat exchangers, gas tur-
bines, electric transformers, semiconductor devices, air-cooled engines, 
automobile radiators, hydrogen fuel cells, etc. [41–44]. Siavashi et al. 
[45] scrutinized the entropy investigation and influence of fins on the 
Cu-water nanofluidic stream. They noted improved heat transference for 
porous fins. Abdollahi et al. [46] investigated a nanofluid stream inside 
a microchannel with longitudinal fins inside. They claimed that the 
functional nanofluid escalates its functionality in presence of fins. Seli-
mefendigil et al. [47] studied mixed convective CuO-water nanofluid 
amid a square chamber having fins at the top surface. They marked a 
28.96% heat transport rise for nanoparticle concentration. Aly et al. [48] 
explored the magnetized Cu-water nanofluid variations confined in a 
rectangular finned enclosure with a blockage middle of it and detected 
the major influence of Hartmann number and fins on the hydrothermal 
variations. Khan et al. [49] addressed the Casson fluid flow within a 

square compartment with Y-shaped fins. Result assured improved heat 
transmission when Y-shaped fins are introduced. Khan et al. [50] 
examined the Al2O3-Cu-water hybrid nanofluid variations with a 
partially heated fin-shaped triangular cavity and noticed enhanced heat 
transmission for Rayleigh number and nanoparticle concentration. 
Ahmed [51] described nanofluidic transport owing to triangular fins 
within the inclined trapezoidal cavity. He claimed 95.6% average heat 
transport enhancement. 

Being influenced by the aforementioned literature and important 
applications of fins inside different geometrical configurations, this 
investigation reports the hydrothermal variations of magnetized Al2O3- 
water nanofluid inside a partially heated hexagonal enclosure. For 
nanoparticles, alumina is employed because of its considerable appli-
cations in the solar receiver, nuclear reactor, device cooling, biomedical 
applications, etc. [52,53]. The literature survey also highlights that both 
hexagonal enclosure and heated fins are well appreciated in the tech-
nological fields due to their impressive contribution as we mentioned in 
the respective paragraphs. But no such report exists in the literature that 
enlightens the nanofluidic variations inside hexagonal cavities having 
parallel fins. Thus, we anticipate that the complete investigation is novel 
and unique. Similarity translations are introduced to have the non- 
dimensional flow profile and they are tackled with Galerkin finite 
element scheme. Several plots are generated to observe the hydrother-
mal variations and analyzed with sensible judgment. The novel research 
questions that will be extracted during the entire investigation are:  

• How do Rayleigh numbers, Hartmann numbers, and nanoparticle 
concentrations affect the velocity distribution, isotherms, stream-
lines, heat transport inside the enclosure?  

• How does fins' height influence the flow pattern and thermal profile?  
• What is the best possible arrangement of fins to provide enhanced 

heat transport? 

Fig. 2. Flow Chart of Finite element method.  

Table 4 
Thermophysical correlations of nanofluid [27,31].  

Properties Nanofluid (Al2O3/H2O) 

Density ρnf = (1 − ϕ)ρf + ϕρs 

Heat capacity (ρCp)nf = (1 − ϕ)(ρCp)f + ϕ(ρCp)s 

Viscosity μnf = μf(1 + 4.93ϕ + 222.4ϕ2) 
Thermal conductivity κnf

κf
=

(
1 + 2.944ϕ + 19.672ϕ2) for 1% ≤ ϕ ≤ 4%  

Thermal expansion coefficient (ρβ)nf = (1 − ϕ)(ρβ)f + ϕ(ρβ)s 

Electrical conductivity σnf = σf

(

1 +
3(σr − 1)ϕ

(σr + 2) − (σr − 1)ϕ

)

,σr =
σs

σf    
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2. Mathematical formulation 

2.1. Governing equations 

To formulate the investigation mathematically, we have presumed a 
laminar, steady, incompressible nanofluidic transport within an imper-
meable and rigid hexagonal enclosure. The hexagonal cavity is consid-
ered to be confined inside the coordinate system Γ = L × L = [0,1] ∪
[0,1], where horizontal distance is represented by x − axis and the 
vertical one is marked by y − axis. The geometrical positions of the 
vertices starting from the lower-left corner are (a1,b1), (a2,b2), (a3,b3), 
(a4,b4), (a5,b5), (a6,b6) and presented in Table 1 in detail. Also, the 
corresponding walls are indicated by Γ1, Γ2, Γ3, Γ4, Γ5, and Γ6. The 
geometrical configuration of the model is portrayed in Fig. 1. The bot-
tom surface and the partial upper portion are heated with the temper-
ature Th, while the remaining inclined surfaces are kept insulated. The 

partially heated length is HL = 0.3L with the coordinates (0.65L,L) and 
(0.35L,L). Moreover, the remaining upper portion apart from the 
partially heated zone is made cold with temperature Tc(<Th). Three 
parallel vertical fins namely Γ7, Γ8, and Γ9 of height l and width 0.02L are 
situated inside the cavity among which the middle fin is heated with 
temperature Th and the other two are assumed to be cold with temper-
ature Tc. During investigation three different heights of fins (l =
0.3L,0.5L,0.7L) are introduced separately. The geometrical coordinate 
details of fins are enlisted in Table 2. The constant magnetic field B0 is 
operated horizontally. The gravitational acceleration g as usual acts 
downward. The correlated magnetic Reynolds number is considered 
negligibly small to ignore its induced effect. The Joule heating, viscous 
dissipation, velocity slips are overlooked. The working fluid and tiny 
nanoparticles preserve the thermal equilibrium. Approximating buoy-
ancy forces using the Boussinesq approximations, the leading equations 
are [22,24,25]: 

∂u
∂x

+
∂v
∂y

= 0 (1)  

u
∂u
∂x

+ v
∂u
∂y

= −
1

ρnf

∂p
∂x

+
μnf

ρnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(2)  

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρnf

∂p
∂y

+
μnf

ρnf

(
∂2v
∂x2 +

∂2v
∂y2

)

+ g
(ρβ)nf

ρnf
(T − Tc) −

σnf

ρnf
B2

0v (3)  

u
∂T
∂x

+ v
∂T
∂y

=
κnf(

ρCp
)

nf

(
∂2T
∂x2 +

∂2T
∂y2

)

(4) 

The proper boundary constraints are defined as: 

Fig. 3. Mesh formation at different points of the hexagonal cavity.  

Table 5 
Grid density test on Nuavg for Ra = 104, Ha = 25 and ϕ = 0.02.  

Configuration cases Grid type Number of elements Nuavg 

H = 0.3 G1 14,100 3.0164 
H = 0.3 G2 34,502 3.0441 
H = 0.3 G3 41,378 3.0441 
H = 0.5 G1 14,916 3.2490 
H = 0.5 G2 37,196 3.2784 
H = 0.5 G3 43,420 3.2784 
H = 0.7 G1 15,106 4.5535 
H = 0.7 G2 38,694 4.5536 
H = 0.7 G3 44,200 4.5536  
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• The constraint for the lower surface(Γ1)is: 

u=0,v=0,T=Th whereΓ1 =
{
(x,y)∈ℜ2 :y=0where0.25L≤x≤0.75L

}
(5)    

• The constraints for the inclined surfaces(Γ2,Γ3,Γ5,Γ6)are: 

u = 0, v = 0,
∂T
∂n* = 0 where

Γ2 =

{

(x, y) ∈ ℜ2 : y = 2
(

x −
3
4

L
)

where 0.75L ≤ x ≤ L
}

Γ3 =

{

(x, y) ∈ ℜ2 : y −
L
2
= − 2(x − L) where 0.75L ≤ x ≤ L

}

Γ5 =

{

(x, y) ∈ ℜ2 : y − L = 2
(

x −
L
4

)

where 0 ≤ x ≤ 0.25L
}

Γ6 =

{

(x, y) ∈ ℜ2 : y −
L
2
= − 2x where 0 ≤ x ≤ 0.25L

}

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6)   

Fig. 4. (a): Validation with experimental results of Ho et al. [31]. 
(b): Comparison of streamlines (1st, 3rd, 5th row) and isotherms (2nd, 4th, 6th 
row) with Fayz-Al-Asad et al. [22] and present work when Ra = 105,  Pr 
= 0.71. 

Fig. 5. Streamlines variation (1st row, 3rd row, 5th row) and velocity U vari-
ation (2nd row, 4th row, 6th row) for varied H when Ra varies and Ha = 25, ϕ 
= 0.02. 
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• The constraint related to the heated length(HL)is: 

u = 0, v = 0, T = Th where HL =
{
(x, y) ∈ ℜ2 : y = L where 0.35L ≤ x

≤ 0.65L
}

(7)    

• The constraint related to the upper surfaceΓ4 − HLis:     

• The constraints for the vertically parallel fins (Γ7,Γ8,Γ9)are: 

u = 0, v = 0, T = Tc for Γ7
u = 0, v = 0, T = Th for Γ8
u = 0, v = 0, T = Tc for Γ9

⎫
⎬

⎭
(9)  

2.2. Thermophysical properties 

Water-based alumina (Al2O3) nanofluidic transport is considered 
here in the entire investigation and the corresponding physical features 
are entered in Table 3. Also, the nanofluidic thermophysical correlations 
for specific heat, density, thermal conductivity, viscosity, thermal 
expansion coefficients are deliberated in Table 4 following Oztop and 
Abu-Nada [27] and Ho et al. [31]. 

2.3. Similarity conversion 

Appropriate similarity variables [22,24,25] are introduced below to 
renovate the dimensional flow equations into their non-dimensional 
form. 

X =
x
L
,Y =

y
L
,H =

l
L
,U =

uL
αf
,V =

vL
αf
,

P =
pL2

ρf α2
f
, θ =

T − Tc

Th − Tc

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(10) 

Employing (10), the foremost Eqs. (1)–(4) are restructured as: 

∂U
∂X

+
∂V
∂Y

= 0 (11) 

Fig. 6. Velocity V variation (1st row, 3rd row, 5th row) and velocity magnitude 
distribution (2nd row, 4th row, 6th row) for varied H when Ra varies and Ha =
25, ϕ = 0.02. 

Fig. 7. Isotherms variation for varied H when Ra varies and Ha = 25, ϕ = 0.02.  

u = 0, v = 0, T = Tc where Γ4 − HL =
{
(x, y) ∈ ℜ2 : y = L where 0.25L ≤ x ≤ 0.35L and 0.65L ≤ x ≤ 0.75L

}
(8)   
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U
∂U
∂X

+V
∂U
∂Y

= −
1

ϒ1

∂P
∂X

+
ϒ2

ϒ1
Pr

(
∂2U
∂X2 +

∂2U
∂Y2

)

(12)  

U
∂V
∂X

+V
∂V
∂Y

= −
1

ϒ1

∂P
∂Y

+
ϒ2

ϒ1
Pr

(
∂2V
∂X2 +

∂2V
∂Y2

)

+
ϒ3

ϒ1
RaPrθ −

ϒ4

ϒ1
Ha2PrV

(13)  

U
∂θ
∂X

+V
∂θ
∂Y

=
ϒ5

ϒ6

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(14) 

where, ϒ1 =
ρnf
ρf
,ϒ2 =

μnf
μf
,ϒ3 =

(ρβ)nf
(ρβ)f

,ϒ4 =
σnf
σf
,ϒ5 =

κnf
κf
,ϒ6 =

(ρCp)nf

(ρCp)f 

The proper boundary constraints are defined as:  

• The constraint for the lower surface(Γ1)is: 

U = 0,V = 0, θ = 1 where Γ1 =
{
(X,Y) ∈ ℜ2 : Y = 0 where 0.25 ≤ X

≤ 0.75
}

(15)    

• The constraints for the inclined surfaces(Γ2,Γ3,Γ5,Γ6)are: 

Fig. 8. Effects on local Nusselt number for (a) Rayleigh numbers (1st row) when Ha = 25, ϕ = 0.02 (b) Hartmann numbers (2nd row) when Ra = 104, ϕ = 0.02 (c) 
nanoparticle concentrations (3rd row) when Ra = 104, Ha = 25 for varied H. 
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U = 0,V = 0,
∂θ
∂n* = 0 where

Γ2 =

{

(X,Y) ∈ ℜ2 : Y = 2
(

X −
3
4

)

where 0.75 ≤ X ≤ 1
}

Γ3 =

{

(X,Y) ∈ ℜ2 : Y −
1
2
= − 2(X − 1) where 0.75 ≤ X ≤ 1

}

Γ5 =

{

(X,Y) ∈ ℜ2 : Y − 1 = 2
(

X −
1
4

)

where 0 ≤ X ≤ 0.25
}

Γ6 =

{

(X,Y) ∈ ℜ2 : Y −
1
2
= − 2X where 0 ≤ X ≤ 0.25

}

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(16)    

• The constraint related to the heated length(HL)is: 

U=0,V=0,θ=1whereHL =
{
(X,Y)∈ℜ2 :Y =1where0.35≤X≤0.65

}

(17)    

• The constraint related to the upper surfaceΓ4 − HLis:     

• The constraints for the vertically parallel fins (Γ7,Γ8,Γ9)are: 

U = 0,V = 0, θ = 0 for Γ7
U = 0,V = 0, θ = 1 for Γ8
U = 0,V = 0, θ = 0 for Γ9

⎫
⎬

⎭
(19)  

0 1 2 3 4 5 6

φ=0.00

φ=0.02

φ=0.04

H=0.7 H=0.5 H=0.3

0 2 4 6 8

Ra=1E3

Ra=1E4

Ra=1E5

H=0.7 H=0.5 H=0.3

0 1 2 3 4 5

Ha=0

Ha=50

Ha=100

H=0.7 H=0.5 H=0.3

(a) (b)

(c)

Fig. 9. Effects on average Nusselt number for (a) Rayleigh numbers when Ha = 25, ϕ = 0.02 (b) Hartmann numbers when Ra = 104, ϕ = 0.02 (c) nanoparticle 
concentrations when Ra = 104, Ha = 25 for varied H. 

U = 0,V = 0, θ = 0 where Γ4 − HL =
{
(X, Y) ∈ ℜ2 : Y = 1 where 0.25 ≤ X ≤ 0.35 and 0.65 ≤ X ≤ 0.75

}
(18)   
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2.4. Physical quantities 

The Nusselt number which is associated with the heat transmission 
inside the partially heated hexagonal enclosure is mathematically 
expressed as: 

Nuloc =
Lqw

κf (Th − Tc)
where qw = − κnf

(
∂T
∂y

)

Γ1

(20) 

The transformation in (10) reduces (20) as: 

Nuloc = −
κnf

κf

∂θ
∂Y

⃒
⃒
⃒
⃒

Γ1

(21)  

where Γ1 = {(X,Y) ∈ ℜ2 : Y = 0 where 0.25 ≤ X ≤ 0.75}. Consequently, 
the average Nusselt number(Nuavg)is interpreted as: 

Nuavg =
2
L

∫ 3L
4

L
4

Nulocdx (22)  

3. Solution procedure and validation 

The entire simulation along with governing flow equations and their 
related boundary constraints is carried out by the Galerkin finite 
element scheme [54,55]. The whole solution domain is first discretized 
into various triangular elements. The penalty parameter γ(≈107) is 

introduced and the equation P = − γ
(

∂U
∂X + ∂V

∂Y

)

is employed to treat the 

pressure term P in the Eqs. (12)–(13). The complete Galerkin finite 
element procedure is well discussed in [54–58], so further repetition of 
those proceedings is ignored for the brevity of the presentation. The 
solution procedure is terminated when the anticipated convergence 

Fig. 10. Streamlines variation (1st row, 3rd row, 5th row) and velocity U 
variation (2nd row, 4th row, 6th row) for varied H when Ha varies and Ra =
104, ϕ = 0.02. 

Fig. 11. Velocity V variation (1st row, 3rd row, 5th row) and velocity 
magnitude distribution (2nd row, 4th row, 6th row) for varied H when Ha 
varies and Ra = 104, ϕ = 0.02. 
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limit say 10− 6 is reached. Fig. 2 illustrates the flow chart of finite 
element scheme. The mesh density is increased to enrich the accuracy of 
the required solution. Fig. 3 enlightens the mesh configuration. One 
indispensable condition for such cavity flow is that the acquired solution 
must be mesh-independent. For those several grids were checked to 
confirm which grid configuration is most fitted to run the entire inves-
tigation. Table 5 includes the outcomes of Nuavg for Al2O3-water nano-
fluid inside the hexagonal compartment at those grids. We can perceive 
that the numeric consistency in Nuavg is achieved after the G2 grid. A 
total of three grid configurations for each case (H = 0.30,0.50,0.70) 
were tested to examine the numeric consistency and we opted for the G2 
grid because an increase in grid configuration will eventually lead to 
enhancing the computational period. Additionally, the numeric values 
of Nuavg in Fig. 4 (a) for Al2O3-water nanofluid within vertical square 
compartment were evaluated that fitted well enough against the 
experimental outputs of Ho et al. [31]. Again, the current model is tested 
with Fayz-Al-Asad et al. [22]. For this, we introduced an incompressible 
buoyancy-driven flow within the hexagonal compartment having a fin 
attached to the heated lower wall. The upper wall was heated too and 
other boundaries were kept cold. Several streamlines and isotherms for 
the fins' height (H = 0.20,0.35,0.50) are depicted in Fig. 4 (b) consid-
ering the magnetic absence. The simulated outcomes are well fitted 
against Fayz-Al-Asad et al. [22]. 

4. Results and discussion 

This section addresses the parametric outcomes and the related 
discussion for the magnetized alumina-water nanofluid passing through 
vertically situated parallel fins inside the partially heated hexagonal 
cavity. How the fins' height, positions of heated fin, and interrelated 
flow parameters affect the hydrothermal transition inside the enclosure 
is discussed through several streamlines, isotherms, velocity, Nusselt 
number plots. The default parametric ranges that are set to observe the 
outcomes are Rayleigh number (103 ≤ Ra ≤ 105), Hartmann number (0 
≤ Ha ≤ 100), nanoparticle concentration (0.00 ≤ ϕ ≤ 0.04). The 
preferred parametric values are Ra = 104, Ha = 25, ϕ = 0.02, Pr  = 6.2 
otherwise specified. 

4.1. Effect of Rayleigh number (Ra) 

Figs. 5, 6, and 7 extract the variation in streamlines, velocities, and 
isotherms for the Rayleigh number. The streamlines in Fig. 5 are noted to 
distribute symmetrically around the fins. Few small weak circulation 
zones are observed around the right and left fins for Ra = 103 and H =
0.3, while for H = 0.5 those weak circulation zones are noticed near the 
top and bottom portions of the cold fins, and finally, the size of those 
weak regions amplifies for H = 0.7. The circulation regions are just 
adjacent to those fins and seem to be stretched vertically, whereas the 
left circulation zone moves in an anti-clockwise direction and the right 
one circulates in a clockwise direction. This time we don't receive any 
distortion of streamlines for low values of Rayleigh numbers because 
buoyancy induced convective motion is weak for low Rayleigh numbers. 
But, increasing Ra leads to having a slight distortion near the cold fins 
for Ra = 104. Those weak circulations merge into two larger regions 
around the fins and their flow intensity slightly rises for H = 0.3, but a 

Fig. 12. Isotherms variation for varied H when Ha varies and Ra = 104, ϕ 
= 0.02. 

Fig. 13. Streamlines variation (1st row, 3rd row, 5th row) and velocity U 
variation (2nd row, 4th row, 6th row) for varied H when Փ varies and Ra = 104, 
Ha = 25. 
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small circulation near the top of the right fin still does exist for H = 0.5 
and for H = 0.7 circulations are detected near both the lower and upper 
tip of the cold fins. These improved circulation zone increases in size 
when we switch to Ra = 105, moreover an extra secondary circulation 
region appears at the bottom of the left and right fins and those circu-
lation tends to roll down towards the bottom heated wall for H = 0.3 and 
H = 0.5, but one striking point is that these circulations are reducing in 
size for higher fins and finally for H = 0.7 such rolling down circulations 
vanishes. Also, the flow intensity around those fins seems to intensify for 
higher Ra. During this transition from Ra = 103 → 105 the middle-heated 
fin exhibits no such major fluctuations in the circulation except for 
growth in flow intensity. 

Physically, the convection current driven by buoyancy escalates for 
enhanced Rayleigh number and thus some distortion in streamlines can 
be expected. The middle fin was hot, so the heated fluid being less dense 
travels inside the hexagonal enclosure due to buoyancy, and when 
comes adjacent to the cold fin, it again gets cold. Thus, we notice 

circulations near the cold fins. Additionally, the flow rate is escalated for 
this improved buoyancy-induced convective motion and it is clear from 
the plots of U, V in Figs. 5 and 6 and velocity magnitude distribution in 
Fig. 6. A substantial increment in velocity is perceived for higher Ra. 
Maximum velocity magnitude for U is noted in Fig. 5 along one diagonal 
end of the cavity. The left fin lower and right fin upper portion explores 
high velocity, whereas the reverse situation i.e., left fin upper and right 
fin lower describe the minimum velocity of U and this maximum- 
minimum x − direction velocity stretches along the adjacent inclined 
walls. Moreover, the maximum-minimum velocity regions occupy a 
substantial area of the cavity for H = 0.3, whereas for H = 0.5 and H =
0.7 those maximum and minimum velocity regions are only concen-
trating at the cold fins tips and the magnitude of U rises impressively for 
increasing height of the fins. The y − direction velocity V in Fig. 6 depicts 
a very interesting trajectory. Initially, the y − direction velocity V reveals 
the high-velocity magnitude around the middle-heated cavity. The 
maximum magnitude stretches and its intensity enhances gradually for 
higher Rayleigh numbers. Moreover, four extremely minimum velocity 
regions are lined up near inclined walls of the enclosure and cold fins. 
Two of them remain between the gaps of the left fin and corresponding 
inclined wall, and the remaining two occupy inside the right fin and its 
corresponding inclined wall. For higher buoyancy-induced convection 
the balloon-shaped minimum velocity regions near cold fins' bottom 
approach towards the lower heated boundary and their intensity go high 
for a higher height of fins. Moreover, the minimum velocity regions are 
noted to cover by comparatively higher velocity regions as we increase 
the fins' height, and for H = 0.7 we notice a squeeze along the mid of the 
minimum velocity regions which are due to higher convection current 
for increasing fins' height. The velocity magnitude distribution in Fig. 6 
discloses high convection current for H = 0.7. The high magnitude is 
distributed around the heated fin and ends of the cold fins. Also, such 
distribution explores high magnitude with the fins' height. 

Isotherms in Fig. 7 receive minimum distortion for Ra = 103. Iso-
therms are noticed to be lined up around the middle-heated fin. The 
plume-like shapes of isotherms appear near the bottom and the upper 
face of the left and right cold fin. Most probably the sharp tip of the fins 
obstructs the smooth convection current. When we amplify the Rayleigh 
number, the distortion near the bottom heated wall declines, whereas 
near the partially heated portion at the upper face such distortion goes 
high. Since the buoyancy current escalates for the Rayleigh number, 

Fig. 14. Velocity V variation (1st row, 3rd row, 5th row) and velocity 
magnitude distribution (2nd row, 4th row, 6th row) for varied H when Փ varies 
and Ra = 104, Ha = 25. 

Fig. 15. Isotherms variation for varied H when Փ varies and Ra = 104, Ha = 25.  
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hence the isotherms get so much distorted. But the isotherms are 
comparatively higher and more intense for higher fins' length and 
related distortion is also high. Consequently, thermal increment inside 
the compartment is expected to be well flourished accordingly with fins' 
height. Figs. 8 (a) and 9 (a) communicate the local Nusselt number and 
the average Nusselt number escalates for the Rayleigh number and both 
local and average Nusselt numbers amplify with fins' height. 

4.2. Effect of Hartmann number (Ha) 

Fig. 10 expresses the streamlines pattern for the magnetic effect. 
Initially, in absence of magnetic effect streamlines behave uniform cir-
culation around the fins except for the case H = 0.7, where two weak 
circulations are perceived near either end of fins. But when we introduce 
the magnetic effect within the enclosure, a secondary circulation is 
marked near cold fins' major circulation zone, while the streamlines near 
cold fins' top seem to migrate towards the upper wall for both H = 0.3 
and H = 0.5. It is noteworthy to detect that such upper circulations arise 

due to Ha = 50 increases in its intensity to move upwards for Ha = 100, 
but the comparatively high intensity was traced out for lower fin's 
height. Also, the primary weak circulation increases in size for H = 0.7. 
The x − direction velocity U in Fig. 10 explores a similar formation 
during magnetic absence as we notice for the Rayleigh variation. But 
increment in magnetic strength clearly breaks down their uniform 
structure and those maximum or minimum velocity zones near cold fins' 
tips are tending to the upper wall. The velocity drops off for an intense 
magnetic field. Physically, the presence of magnetic effect invites the 
Lorentz force to play inside the flow regime and the Lorentz force being 
retardative obstructs the convection current, so we don't find so much 
distortion or velocity enhancement inside the hexagonal enclosure, 
moreover, a backward motion in streamlines or velocity magnitude is 
perceived due to intense retarding effect for the magnetic field. This 
effect is quite visible for the distribution of y − direction velocity V in 
Fig. 11. The maximum or minimum velocity occurs in the same region as 
we mentioned in Fig. 6. But the most fascinating fact is that the reduced 
ballon-shaped velocity zones though initially connected with each other 
for the absence of a magnetic field, but such regions begin to separate 
along the vertical direction when we apply the magnetic field horizon-
tally. They started to squeeze themselves for a higher magnetic effect 
and the corresponding velocity reduces. The retardation effect arising 
from the magnetic field forces them to behave in such a way. A promi-
nent pattern is marked forH = 0.7. The velocity magnitude distribution 
in Fig. 11 inside the compartment exhibits a similar reducing trend. 
Maximum velocity zones are noticed to shift themselves at the topmost 
boundary and around heated fin for H = 0.3 and H = 0.5. 

Isotherms in Fig. 12 address maximum distortion for the absence of 
the magnetic field, while such distortion minimizes for a higher Lorentz 
effect. Clearly, the plume-shaped isotherms squeeze near the partially 
heated wall when we increase the Hartmann number. Consequently, the 

Fig. 16. Streamlines variation (1st row), velocity U variation (2nd row), and 
Velocity V variation (3rd row) for different heated fin positions when Ra varies 
and Ha = 25, ϕ = 0.02. 

Fig. 17. Velocity magnitude distribution (1st row), and isotherms variation 
(2nd row) for different heated fin positions when Ra varies and Ha = 25, ϕ 
= 0.02. 
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temperature reduces. But more concentrated isotherms are found to line 
up near heated fin and heated walls forH = 0.7. Figs 8 (b) and 9 (b) 
extract that the local and the average Nusselt number deteriorate for the 
Hartmann number, while a high reduction is noticed for H = 0.3 and H 
= 0.5. 

4.3. Effect of nanoparticle concentration (ϕ) 

The streamlines in Fig. 13 disclose an alike pattern of formation in-
side the hexagonal cavity for nanoparticle concentration. The major 
difference that one can point out is that few weak circulations are 
observed near cold fins for higher concentrations of nanoparticles. A 

prominent pattern is marked for H = 0.7. Both x and y direction velocities 
in Figs. 13 and 14 decline for higher concentration. The minimum 
magnitude circulation regions for the velocity V get separated and 
perform backward motion for high concentration. This is the clear 
indication of weak convection that leads the velocity to be less distorted 
and eventually, velocity magnitude distribution in Fig. 14 reduces for 
increasing concentration. Enhancing nanoparticle concentration am-
plifies the resulting viscosity of the fluid and thereby the smooth 
distortion made by buoyancy gets hampered. 

Following the same reason, the isotherms are marked to be less 
distorted inside the hexagonal compartment in Fig. 15. Consequently, 
the temperature drops off. But the resulting thermal conductivity fosters 

Fig. 18. Local Nusselt number variation for Rayleigh number (1st row) when Ha = 25, ϕ = 0.02, Hartmann number (2nd row) when Ra = 104, ϕ = 0.02, and 
nanoparticle concentration (3rd row) when Ra = 104, Ha = 25 for different heated fin position. 
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for adding nanoparticles, hence both local and average Nusselt numbers 
intensify for increasing concentration in Figs. 8 (c) and 9 (c). High heat 
transport intensification is noted for H = 0.7, while the lower is pre-
dicted for H = 0.3. 

4.4. Effect of fins' formation 

The heated fin position's effect is also explored in this investigation to 
observe that what will be the effect if the central alignment of fins is 
displaced. In each case, the fin's height H = 0.3 is introduced. The cold 
fins are placed parallelly and the heated fin is fixed vertically down to 
them to make a “T-shaped formation of fins” and similarly a “U-shaped 
formation of fins” were designed by placing the heated fin horizontally. 
For Rayleigh number, six circulating cells are noticed in Fig. 16 inside 
the enclosure for T-shaped formation having larger two big circulating 
cells around the heated fin and diagonally seemed to stretch towards 
cold fins for Ra = 103. Cells nearer to cold fins tried to pass through mid 
of cold fins and their intensity plus interrelated distortion goes high for 
Ra = 105 due to enhanced convection. Also, those big cells near heated 
fin roll down to bottom heated boundary for higher convection effect. 
For U-shaped fins formation, four vertically stretched circulations near 

cold fins are detected in Fig. 16 and two circulations are noticed beneath 
the heated fin for Ra = 103. Later on, those vertically stretched circu-
lating regions merge into one circulating region and disclose high in-
tensity near heated fin for Ra = 105. Also, two weak circulating zones at 
horizontal corners of the enclosure dissolve at high Rayleigh number. 
Both x-y direction velocities in Fig. 16 escalate for high convection and 
high peak zones are mostly accumulated around heated fin for T-shaped 
formation and for U-shaped formation those high magnitude red zones 
are noticed amid cold fin as well as heated fin's tips. Velocity magnitude 
distribution confirms such a scenario more prominently in Fig. 17. The 
reason for such occurrence is the high convection at those regions for 
Rayleigh numbers. Isotherms for both fins' formation are noted as dis-
torted for high convection in Fig. 17. Consequently, the thermal profile 
enhances, and maximum temperature is seen near the heated fin. Both 
local and average Nusselt numbers are increased for Rayleigh numbers 
in Figs. 18 and 19 (a) and higher outcomes are perceived for U-shaped 
fin formation. For higher magnetic effect, those streamlines in Fig. 20 
exhibit backward motion and their intensity drops off for reduced con-
vection owing to the Lorentz effect. The x-y direction velocities in Fig. 20 
are also reduced and intended to shift at the upper wall for resistive 
Lorentz force and reduced convection. The same is assured from Fig. 21 
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U-Shaped formation of fin
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Fig. 19. Average Nusselt number variation for (a) Rayleigh number when Ha = 25, ϕ = 0.02, (b) Hartmann number when Ra = 104, ϕ = 0.02, and (c) nanoparticle 
concentration when Ra = 104, Ha = 25 for different heated fin position. 
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for velocity magnitude distribution. Isotherms also deteriorate in Fig. 21 
and thus inner temperature declines. Nusselt numbers are decreased in 
Figs. 18 and 19 (b) for high magnetic strength but the reduction is 
slightly high for T-shaped fins' formation. Streamlines and related ve-
locity components are getting reduced for higher nanoparticles con-
centration in Figs. 22 and 23. Isotherms are also noticed to be less 
distorted for higher concentrations in Fig. 23, while heat transport es-
calates in Figs. 18 and 19 (c). 

5. Concluding remarks 

The Al2O3-water nanofluidic motion inside a partially heated hex-
agonal cavity under the magnetic effect is reported in this investigation. 
The lower face is heated, while the other slant sides are made insulated. 
Three fins are placed vertically inside the chamber with the right and left 
fins being cold, whereas the middle fin is heated. Several fins' heights 
and different fins' formations are considered to extract the outcomes. 
The Galerkin finite element method is introduced to deal with 

dimensionless equations. Several streamlines, velocities, isotherms, and 
Nusselt number variations are plotted to address the parametric out-
comes. Some major consequences of the investigation are reported 
below:  

• The convection current driven by the buoyancy force strengthens for 
Ra, while such enhancement diminishes for Ha and ϕ.  

• Velocities inside the chamber diminish for Ha and ϕ, whereas the 
reverse is marked for Ra. 

• Distortion in isotherms escalates for Ra, while such distortion de-
creases for ϕ and Ha. The thermal profiles inside the compartment 
behave accordingly.  

• The maximum buoyancy-driven convection is noted for H = 0.7 and 
central parallel alignments of fins. T-shaped fin formation and lower 
fins' height extract minimum effect.  

• Nuloc declines for Ha, whereas Ra and higher ϕ effects promote the 
opposite. The Nuavg reveals the same outcomes. The Nuavg increase by 
69.12% when Ra is increased to 105 and H = 0.7, Ha = 25, ϕ = 0.02. 
Moreover, the heat transport magnitude declines at the rate of 
49.70% for Ra if we lower the fins' height to H = 0.3. Thus, increasing 
fins' height fosters heat transport. Also, the central position of fins' is 
the most optimized and effective way to amplify heat transport 
compared to other formations of fins. 

The investigation can further be extended to include any novel shape 
of enclosure or fins, and nanofluid can be replaced by hybrid nanofluid 
to observe the outcomes. 
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