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A B S T R A C T   

Improved controllability along with enhanced thermal performance in modern thermal devices could be ach-
ieved using the combination of partial magnetic fields and hybrid nanofluid flow. The present attempt dem-
onstrates the impact of partially active magnetic fields on the enhanced thermal performance of hybrid nanofluid 
(Cu–Al2O3–H2O) flow in an oblique wavy porous enclosure. The enclosure is partially heated from the bottom 
and cooled through its wavy sides and suffers from a partially active magnetic field normal to the sidewalls. The 
transport equations involving complex wavy walls, localized thermal gradient, porous substance, hybrid nano-
fluid, partial magnetic fields are solved by the finite volume approach numerically using a written FORTRAN 
code. The effectiveness of the novel implementation of a partial magnetic field is examined rigorously for wide 
ranges of variations of active heating length (Lh), active width of the partial magnetic field (Wb) and its positions, 
magnetic field strength (Ha), the inclination of the cavity (γ), Darcy-Rayleigh number (Ram), Darcy number (Da), 
and hybrid nanoparticles concentration (ζ) additionally applying no and whole-domain magnetic field. The 
correlation for the average Nusselt number is derived. Finally, the results conclude that the presence of complex 
wavy walls enhances the heat transfer of ~22.16% compared to a plain vertical wall; however, the strength of 
circulation drops. A partially active magnetic field can be utilized as an effective means to control field variables 
with a lesser reduction in heat transfer (~13.97%) compared to the whole domain magnetic field. The middle- 
centered partial magnetic field offers a significant impact on the overall thermal behavior depending on the 
active width and intensity of the magnetic field, active heating length, and all other involved parameters. Tilting 
of the cavity reduces the heat transfer rate.   

1. Introduction 

Interaction of magnetic fields with flowing fluid (through its elec-
trical conducting property) under the presence of thermal gradients 
leads to the magneto-hydrodynamic convection, which is also known as 
MHD. In general, magneto-hydrothermal effects significantly influence 
transport processes and coupled transport phenomena in diverse fields 
of applications [1]. In fact, suitably controlled magnetic fields can 
effectively be utilized for fine modulation as well as thermal manage-
ment of multiphysical transport phenomena [2]. Imposed magnetic field 

modifies the local fluid velocity along with the underneath flow physics. 
The involved multiphysical scenarios like porous solid (substances with 
pores), mono/hybrid nanofluid (colloidal suspension of nano-sized 
particles of single/multiple materials in a carrier fluid) make the 
transport process more complex. For this reason, magnetic field 
dependent control strategy is adopted in many modern applications and 
its applications are increasing at a faster rate in diverse fields of engi-
neering and industries. For instance, a few names such as microfluidic 
devices, crystals manufacturing, cooling of electronic circuits, heat ex-
changers, anti-vibration devices, liquid metal flow control in nuclear 
reactors, continuous casting, plasma welding, etc. [3–7] could be 
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mentioned here. Furthermore, modern medical science is very much 
dependent on the application of the magnetic field; for example, tar-
geted drug delivery, treatment of tumors and cancer, magnetic endos-
copy, cells separation, controlling of blood flow during surgery, 
controlling of gastrointestinal complaints, bio-waste fluid transports, 
and others [8–11]. 

In most modern sophisticated applications, magneto-thermal sys-
tems work in a complex environment involving multi-physical situations 
pertaining to porous media, nanofluids/ hybrid nanofluids, thermal 
gradients, etc. Boundaries and the shape of the geometry are also vital 
parameters for proper design as well as analysis of a device involving the 
above-mentioned phenomena. Generally, surface undulation/corruga-
tion significantly modifies the near-wall transport process (due to an 
enhanced surface area), which indirectly alters the thermo-flow 
behavior in a thermal system. A detailed review of the transport pro-
cess has been documented by Shenoy et al. [12]. System mod-
eling/analysis is a crucial task to the researchers and it becomes 
challenging in the existence of the porous structure and nanofluid. 
Several researchers have investigated thermo-fluid flow behavior in the 
presence of surface corrugation under multiphysical situations without 
or with nanofluid/ hybrid nanofluid. Dalal and Das [13] have examined 
the free-convection in an air-filled wavy walled enclosure (with one, 
two, and three peaks) and found a decreasing trend of heat transfer as 
the undulation number and peak height increases. Buoyancy-driven 
thermal convective flow in a wavy-walled heat-generating porous cav-
ity has been studied by Cheong et al. [14] and found an increasing trend 
of heat transfer as the number and peak of the undulation increases. 
Khanafer et al. [15] have also analyzed a wavy walled (on the left wall) 
porous cavity with Prandtl number unity and found that heat transfer 
improvement is dependent on the number of undulations. 

Due to the enhanced thermal conducting properties, nanofluid or 
hybrid nanofluid usage is a recent trend in the diverse field of applica-
tion. Such specially prepared working fluid shows significant improve-
ment in heat transfer even also the presence of flow-hindering porous 
substances [16–19]. In a recent work, Biswas et al. [20] have studied the 
influence of wall undulation (on the left wall) during MHD convection of 
Cu–Al2O3− water hybrid nanofluid flow through a porous 
structure-filled cavity. They reported that enhancing surface undulation 
by increasing the undulation numbers is not always favorable for 

improving heat transfer. In their other work [21], they indicated ~20% 
maximum enhanced heat transfer with four undulations compared to 
no-undulation. Beyond the four undulations, there is no gain in heat 
transfer, although surface area increases. The influence of partial heat-
ing on the buoyant convection of nanofluid in a cold wavy-walled 
porous cavity has been studied by Sheremet et al. [22] and reported 
that heat transfer is a decreasing function of active heater length. Aly 
and Raizah [23] studied the thermo-hydraulic behavior of 
Cu-water-filled porous enclosure with both sidewalls wavy and heated 
differentially. They observed that the addition of nanoparticles im-
proves heat transfer. Effects of varying undulation numbers on the 
buoyant convection of Al2O3 water nanofluid-filled porous enclosure 
heated partially at the bottom have been analyzed by Alsabery et al. 
[24]. They reported that heat transfer is significantly affected by the 
length and position of the heater, and undulation numbers; heat transfer 
is of increasing function only in the conduction-dominated mode. Lin 
and Cho [25] studied the effect of different Prandtl number fluids inside 
porous cavities with cold wavy sidewalls and bottom hot. They found 
that heat energy transport is more as the active length of heating in-
creases. Effect of layered porous material inside an opposing wavy 
walled (at both sides with varying undulation numbers up to four) in-
clined enclosure heated differentially and filled with Cu-Al2O3 hybrid 
nanofluid has been studied by Kadhim et al. [26]. Their study revealed 
that the inclination angle has a critical influence on the thermal 
behavior of the cavity; it is further altered by the surface waviness, 
Rayleigh number, and others. They concluded that 30 ◦ inclination is the 
best choice for the improved heat transfer. Considering undulations on 
both the sidewalls (varying undulation numbers up to three and peak 
0.025–0.1), Hamzah et al. [27] examined the MHD buoyant convection 
of different fluids including Al2O3 nanofluid in a differentially heated 
porous cavity and found that the thermal behavior is significantly sup-
pressed by the undulations and Darcy numbers. A similar geometry has 
also been studied by Afsana et al. [28] during the MHD buoyant con-
vection of non-Newtonian ferrofluid. They found 26% enhanced heat 
transfer with the increasing nanoparticle concentrations (with 
shear-thinning n < 1). In a recent work, Rashed et al. [29] studied the 
radiation effect of MHD buoyant convective flow of Cu–Al2O3 hybrid 
nanofluid in an inclined cavity with cold wavy sidewalls (having un-
dulation numbers 1, 3, and 5) and partial heating at the top and bottom 

Nomenclature 

B magnetic fields (N A− 1 m− 2) 
Da Darcy number 
Fc Forchheimer coefficient 
g gravitational acceleration (m s− 2) 
H cavity height/length scale (m) 
Ha Hartmann number 
K porous medium permeability (m2) 
Lh active heating length (dimensionless) 
m number of undulations 
Nu Nusselt number (average) 
P pressure (dimensionless) 
Pr Prandtl number 
Ra fluid Rayleigh number 
Ram Darcy–Rayleigh number 
t time (s) 
T temperature (K) 
u, v velocity components (m s− 1) 
U, V velocity components (dimensionless) 
x, y Cartesian coordinates (m) 
X, Y dimensionless coordinates 
wb width of active magnetic field (m) 

Greek symbols 
α thermal diffusivity (m2 s− 1) 
β thermal expansion coefficient (K− 1) 
γ cavity inclination (degree) 
ε porosity 
θ dimensionless temperature 
λ amplitude of the surface waviness 
μ dynamic viscosity (Nms− 2) 
ν kinematic viscosity (m2 s− 1) 
ρ density (kg m− 3) 
τ dimensionless time 
σ electrical conductivity (μ Scm− 1) 
ζ hybrid nanoparticles’ concentration 
ψ stream function (dimensionless) 

Subscripts 
a ambient 
c cold 
f base fluid 
h hot 
max maximum 
s solid  
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walls with internal heat generation. It is revealed that undulation 
numbers, radiation parameters, and cavity orientation have a significant 
role in the thermal performance of the enclosure. Elshehabey et al. [30] 
have examined the MHD buoyant convection of Fe3O4− H2O ferrofluids 
in an open inclined complex-wavy walled (on the sides) enclosure and 
concluded that the overall thermal performance is significantly influ-
enced by the inclination, wave numbers, aperture location, and other 
flow controlling parameters. The study of buoyant convection has also 

been studied in enclosures with both side walls wavy and embedded 
obstruction [31–37], without obstruction [38–45]. The work on the 
complex geometry has also been investigated considering single wavy 
walls [46–47], mixed convective process single/ both wavy walls 
[48–50], or others [51,52]. 

Conducting intensive literature scrutiny, the importance of studying 

Fig. 1. Wavy walled inclined cavity with imposed magnetic fields: (a) geometry and boundary of the cavity, and (b) fluid circulation visualization inside the cavity.  

Table 1. 
Thermophysical properties of water and nanoparticles (Cu, Al2O3) [29].  

Physical properties Water Cu Al2O3 

cp (Jkg− 1K− 1) 4179 385 765 
k (Wm− 1K− 1) 0.613 401 40 
α (kgm− 3) 1.47 × 10− 7 1.11 × 10− 4 131.7 × 10− 7 

β (K − 1) 21 × 10− 5 1.67 × 10− 5 0.85 × 10− 5 

ρ (kgm− 3) 997.1 8933 3970 
μ (kgm− 1s− 1) 9.09 × 10− 4 – – 
σ (μ Scm− 1) 0.05 5.96 × 107 1 × 10− 10  

Table 2. 
Mathematical expression for the hybrid nanofluid effective properties [20].  

Effective properties Mathematical expression 

Density (ρ) ρ = (1 − ζ)ρf + ζρs, 
where ζρs = ζAl2O3 ρAl2O3

+ ζCu ρCu  

Specific heat capacity (ρcp) (ρcp) = (1 − ζ)(ρcp)f + ζ(ρcp)s, 
where ζ (ρcp)s = ζAl2 O3 (ρcp)Al2 O3

+ ζCu (ρcp)Cu  

Thermal expansion coefficient (ρβ) (ρβ) = (1 − ζ)(ρβ)f + ζ(ρβ)s, 
where ζ (ρβ)s = ζAl2 O3 (ρβ)Al2O3

+ ζCu (ρβ)Cu  

Thermal conductivity (k) 
k = kf

[
(ks + 2kf ) − 2ζ(kf − ks)

(ks + 2kf ) + ζ(kf − ks)

]

, 

where ζks = ζCukCu + ζAl2O3 kAl2O3  

Electrical conductivity (σ) 
σ = σf

[

1 +
3(σs/σf − 1)ζ

(σs/σf + 2) − (σs/σf − 1)ζ

]

, 

where ζσs = ζCuσCu + ζAl2 O3 σAl2O3  

Thermal diffusivity (α) α =
k

(ρcp)
Viscosity (μ) μ =

μf

(1 − ζ)2.5   

Table 3 
Experimental data of thermal conductivity and viscosity of hybrid nanofluid 
(Cu–Al2O3/water) [67].  

ζ (%) ζCu (%) ζAl2O3 (%) k (Wm− 1K− 1) μ (kgm− 1s− 1) 

0.1 0.0038 0.0962 0.619982 0.000972 
0.33 0.0125 0.3175 0.630980 0.001098 
0.75 0.0285 0.7215 0.649004 0.001386 
1.0 0.0380 0.9620 0.657008 0.001602 
2.0 0.0759 1.9241 0.684992 0.001935  

Table 4 
Steps for the computations.  

Steps Descriptions 

Preprocessing Conversion of dimensional transport equations into 
dimensionless partial differential equations (PDEs). 

Discretization Discretization of the PDEs following the finite volume method 
(FVM). 

Geometry 
creation 

Geometry creation through non-dimensional input and 
allocation of the appropriate boundary conditions. 

Mesh generation Mesh generation over the entire geometry has wavy walls on 
both sidewalls. The irregular walls of the enclosure are outlined 
through the staircase model approach [68]. The meshing with 
staircase approach eliminates complex grid transformation 
exercise. 

Computing tools Implementation of the SIMPLE algorithm [69] utilizing ADI 
sweep and TDMA for the iterative solution. 

Convergence The iterative process is continued with successive minimization 
of the residuals for all the equations and continuity imbalance 
(mass defect) at the cell level. 

Data storage After convergence, the dimensionless variables such as velocities 
(U, V), pressure (P), and temperature (θ) are stored. 

Post-processing The stored data are post-processed to generate the stream 
function, isotherm, and the average Nusselt number.  
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the thermo-fluid behavior under the irregular geometries involving 
various flow controlling parameters is clearly reflected. Of course, 
modeling as well as analysis of such irregular geometries is a challenging 
task to the researchers. Further complexity arises when there is a mul-
tiphysical situation like porous medium, nanofluid, magnetic field, etc. 
In fact, the modulation of local transport processes utilizing magnetic 
fields is a recent technique for fine control of the thermal system. 
Modifying the whole length magnetic field into the spatially active 
magnetic field over a specified width (known as partial MHD) is a newer 
approach to the distribution of the magnetic field. There are very limited 
numbers of works on the application of partial magnetic fields [7,11, 
53–57]. All these works studied the convective phenomena considering 
squares are cavities. However, to the author’s best of knowledge, a 

partial magnetic field in an irregular/wavy walled geometry has not 
been studied hitherto. How the transport flow physics in irregular ge-
ometries gets modified when interacting with partially active zones of 
magnetic fields is not searched/answered so far in the existing literature. 
It inspires us to investigate this present problem on a tilted wavy cavity 
under multiphysical scenarios where a hybrid nanofluid flow (driven by 
thermal buoyancy) is passing through porous media in the presence of 
localized active magnetic fields. The enclosure is heated partially from 
the bottom and cooled through the wavy sidewalls, whereas the top wall 
is adiabatic. The magnetic field is imposed spatially perpendicular to the 
left sidewall. In order to compare the efficacy of the partial magnetic 
field, the traditional whole length magnetic case is also studied. The 
study is searched for the wide range of flow controlling variables such as 
active heating length (Lh), active width of the partial magnetic field (Wb) 
and its positions, magnetic field strength (Ha), inclination of the cavity 
(γ), Darcy-Rayleigh number (Ram), Darcy number (Da), and hybrid 
nanoparticles concentration (ζ). The findings of this study could have 
potential future applications in practical systems like solar-energy de-
vices, thermal mixing, bio-medical devices, and others. The current 
work is entirely different from our earlier studies [58–62] involving the 
whole domain magnetic fields under half-sinusoidal heating at the 
bottom wall [58,59], aspirated cavity undergoing natural convection 
[60], partial wall translation induced mixed convection [61], and bio-
convection of oxytactic microorganisms in a lid-driven cavity with a 
bell-shaped curved bottom [62]. However, all these works (and many 
others) were simulated utilizing the same in-housed code. 

2. Description of the geometry and mathematical modeling 

The geometry of the considered problem as shown in Fig. 1 is a two- 
dimensional enclosure with vertical and horizontal dimensions H and L, 
respectively. The cavity is inclined at an angle of γ◦ (in an anti-clockwise 
direction) with respect to the horizontal direction. The sidewalls are 
undulated/ wavy-shaped and follow the expression of x/H = A[1 −
cos (2mπy/H)], where A = 0.5λ; λ and m respectively signify the 
amplitude (considered as 0.1) and the number of undulations (consid-
ered as 4) (Fig. 1a). A uniform magnetic field of strength B is imposed 
normal to the left vertical wall over the width Wb = wb/H (which can 
vary from 0 to 1) and its position can also vary as per the requirement. 
The enclosure is packed with porous materials and a specially prepared 
carrier fluid (water, having Pr = 5.83) consisting of a colloidal suspen-
sion of Cu-Al2O3 nanoparticles. The cavity is subjected to isothermal 
heating (at a temperature Th) from the bottom with a varying active 
length of heating (Lh); whereas the vertical wavy walls are cooled (at 
temperature Tc) from the sides. The top wall is adiabatic and does not 
allow any heat exchange. Due to the heat addition from the bottom, 
adjacent fluid layers heat up and an upward rising flow due to density 
difference develops. The heated plume divides equally after obstructing 
by the top wall and the hot plume comes close to the side cold walls, 
where heat is released gradually and it becomes cold. This cold fluid 
goes downward and again heats up. As a result, one pair of symmetric 
circulation cells form inside the cavity. Fig. 1b depicts a distribution of 
fluid circulation. 

The physical system is mathematically modeled by taking care of the 
imposed boundary conditions and coupled multiphysics involving 
porous substance, hybrid nanofluid, and partially active magnetic field. 
Of course, certain assumptions are considered for the simplifications of 
the modeling process. The hybrid nanofluid flow is assumed to be at a 
steady-state complying with the Boussinesq approximation for handling 
the density variation. The porous structure is homogeneous and has 
uniform pores throughout. The mixture of Cu and Al2O3 nanopowders of 
~1 nm size and uniform spherical diameter is suspended in the carrier 
fluid (water) with less concentration (up to 2%). Thus, a single-phase 
homogeneous approach (without agglomeration or sedimentation) of 
the nanofluid is followed [63]. The working fluid and the porous 
structure are assumed to follow the local thermal equilibrium process 

Table 5 
Checking of numerical efficacy by validating the benchmark solution [70].   

Ra Nu |ψ|max 

Vahl Davis [70] 103 1.118 –  
104 2.243 –  
105 4.519 9.612  
106 8.800 16.750 

Present study 103 1.118 1.173  
104 2.246 5.071  
105 4.529 9.637  
106 8.847 16.842  

Table 6 
Checking of numerical efficacy by validating the work of Nguyen et al. [71] for 
Da = 10− 2, Pr = 6.2, ζ = 5% (with Cu-water nanofluid) varying Ra and ε.   

Ra ε Nu |ψ|max 

Nguyen et al. [71] 103 0.4 1.160 0.246   
0.8 1.165 0.341  

105 0.4 3.433 7.308   
0.8 4.162 8.548 

Present study 103 0.4 1.162 0.246   
0.8 1.168 0.341  

105 0.4 3.387 7.112   
0.8 4.138 8.434  

Table 7 
Grid independence test (GIT) varying modified Rayleigh number (Ram) and 
middle-centered partial magnetic field for the fixed values of Da = 10− 3, ε = 0.8, 
ζ = 0.1%, Ha = 50, Wb = 0.4, γ = 45 ◦ and Lh = 1.  

Ram average Nu (successive error%) 
80 × 80 120 × 120 160 × 160 200 × 200 

10 10.297 9.941 (3.58%) 9.897 (0.44%) 9.890 (0.07%) 
102 10.883 10.519 (3.46%) 10.483 (0.34%) 10.477 (0.06%) 
103 14.919 14.483 (3.01%) 14.439 (0.30%) 14.431 (0.06%) 
104 21.122 20.582 (2.63%) 20.523 (0.29%) 20.516 (0.03%)  

Fig. 2. Mesh structure distribution of geometry.  
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Fig. 3. Comparison of thermo-fluid flow structure without undulations (a) and with undulations (b) under no-magnetic field, partial magnetic field and full domain 
magnetic field through isotherms and streamlines for Ram = 103, Da = 10− 2, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦. 
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due to the absence of heat generation. Furthermore, the modeling of the 
porous structure is carried out following the 
Forchheimer-Brinkman-extended Darcy model [58,64]. The hybrid 
nanofluid flow through the porous structure is assumed to be laminar, 
incompressible, and Newtonian. Due to the electrical conducting prop-
erty of the working fluid, the Lorentz force is generated (following 
Maxwell’s model [65]); whereas the Joule heating and Hall effects [27, 
59] are insignificant (due to the lower magnitude of the induced mag-
netic Reynolds number at lower nanoparticles’ concentration). The 
viscous dissipation contribution is insignificant [58–63]. With these 
considerations, the mathematical formulation in terms of continuity, 
momentum, and energy equations in dimensional forms involving 
multiphysical conditions are as follows [24] 

∂u
∂x

+
∂v
∂y

= 0 (1)  

1
ε2

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
1
ρ

∂p
∂x

+
ν
ε

(
∂2u
∂x2 +

∂2u
∂y2

)

−

(
ν
K

u +
Fc
̅̅̅̅
K

√ u
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√ )

+
(ρβ)

ρ g(T − Tc)cosγ

(2)  

1
ε2

(

u
∂v
∂x

+ v
∂v
∂y

)

=
1
ρ

∂p
∂y

+
v
ε

(
∂2v
∂x2 +

∂2v
∂y2

)

−

(
v
K

v +
Fc
̅̅̅̅
K

√ v
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√ )

− λB
1
ρ σB2v +

(ρβ)
ρ g(T − Tc)sinγ

(3)  

u
∂T
∂x

+ v
∂T
∂y

=
εk + (1 − ε)kps

(ρCP)

(
∂2T
∂x2 +

∂2T
∂y2

)

(4) 

The converted dimensionless equations are as under 

∂U
∂X

+
∂V
∂Y

= 0 (5)  

1
ε2

(

U
∂U
∂X

+V
∂U
∂Y

)

= −
∂P
∂X

+
νPr
νfε

(
∂2U
∂X2 +

∂2U
∂Y2

)

−

(
νPr

νfDa
+

Fc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 +V2

√

̅̅̅̅̅̅
Da

√

)

U

+
(ρβ)
ρβf

Pr
Da

Ramθsinγ

(6)  

Fig. 4. Local distribution of vertical velocities (V) at the horizontal plane at (a-b) Y = 0.25 and = 0.75, horizontal velocity (U) at the vertical planes at (c-d) X = 0.25 
and 0.75 when Ram = 103, Da = 10− 2, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦. 

N. Biswas et al.                                                                                                                                                                                                                                  



International Journal of Mechanical Sciences 217 (2022) 107028

7

1
ε2

(

U
∂V
∂X

+V
∂V
∂Y

)

= −
∂P
∂Y

+
νPr
νfε

(
∂2V
∂X2 +

∂2V
∂Y2

)

−

(
νPr

νfDa
+

Fc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 +V2

√

̅̅̅̅̅̅
Da

√

)

V

−
ρf

ρ
σ
σf

λBHa2PrV+
(ρβ)
ρβf

Pr
Da

Ramθcosγ

(7)  

(

U
∂θ
∂X

+V
∂θ
∂Y

)

=
α
αf

(
∂2θ
∂X2 +

∂2θ
∂Y2

)

(8) 

Eqs. (5)–(8) are derived by introducing dimensionless variables for 
the coordinate position, velocity, pressure, and the temperature (X, Y, U, 
V, P and θ) as given by 

(X,Y) = (x, y)
/

H; (U,V) = (u, v)H
/

αf ;

θ = (T − Tc)
/
(Th − Tc); P = (p − pa)H2

/
ρfα2

f
(9) 

It results in the following dimensionless numbers: Prandtl (Pr), Darcy 
(Da), modified Rayleigh (Ram) and Hartmann (Ha) numbers, which are 
respectively defined below along with the and Forchheimer coefficient 
(Fc) as 

Pr =
νf

αf
; Da =

K
H2; Fc =

1.75
̅̅̅̅̅̅̅̅̅̅̅̅
150ε3

√ ;

Ram =
gβf(Th − Tc)KH

νfαf
= Ra × Da; Ha = BH

̅̅̅̅̅̅̅̅̅̅̅

σf
/

μf

√ (10) 

It is pertinent to note that the buoyant force is represented by the last 
term in Eqs. (6) and (7), whereas the Lorentz force/ magnetic force is 
represented by the second from the last term of Eq. (7). The Darcy 
number (Da) accounts for the permeability through the porous sub-
stance. The Da-terms in Eqs. (6) and (7) correspond to the flow resistive 
force as a consequence of the porous medium [64]. The orientation of 
the enclosure is applied to define the angle γ (in an anti-clockwise 
rotation) and its value changes from 0 to 180 ◦. As the fluid flows 
through the pores of the solid matrix, the fluid flow faces more resistance 
compared to any clear-domain problem where the fluid-based Rayleigh 
number (Ra) usually models the corresponding buoyant force. There-
fore, the effective driving force (through the porous media) due to the 
buoyancy effect is meaningfully addressed by the Darcy–Rayleigh 
number (Ram) from the physical point of view, and the same is used in 
this work. However, it can be defined as the product of Ra and Da. The 
present analysis is performed using Ram. 

The boundary conditions are 

U = V = 0, θ = 0 at X = 0, 1 and 0 ≤ Y ≤ 1.

Fig. 5. Local distribution of vertical component of temperature (θ) at the horizontal plane at (a-b) Y = 0.25 and = 0.75, horizontal component of temperature (θ) at 
the vertical planes at (c-d) X = 0.25 and 0.75 when Ram = 103, Da = 10− 2, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦. 
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U = V = 0, θ = 1 at 0 ≤ X ≤ 1 and Y = 0.

U = V = 0, at 0 ≤ X ≤ 1 and Y = 1.

In the y-momentum Eq. (4), an additional dimensionless term λB is 
introduced to control the extent of the partially active magnetic fields 
using one (active zone) or zero (inactive zone). It is noteworthy to 
mention that the porous medium, as in the momentum equations Eqs. 
(6) and (7) are modeled following the Forchheimer-Brinkman-extended 
Darcy model. Basically, it comprises the frictional part (inertial) 
expressed through the Forchheimer coefficient, Fc and (=

1.75 /
̅̅̅̅̅̅̅̅̅̅̅̅̅
150ε3

√
)permeability of the porous substance, K (= ε3d2

ps 

/150(1 − ε)2
); where ε is the porosity, and dps is the average particle size 

[64]. Furthermore, the effects of hybrid nanofluid (k) and porous sub-
stance (kps) thermal conductivities are also taken care of in Eq. (4) [64], 

following the standard expression of (εk + (1 − ε)kps). 
The working fluid is a hybrid nanofluid, which is a colloidal sus-

pension of Al2O3 and Cu nanoparticles. The individual properties of 
water and Cu and Al2O3 nanoparticles are listed in Table 1 [29]. The 
combined volumetric concentration of the working fluid is designated 
with the symbol ‘ζ’ which is obtained following the mixture rule of 

ζ = ζAl2O3
+ ζCu (11) 

With the above, the effective thermophysical properties of the hybrid 
nanofluid such as density (ρ), specific heat capacity (ρcp), thermal 
expansion (ρβ), thermal conductivity (k), electrical conductivity (σ), 
thermal diffusivity (α), and viscosity (μ) are calculated following the 
standard relations, which are tabulated in Table 2 where the symbol ‘f’ is 
utilized to designate the properties for the carrier fluid. It is very 
pertinent to note that the mathematical expressions for the dynamic 
viscosity as well as thermal and electrical conductivities are based on the 
standard Brinkman model [66] and Maxwell model [65]. In practice, 
these two models fail to predict accurate results. For this reason, we have 
taken actual experimental data of viscosity and thermal conductivity of 
hybrid nanofluid (Cu –Al2O3/water) from Suresh et al. [67], as pre-
sented in Table 3. The thermal (k = 401.0), as well as electrical (σ =
5.96 × 107) conductivity of Cu, is more in comparison to Al2O3. Thus, 
only with Al2O3 nanoparticles, superior conductivity attainment is not 
possible. Also in this study, the experimental data [67] of viscosity and 
thermal conductivity of Cu–Al2O3–water hybrid nanoliquid are utilized 
instead of theoretical data. This allows correct consideration of the 
hybrid nanoliquid viscosity and thermal conductivity. 

The local, as well as average Nusselt number (Nu), is calculated to 
determine the heat transfer rate from the heated wall, which is calcu-
lated in dimensionless form as 

Nulocal =
k
kf

(

−
∂θ
∂Y

⃒
⃒
⃒
⃒

Y=0

)

; Nu=
k
kf

∫

0

(

−
∂θ
∂Y

⃒
⃒
⃒
⃒

Y=0

⎞

⎠dX (12) 

Furthermore, to get insights into the local transport phenomena, 
stream function (ψ) is utilized to generate streamline contours. The 
mathematical expression of stream function (ψ) is 

−
∂ψ
∂X

= V,
∂ψ
∂Y

= U (13) 

Fig. 6. Impact of cavity orientation on the thermal-fluid flow patterns using streamlines (first row) and isotherms (second row) for Ram = 103, Da = 10− 3, ε = 0.8, 
Wb = 0.4, Ha = 50, Lh = 1.0, ζ = 0.1%. 

Fig. 7. Effect of cavity orientation (γ) on the heat transfer for the varying Wb at 
Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, Lh = 1.0, ζ = 0.1%. 
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The stream function equation has been solved considering ψ = 0 for 
all the walls. This is a very important tool to visualize fluid circulation 
within the enclosure. When there is a negative sign before ψ , it signifies 
clockwise (CW) circulation and the positive sign corresponds to the 
counter-clockwise (CCW) circulation. Furthermore, densely packed 
streamlines imply strong fluid circulation, which in turn has higher fluid 

velocity. 

3. Method of solutions and validation 

The set of dimensionless governing equations in partial differential 
form (PDEs) (5)–(8) subject to the boundary conditions are solved 

Fig. 8. Effect of active magnetic field positions shifting and variation of width (Wb) on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.2, and 
(b) 0.6, Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦. 
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numerically within the computational domain using an implicit finite 
volume approach written in FORTRAN code. To do this, the computa-
tional domain is split into a finite number of control volumes using non- 
uniform staggered grids distribution. The finer meshes are distributed 
near the bounding walls, whereas coarser meshes are considered in the 
central region. The PDEs are then discretized over the collocated grids. 
Each of the control volumes has four different faces (east, west, north, 
and south) and there is a central node, where all the flow variables are 
calculated and stored [68]. During the discretization process, a 
third-order upwind scheme (QUICK) and a second-order central differ-
encing scheme (CDS) are utilized for the advection terms (in the mo-
mentum and energy equations) and diffusion terms, respectively to 
stabilize the solution process. A detailed description of the numerical 
scheme can be found in [11,21]. Here, the computation procedure is 
thoroughly indicated in Table 4. Based on the above the solution process 
continued in an iterative manner applying the SIMPLE (Semi-implicit 
Method for Pressure-linked Equation) algorithm [69], utilizing ADI 
(Alternate Direction Implicit) sweep and TDMA (Tridiagonal Matrix 
Algorithm) technique to achieve strong pressure-velocity coupling. The 
iterative process is continued till the residual tolerance (for the U, V, P, 
and θ solving equations) and mass-defect are above 10− 8 and 10− 10, 
respectively. The same code has been used for various studies with 
irregular geometry under different multiphysical situations [2,7]. 

3.1. Code validation 

As an essential step for computational work, checking the numerical 
procedure is of utmost importance. The present computation is carried 
out using an indigenously developed code. As a basic validation of the 
developed code, a validation study is carried out with the benchmark 
solution of Vahl Davis [70]. The geometry consists of square cavity with 
left wall hot (θ = 1) and right wall cold (θ = 0) with adiabatic horizontal 
walls (∂θ/∂Y = 0 at 0 ≤ X ≤ 1 and Y = 0, 1). The solution of this problem 
is achieved by putting ε = 1, ν/νf = 1, Da = 1, (ρβ)/ (ρβf) = 1 and Ha =
0 in Eqs. (6) and (7). The validation study corresponds to an enclosure 
subjected to buoyancy-induced convection for Pr = 0.73, Ra = 103− 106. 
Corresponding results of the simulation are examined by estimating the 
average Nusselt number (Nu) and maximum stream function, which are 
listed in Table 5. The comparison is close to the benchmark solution, 
which confirms the robustness and accuracy of the presently developed 
solver. In addition to the above, another validation study is also con-
ducted considering modeling of non-Darcy porous medium saturated 
with Cu-water nanofluid in a differentially heated cavity (θ = 1 at X = 1 
and θ = 0 at X = 0) with adiabatic horizontal walls (∂θ/∂Y = 0 at 0 ≤ X ≤
1 and Y = 0, 1) as published by Nguyen et al. [71]. The solution to this 
problem is achieved by putting Ha = 0 in Eqs. (6) and (7). The 
comparative results in the form of average Nusselt number (Nu) and 

Fig. 9. Effect of active magnetic field width (Wb) with varying (a) positions of partial magnetic field and (b) cavity angle (γ), (c) variation of partial magnetic field 
position with cavity angle (γ) on the heat transfer for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, Lh = 1.0, ζ = 0.1%. 
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maximum stream function are depicted in Table 6 for Da = 10− 2, Pr =
6.2, ζ = 5% (with Cu-water nanofluid) varying Ra and ε. It also shows a 
closer prediction. Thus, the used solver shows further robustness for 
solving the multi-physical problems. 

Furthermore, the development has also been validated by solving the 
geometry of a protruded heater cavity for an experimental study [72], 

which shows very close agreement. The same code has been validated 
rigorously by validating different problems involving multiphysics such 
as porous medium [62], nanofluid [61,63], magnetic field [2,20], mi-
croorganisms [62,73], etc. All these exercises ensure the accuracy of the 
presently developed solver. 

Fig. 10. Effect of magnetic field intensity (Ha) and its active width (Wb) on the streamlines (first row) and isotherms (second row) with (a) Ha = 30, and (b) Ha = 70 
for Ram = 103, Da = 10− 3, ε = 0.8, ζ = 0.1%, Lh = 1.0, γ = 0 ◦. 
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3.2. Grid independence test 

Mesh generation over the entire geometry having wavy walls on both 
sides is a tricky task. In this study, the irregular walls of the enclosure are 
outlined through the staircase modeling approach [68]. The meshing 
with staircase approach eliminates complex grid transformation exercise 
and simplifies the computations [73]. For capturing the correct 
thermo-flow physics selection of appropriate meshes are very critical 
and essential before conducting the computations. To achieve this, a 
grid independence test (GIT) is conducted for the different mesh sizes of 
80 × 80, 120 × 120, 160 × 160, and 200 × 200. The test is carried out 
for varying modified Rayleigh number (Ram = 10–104) and 
middle-centered partial magnetic field for the fixed values of Da = 10− 3, 
ε = 0.8, ζ= 0.1%, Ha = 50, Wb = 0.4, γ = 45 ◦ and Lh = 1. The meshes are 
distributed nonuniformly over the computational domain; finer meshes 
are considered near the curved surface and other bounding walls, 
whereas coarser meshes are considered in the central region. The results 
of the GIT are presented in Table 7 in terms of average Nu on the heated 
wall. It reveals that the after 160 × 160 mesh size shows insignificant 
changes in comparison to the previous coarse grids. From this checking, 
160 × 160 is chosen for the further computations of the present work. 
The final mesh configuration is depicted in Fig. 2. 

4. Discussion of results 

The present work explores the impact of partially active magnetic 
fields on the enhanced thermal performance of hybrid nanofluid 
(Cu–Al2O3–H2O) filled oblique porous complex wavy enclosure. The 
wavy enclosure is heated partially from the bottom and cooled through 
the sides. A newer technique of spatially intermittently (partially) active 
magnetic field is imposed horizontally middle of the vertical walls (no- 
magnetic field, partial-magnetic field, and whole-domain magnetic 
field) for different active widths (Wb), and assessment is carried out for 
different positions of the magnetic fields (top, bottom, and middle). The 
role of wavy shape, cavity tilt angle with the other flow controlling 
parameters (Ha, Ram, Da, ε, ζ) is scrutinized in detail. A systematic 
representative structure of the investigation is given below:  

(i) Initially, the classical problem of the square cavity is chosen for 
the study, and flow physics of hybrid nanofluid inside the cavity 
is discussed concerning the no-magnetic field, partial magnetic 
field, and full domain magnetic field with the same boundary 
conditions of the present study.  

(ii) Then the sidewalls are modified into wavy walls (considering 
four undulations) and a comparison is made with a square cavity 
to obtain the effect of the surface waviness. 

Fig. 11. Effect of magnetic field intensity on the heat transfer for varying (a) Wb, (b) cavity angle and (c) effect of γ on heat transfer for varying Wb when Ram = 103, 
Da = 10− 3, ε = 0.8, ζ = 0.1%, Lh = 1.0. 
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(iii) Thereafter the cavity is tilted (with γ = 0 to 180 ◦) to see the role 
of cavity angle on the flow physics for the complex wavy enclo-
sure with the partial magnetic field.  

(iv) Further, the effect of position (top, middle, and bottom) of the 
partial magnetic field is studied for the wavy enclosure at all 
considered inclination angles of the cavity.  

(v) Then the role of the intensity of magnetic field (in terms of Ha =
0 to 70) for different active widths of the magnetic field (Wb =

Fig. 12. Effect of convective strength (varying Ram) on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.4 and (b) Wb = 1.0 for Da = 10− 3, ε =
0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦. 
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0 to 1.0) on the flow structure is explored for the wavy tilted 
cavity.  

(vi) The role of flow controlling parameters like Ram (= 10 to104), Da 
(= 10− 5 to 10− 1), ε (= 0.1 to 1.0), and ζ (= 0 to 2%) for various 
active widths of the magnetic field (no-magnetic field, partial- 
magnetic field, and whole-domain magnetic field) and cavity 
angles are investigated.  

(vii) Additionally, the effect of the active heating length Lh (= 0.2, 0.4, 
0.8, and 1) on the thermo-fluid flow of hybrid nanofluid is scru-
tinized for this wavy inclined cavity. 

All the outcomes of the above analysis have been elucidated by 
streamlines, isotherms, local and average Nu. 

4.1. Comparison of thermo-fluid flow-structure without and with 
undulations under no-magnetic field, partial magnetic field, and whole 
domain magnetic field 

As mentioned earlier, for better understanding, initially an investi-
gation is made in a classical square enclosure to scrutinize the flow 
physics of hybrid nanofluid, then a comparison is done with the study for 
the wavy walled enclosure. The results are illustrated in Fig. 3 by 
streamlines and isotherms (row-wise) for Ram = 103, Da = 10− 2, ε = 0.8, 
Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0 ◦. The vertical column shows the 
results at no-magnetic field (Wb = 0), partial magnetic field (Wb = 0.4) 
and full domain magnetic field (Wb = 1.0) conditions. With no-magnetic 
field, for the cases of a square cavity (Fig. 3a), it is noted that the fluid at 
the bottom heats up and moves upward, strikes at the top wall (adia-
batic), then the flow moves towards the sidewalls (cold), where it cools 
down, thus forms two opposing symmetrical convective cells (main 
circulation), clockwise at the right side and anticlockwise at the left side 
about the vertical mid-plane of the cavity. The isotherm corresponding 
to the flow structure illustrates a high thermal energy zone, clustered at 
the bottom wall. Thermal gradient varies as per the flow development in 
the cavity. This gradient drops from the bottom to upwards about the 
mid vertical plane, which assists to begin the flow at the section. Then 
the flow occurs to the cold side walls due to the temperature difference. 
Of course, isotherms are symmetrical about the mid vertical section of 
the cavity that forms a middle plume. This plume vertically diverges 
along the flow direction. The partially applied magnetic field (over the 
width Wb = 0.4) at the middle of the vertical wall (second column) of the 
square cavity produces the dampening effect by the counteracting force 
that retards the flow at the middle zone of the cavity. The imposed 

magnetic field about the mid-horizontal plane retards the velocity of 
flow, which in turn contracts the flow at this zone. Thus it forms two 
small (minor) circulations in each of earlier main circulation, top and 
bottom, adjacent to two vertical walls. The reduction in the flow field at 
the middle portion distorts the isotherms at this zone and reduces heat 
transfer, mid-vertical section plume zone as well as its temperature 
drops. The bottom intensity of the isotherm also drops and thereby Nu 
decreases. However, the whole-domain magnetic field (third column) of 
the square cavity illustrates the dampening effect on the flow over the 
entire domain that retards the flow. Here also, the flow field forms two 
main circulations like the no-magnetic field case, however, its strength is 
very less, convective cells tend to move downward. The effect is 
observed in the isotherms, the low-temperature zone rises and results in 
a substantial drop in Nu. 

Fig. 3b depicts the wavy enclosure by streamlines and isotherms, 
revealing similar flow physics but different flow strength and tempera-
ture distributions. The modification in the sidewalls into undulated 
walls (four undulations) reduces the strength of the convective cells 
relative to the square cavity, which may be due to the reduction in the 
effective fluid volume. However, the heat transfer rises significantly as 
the effective cooling length increases noted in the isotherms. This is true 
for the no-magnetic field, partial-magnetic field, and whole-domain 
magnetic field cases. Of course, Nu value drops with the partially 
active magnetic field, and full domain magnetic field compared to no- 
magnetic field cases. 

Therefore, the localized control on the flow and temperature distri-
bution can be possible by the partial magnetic field. Imposing the wavy 
wall increases the heat transfer rate from the heated wall, but the 
streamline strength reduces. When the width of the active magnetic field 
increases, the Nu value drops for any case. 

An in-depth understanding of flow physics is explained by the local 
velocity and temperature profiles at different horizontal planes and 
vertical planes of the enclosure and discussed the effects at the no- 
magnetic field, partial magnetic field, and whole domain magnetic 
field for the square and wavy enclosure in Figs. 4 and 5, respectively. 
Fig. 4a, b shows vertical velocity (V) component along the horizontal 
plane at Y = 0.25 and Y = 0.75, respectively. From the V-velocity 
variation, it is revealed that the bottom heating of the cavity produces 
high velocity about the central zone that begins the flow vertically at the 
middle portion. As the fluid flow after striking the top adiabatic wall 
returns downward on both sides of the cavity over the cold wall, hereby 
the velocity drops to zero and becomes negative for the downward 
directional velocity. Thus it forms circulation on both sides of the cavity. 

Fig. 13. Effect of convective strength (Ram) on the heat transfer for varying (a) Wb and (b) cavity angle for Da = 10− 3, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0 ◦.  
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The velocity becomes zero at the wall for no-slip boundary conditions. 
The +ve value of the velocity at the center and –ve velocity on both sides 
becomes maximum for the square cavity relative to the wavy walled 
cavity for both the cases of no-magnetic field (Wb of 0). This indicates 
the reduction of flow strength for the wavy cavity as explained earlier. 

For the cases of partial and whole domain magnetic fields, the +ve ve-
locity at the center and -ve velocity magnitude on both sides drop with a 
similar trend of decreasing the strength of convective cells. The local 
velocity profile is symmetrical about the mid-vertical plane that indi-
cating the symmetrical nature of the flow field for all the cases. These 

Fig. 14. Effect of Darcy number (Da) on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.4 and (b) Wb = 1.0 for Ram = 103, ε = 0.8, Ha = 50, ζ 
= 0.1%, Lh = 1.0, γ = 0◦. 
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figures reveal that the central core zone velocity is maximum at the 
bottom that drops with the flow movement vertically. 

Fig. 4c and d shows the horizontal velocity (U) component at the 
vertical planes at X = 0.25 and X = 0.75, respectively. For the no- 
magnetic field conditions at a distance of X = 0.25 (Fig. 4c), U veloc-
ity is +ve at the bottom of the cavity, it becomes negative in the upper 
portion of the cavity for either square or wavy walled cavity, this in-
dicates an anticlockwise convective cell. The bottom magnitude of U 
velocity is larger compared to the top velocity magnitude. The velocity is 
less for a wavy cavity relative to the square cavity. For the partial 
magnetic field, it affects U velocity at the center that forms two pairs of 
+ ve velocity and - ve velocity over the vertical plane; this, in turn, 
produces two minor circulations. The cases of a full magnetic field show 
one + ve and - ve values of velocity magnitude like the no-magnetic 
field; its velocity magnitude is less as flow strength drops. Fig. 4d 
shows the mirror image of the velocities as obtained in Fig. 4c, this in-
dicates the opposite sense of velocity directions. 

Fig. 5a, and b shows the vertical distribution of dimensionless tem-
perature (θ) at the horizontal plane at Y = 0.25 and 0.75, respectively. 
From the temperature variation, it is evident that temperature distri-
bution is symmetrical about the mid-vertical plane of the cavity. The 
maximum temperature for any case is maximum at the middle and then 
drops towards the cold wall due to heat rejection. Temperature is higher 
at Y = 0.25 compared to Y = 0.75. For X-directional temperature by Fig 
5b, it observes the same diagram of X = 0.25 and 0.75 locations due to 
symmetrical heating. It is common to see the temperature rise first then 
drop in the vertical direction. A partial magnetic field disturbs the 
temperature as flow at X – direction and is affected by the middle center 
active magnetic field. 

4.2. Impact of cavity orientation 

The role of wavy walled cavity orientation (γ = 0, 30, 60, 90, and 
180 ◦) on the thermo-fluid flow is illustrated in Fig. 6 by streamlines and 
isotherms for fixed values of Ram = 103, Da = 10− 3, ε = 0.8, Wb = 0.4, 
Ha = 50, Lh = 1.0, ζ = 0.1%. For the horizontal cavity (γ = 0◦), the flow- 
structure as well temperature distribution shows the symmetrical dis-
tribution, similar to Fig. 3b. Here, the patterns of the circulating cells are 
modified into two pairs of cells. The difference happens due to the 
decrease in Da value (from 10− 2 to 10− 3), which leads to the increment 
in resistance to fluid flow for the fixed Ram. Here, convection dominates 
and thereby the alteration in the streamlines. Both the streamlines and 
isotherms show a wavy pattern near the cold sidewalls. When γ = 30◦, 
the position of the heating zone changes, and thus the growth of right 

side clockwise circulation strength is observed. Near the right-bottom 
corner, a tiny circulation cell (rotating in an anticlockwise direction) 
is also growing. Surprisingly, at γ = 60◦, right side circulation shrinks 
and occupies the small zone over the right wavy wall and right-top 
corner of the cavity. This is due to the change in relative positions of 
the heated wall from bottom to the inclined and vertical cold walls to 
inclined walls. Thus, the counterclockwise circulation at the left 
strengthens and covers the almost entire cavity. When the hot wall be-
comes vertical (γ = 90 ◦) and cold wavy walls become horizontal, the 
counterclockwise circulation occupies the entire cavity, and all other 
cells merge with it. At γ = 180 ◦, i.e., inverted wavy cavity, the heat 
source at the top and produces two weak circulations (opposite sense of 
γ = 0 ◦). Corresponding isotherm contours at γ = 30 ◦, 60 ◦ show dis-
torted patterns for asymmetric heating. At γ = 90 ◦, isotherms show flow 
movement over the vertical wall when γ = 180 ◦ it shows most of the 
heating zone near the top wall, and heat transfer is very less. The ther-
mal energy transfer is maximum at γ = 0 ◦ and minimum at γ = 180 ◦. Of 
course, as the heated wall changes its position from bottom to top, hotter 
fluid occupies at the top, which restricts colder fluid to interact with the 
heated wall. Corresponding circulation strength decreases. Thus, heat 
transfer from the heated wall also decreases. 

To understand the overall impact on the thermal performance, 
average Nu on the heated wall is plotted for the different cavity incli-
nation angle (γ) in Fig. 7 for the no-magnetic field, partial magnetic 
field, and full domain magnetic field at Ram = 103, Da = 10− 3, ε = 0.8, 
Ha = 50, Lh = 1.0, ζ = 0.1%. As expected, the average Nu value is 
maximum at γ = 0 ◦ and minimum at γ = 180 ◦ and a continuously 
decreasing trend is noted. It is true for any cases of the applied magnetic 
field. In fact, at a lower inclination angle, a partially magnetic field 
shows average Nu closer to the no-magnetic field case; whereas the 
whole domain magnetic field indicates less Nu. An increase in the width 
of the partial magnetic field reduces the heat transfer due to the increase 
in the velocity reduction zone. Heat transfer is noted to be maximum for 
the cases of bottom wall heating. Tilting of the cavity can be used to 
reduce heat transfer in the cavity. This analysis infers partially applied 
magnetic field is of better choice towards improved controllability and 
higher heat transfer. 

4.3. Active magnetic field position shifting and width variation 

This section elucidates the role of positional effect of partial mag-
netic field for three different positions (top, middle and bottom) on the 
streamlines and isotherms in Fig. 8 at fixed values of Ram = 103, Da =
10− 3, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0 ◦. Fig. 8a and b explain 

Fig. 15. Effect of Darcy number (Da) on the heat transfer varying (a) Wb and (b) cavity angle for Ram = 103, ε = 0.8, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦.  
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the results for active partial magnetic field width of Wb = 0.2 and 0.6, 
respectively. The flow physics for the middle active zone of the magnetic 
field has been described earlier (for Wb = 0.4, as in Fig. 6– the first 
column), here this has been represented in the second column, it appears 
two pairs of minor convection cells in each of large circuiting cells. Of 

course, as the width of the active magnetic field decreases (to 0.2), flow 
strength increases due to less damping zone within the cavity. In the case 
of the top and bottom position of the partial magnetic field, there are 
only larger circulation cells, tiny inner circulation cells disappear. Cor-
responding isotherm lines show significant modulation depending on 

Fig. 16. Effect of ε on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.4 and (b) Wb = 1.0 for Ram = 103, Da = 10− 3, Ha = 50, Lh = 1.0, ζ =
0.1%, γ = 0◦. 
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the position of the magnetic field. Isotherm lines become more distorted 
for the middle position cases. In comparison to the top and middle zone 
of the magnetic field, it is evident that the impact by the bottom position 
magnetic field is higher and for this reason, the intensity of convective 
circulations becomes less for Wb = 0.2 and Wb = 0.6 both. The circu-
lation strength is comparatively lesser for Wb = 0.6 in comparison to Wb 
= x003D0.2 due to the rise of the width of an active magnetic field. Iso-
therms (row-wise) show the reduction of concentration at the heated 
wall from shifting of top to bottom positioning of magnetic field for both 
Wb = 0.2 and 0.6. This is the indication of lessening thermal energy 
transport to hybrid nanofluid. This indicates that flow, as well as tem-
perature distribution, can be modulated markedly by changing the po-
sition as well as the width of the active magnetic field. 

The extensive study of global heat transfer characteristics in terms of 
average Nu is computed for all the values of Wb (0.2, 0.4, 0.6, and 0.8) 
with the top, middle, bottom partial magnetic field conditions for 
various cavity angles γ(0, 45, 90, 135, 180 ◦) as illustrated in Fig. 9 for 
Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, Lh = 1.0, ζ = 0.1%. Fig. 9a 
shows the variation of average Nu with Wb for three different positions 
of the partial magnetic field. It revealed that Nu decreases with a rise in 
Wb for any position of magnetic field and any orientation of the cavity. A 
similar decreasing trend of average Nu with increasing Wb is also noted 
for the various cavity angles (as in Fig. 9b). A sharp decreasing trend of 
average Nu is noted with increasing γ for the three considered positions 
of the magnetic field (in Fig. 9c). Maximum Nu is noted always at the top 
position of the magnetic field and for the cavity angle ofγ= 0◦. 

So, like the width of the partial magnetic field, positioning of the 
active magnetic field can govern the flow field and corresponding heat 
transfer. The magnetic field at the bottom position with a higher active 
width can control the flow and temperature field, and thereby Nu 
moderation. 

4.4. Effect of magnetic field intensity (Ha) 

Apart from the width of the imposed magnetic field and its position, 
the thermo-fluid flow structure is governed by the intensity of the 
magnetic field (Ha). In this section, the effect of that intensity is eluci-
dated by streamlines and isotherms for Ha of 30 (in upper panel), and 70 
(in lower panel) at different width of the middle-centered magnetic field 
(Wb = 0.2, 0.4, 1.0) in Fig. 10 for the fixed parameters of Ram = 103, Da 
= 10− 3, ε = 0.8, ζ = 0.1%, Lh = 1.0, γ = 0 ◦. Here also flow-structure 
shows the symmetrical distribution of two circulation cells about the 
mid-vertical plane at lower Ha = 30. It is true for any width of the 

magnetic field. However, the middle-centered partial magnetic field of 
width 0.2 and 0.4 produces minor circulation cells inside the major 
circulation cells at Ha of 70 only. This is due to the localized reduction of 
the fluid velocity at a higher value Ha = 70. This convection process 
deteriorates by the acting Ha which leads to the formation of minor 
circulations. Isotherms show too many wavy patterns in case of the 
higher magnetic field intensity (Ha of 70) due to the minor circulation 
formation at lesser width of the magnetic field (Wb of 0.2). As Wb in-
creases, wavy patterns are reduced. Furthermore, thermal energy 
transport by the working drops with the rise in Wb for Ha of 30 and 70 
both due to reduction in the fluid flow velocity. Thus, Nu drops with the 
rise in magnetic field intensity as well as its width. 

The variation of average Nu values for different width of magnetic 
field (Wb = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) at different Ha (Ha = 0, 10, 30, 
50, and 70) is depicted in Fig. 11 for all the cavity angles (γ = 0, 45, 90, 
135, and 180 ◦). The common observation is that the Nu value drops 
with the rise in magnetic field intensity for any active width of the 
partial magnetic field and cavity tilting angle. The decreasing rate of Nu 
is substantial for all the cases of active width at higher Ha (in Fig. 11a). 
The impact of the low value of magnetic strength on Nu is not much, 
whatever the magnetic field width may be. The average Nu value drops 
as γ rises for all considered lengths of the active magnetic field (as in 
Fig. 11b). The maximum Nu value is observed at the cavity of γ = 0◦ and 
no-magnetic field (Wb = 0) conditions (as in Fig. 11c). This indicates that 
minor circulation formation depends on the strength of the magnetic 
field despite the middle-center of the active partial magnetic field. The 
higher Ha value can modulate the flow field substantially. A low value of 
Ha affects less despite the higher active width of an active magnetic 
field. For a better understanding of the above facts, a mathematical 
correlation is developed to calculate the Nu values for different values of 
Ha and γ by using the MATLAB platform. This is carried out through 
regression analysis. In the regression analysis, the curve fitting is 
addressed by solving nonlinear equations in the form of Nu = f(X1,X2), 
where X1 and X2 are the variables. The actual equation considered here 
is Nu = b1 + b2X1 + b3X2 + b4X1X2 + b5X1

2 + b6X2
2, where b1 - b6 are the 

coefficients. These coefficients have been calculated using the MATLAB 
platform. The regression coefficient is the slope of the regression line, 
this coefficient is maintained to be not less than 98% for these entire 
cases of study. In the cases of Ram and Da involved equations (presented 
in the later sections), the exponentials are adjusted to obtain a better 
regression coefficient. The correlation of Nu considering Ha and γ is 
given by 

Nu = b1 + b2Ha + b3γ + b4Haγ + b5Ha2 + b6γ2 (14) 

Fig. 17. Effect of ε on the heat transfer varying (a) Wb and (b) cavity angle for Ram = 103, Da = 10− 3, Ha = 50, Lh = 1.0, ζ = 0.1%.  
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The coefficients for Eq. (14) are 

b1 b2 b3
15.582243591290153 − 0.004444237225764 − 0.012010992955088

b4 b5 b6
0.000046609918736 − 0.000115884761942 − 0.000080932345679  

4.5. Flow regime and convective strength 

The modified Rayleigh number (Ram) dictates the flow regime 
whether it is conduction or convection-dominated. This section dis-
cusses the thermo-flow structure with the variation of Ram of 10, 102, 

Fig. 18. Effect of ζ on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.4 and (b) Wb = 1.0 for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, γ = 0◦.  
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and 104 (column-wise) and illustrates by the streamlines and isotherms 
(in Fig. 12) for all the magnetic fields at Wb = 0.4 (in Fig. 12a), and Wb =

1.0 (in Fig. 12b), at Da = 10− 3, ε = 0.8, ζ = 0.1%, Lh = 1.0, γ = 0 ◦. In 
fact, Ram = 10 indicates the flow is conduction dominated, convection 
process starts to dominate at Ram = 102, pure convection flow occurs at 
Ram of 104 flow structure modifies accordingly. A middle-centered 
partial magnetic field at Wb = 0.4 (in Fig. 12a) produces minor 
vortices inside the main convective cell at Ram of 10 and 102. At high 
convection regime (Ram of 104), the dampening effect by the magnetic 
field cannot modify the flow field too much and thereby no formation of 
minor vortices. This forms two opposing symmetrical high-strength 
convective circulations. However, for Wb = 1.0 (in Fig. 12b), two 
main convection circulation cells occupying the bottom portion for Ram 
of 10 and 102, the center of the circulation cell moves upward at Ram of 
104. It is usual to raise the strength of circulation as Ram raises. As 
magnetic strength acts uniformly over the entire vertical wall, there is no 
chance of the formation of minor cells inside main circulations. The 
isotherms for both the cases of Wb = 0.4 and 1.0 reveal that pure con-
duction flow at Ram of 10. Despite the central flow along the mid vertical 
section of the cavity, the temperature of the working fluid becomes 
lowest at a lower value of Ram. The isotherms of low temperature 
diverge more along the mid-section as Ram rises, which in turn creates a 
high-temperature zone at the middle plume zone. All the isotherms 
become more clustered with the heated wall as Ram increases, this tells 
rise in Nu. 

The heat transfer characteristics by Nu for different Ram (= 10, 102, 
103, 104) for different cavity orientations (γ = 0, 45, 90, 135, 180 ◦) are 
illustrated in Fig. 13. The Nu values increase with the rise in Ram for any 
magnetic field, any cavity orientations. The impact of Ram on the flow 
field is larger when Ram > 102. The magnitude of Nu is less for the whole 
domain imposed magnetic field with a cavity angle of 180 ◦. Formation 
of minor circulation can be noted at low Ram. The impact on the heat 
transfer process with increasing Ram is more relative to the active width 
of the magnetic field. The effect on the heat transfer process is significant 
after the value of Ram > 102 for any width of active magnetic field and 
any cavity angle due to a stronger convection effect. 

A mathematical correlation is developed to calculate the average Nu 
values for different values of Ram and γ by using the MATLAB platform. 

Nu = b1 + b2Ram + b3γ + b4Ramγ + b5Ra0.5
m (15) 

The coefficients for the above Eq. (15) are 

b1 b2 b3
9.842486253986076 − 0.000184391585389 − 0.006840247231828

b4 b5
− 0.000003596166614 0.140497647370960  

4.6. Permeability of porous medium (Da) impact 

The permeability of the porous body is measured by the Darcy 
number (Da), an increase in Da reduces the flow resistance that leads to 
better fluid flow and associated heat transfer. However, for studying the 
porous body, the modified Rayleigh number is defined as Ram = Ra ×
Da, which is a product of the fluid-based Rayleigh number and Darcy 
number. Thus, an increase in Da (from 10− 5 to 10− 1) for a fixed value of 
Ram (= 103) corresponds to the decrement in fluid Ra. So, it shows the 
conversion of heat transfer in the flow domain from convection process 
to conduction mode, which in turn results in a reduction in the fluid flow 
despite higher Da. This section shows the effect of Da (= 10− 4, 10− 2, and 
10− 1) on the streamlines and isotherms for the case of magnetic field at 
Wb = 0.4 and Wb = 1.0 at Ram = 103, ε = 0.8, Ha = 50, ζ = 0.1%, Lh =

1.0, γ = 0◦ in Fig. 14. At lower Da values (and Wb = 0.4), the flow 
structure shows two symmetrical circulation patterns in the cavity. Due 
to higher fluid Ra (= 107), the strong convection effect dictates the flow 
structure, and the dampening effect by the magnetic field is less. How-
ever, as the Da value increases to 10− 2, corresponding fluid Ra is 
reduced (= 105) and the localized magnetic field effect dampens the 
fluid velocity over the width Wb = 0.4. As a result, minor circulations 
develop inside each of the major circulation cells. Further increase in Da 
value (to 10− 1) similar phenomena is noted but the strength of the cir-
culation is reduced significantly (as reflected by the stream function). 
Corresponding isotherm lines show the uniform distribution for all the 
Da values. However, with the increase in Da values isotherm lines show 
thermal stratification in the vertical direction and show a dome-shaped 
pattern. The thickness of the thermal boundary layer increases over the 
heated bottom wall, which signifies a reduction in heat transfer, as re-
flected by the average Nu. However, when Wb increases to 1.0, the 
streamlines show the reduction of flow strength but there is no question 
for minor circulation appearance due to the presence of a uniform 
dampening effect over the entire cavity. The isotherms show a similar 
pattern as in Wb = 0.4. Of course, the drop in heat transfer is clearly 
noted and therefore Nu drops with the rise in Da. 

The effect of varying Da (= 10− 5, 10− 4, 10− 3, 10− 2, and 10− 1) on the 
heat transfer characteristics (Nu) for different widths of magnetic fields 
at different cavity orientations (γ = 0, 45, 90, 135, and 180 ◦) is 

Fig. 19. Effect of ζ on the heat transfer varying (a) Wb and (b) cavity angle for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50.  
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Fig. 20. Effect of heating length (Lh) on the streamlines (first row) and isotherms (second row) with (a) Wb = 0.4 and (b) Wb = 1.0 for Ram = 103, Da = 10− 3, ε = 0.8, 
Ha = 50, ζ = 0.1%, γ = 0◦. 
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illustrated in Fig. 15. As Da increases, average Nu drops monotonically 
for any values of active width of magnetic fields (in Fig. 15a) and any 
cavity orientation (in Fig. 15b). Lower Da values show maximum Nu at 
the no-magnetic field with a horizontal cavity (γ = 0◦). This is due to the 
stronger convection effect because of higher fluid Ra. The impact of Da is 
more compared to the active width of the magnetic field. 

A mathematical correlation is developed to calculate the average Nu 
values for different values of Da and γ by using the MATLAB platform. 

Nu = b1 + b2Da + b3γ + b4Daγ + b5Da0.05
m (16) 

The coefficients for the above Eq. (16) are 

b1 b2 b3
35.979604509459925 − 5.944614500076463 − 0.026700694751693

b4 b5
0.286763466019638 − 28.773397976453225  

4.7. Porosity (ε) effect 

The porosity of the porous body controls the fluid flow, higher 
porosity allows more flow in the system due to lower resistance and 
changes the flow structure accordingly. In this section, the effect of 
porosity (ε = 0.1, 0.6, and 1.0) by streamlines and isotherms for the 
middle-centered partial magnetic field (Wb = 0.4) and full domain 
magnetic field (Wb = 1.0) is illustrated in Fig. 16 at Ram = 103, Da =
10− 3, Ha = 50, Lh = 1.0, ζ = 0.1%, γ = 0◦. Here the buoyancy force is 
constant, as fluid flow rises with the increasing porosity, it forms higher 
strength of circulation for Wb = 0.4, 1.0 both. For ε = 0.6, and Wb = 0.4 
minor circulation cells develop inside the main circulation cells and a 
similar pattern persists at ε = 1.0 but flow strength increases markedly. 
This indicates a rise in the porosity, which implies more fluid velocity 
which in turn enhances the heat transfer. Of course, for the partial 
magnetic field, local temperature distribution modifies markedly. For 
Wb = 1.0, the corresponding flow structure shows two symmetrical 
circulations, and strength increases as porosity increases. Corresponding 
isotherm lines show a smooth pattern over the entire domain. The 
average Nu values variation with porosity ε (= 0.1–1.0) for all cavity 
orientations (γ = 0, 45, 90, 135, and 180 ◦) for all the active widths of the 

magnetic fields is illustrated in Fig. 17. This reveals the increasing 
pattern of average Nu with rising porosity for any width of the magnetic 
field (in Fig. 17a) for any cavity orientation (in Fig. 17b) when Ram =

103, Da = 10− 3, Ha = 50, Lh = 1.0. Here it also shows maximum Nu at 
the no-magnetic field and γ = 0 ◦. 

A correlation is developed to calculate the Nu value for different 
values of ε and γ by using MATLAB. 

Nu = b1 + b2ε + b3γ + b4εγ + b5ε2 + b6γ2 (17) 

The coefficients for the above Eq. (17) are 

b1 b2 b3
11.906305778915693 6.206764201415761 − 0.001981481002681

b4 b5 b6
− 0.015355542158676 − 2.520179048295021 − 0.000057705349759  

4.8. Hybrid nanoparticles volume fraction (ζ) 

The addition of nanoparticles in a carrier fluid improves the thermal 
conducting properties, and at the same time viscosity of the fluid rises. 
The rise in the conductivity assists the rise in heat transfer, whereas the 
viscosity enhancement drops the flow strength which in turn de-
teriorates the heat transfer. This section show the effect of nanoparticle 
volume fraction (ζ = 0, 0.75, 2%) over the thermal-flow fields in Fig. 18 
for partial as well as whole domain magnetic field (Wb = 0.4, and 1.0) at 
Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, γ = 0 ◦. The flow for both the 
cases of partly magnetic field and full domain magnetic field show 
dropping of flow strength due to the viscosity gain. Minor circulations 
(when Wb = 0.4) gradually disappear as ζ value increases. Of course, for 
Wb = 1.0, there is no minor circulation within the main circulation. The 
corresponding isotherm plot does not show a substantial change as both 
the opposing forces act together due to conductivity and viscosity. The 
average Nu values for all the nanoparticle volume fractions (ζ = 0, 0.1, 
0.33, 0.75, 1, 2%) for all the cavity orientations (γ = 0, 45, 90, 135, and 
180 ◦) is presented in Fig. 19 for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50. 
It is pertinent to note that the small addition of nanoparticles (ζ = 0.1%) 
raises the conductivity more consequently more heat transfer. However, 
further addition of nanoparticles shows the dropping tendency of Nu 

Fig. 21. Effect of heating length (Lh) on the heat transfer varying (a) Wb and (b) cavity angle for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, ζ = 0.1%.  
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Fig. 22. Variation of local Nusselt number (Nuloc) varying (a) Lh and (b) Ram, (c) Da, (d) γ, (e) Wb and (f) Ha for ε = 0.8, ζ = 0.1%.  
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values (in Fig. 19a). Bottom heated horizontal cavity (γ = 0 ◦) and with 
the no-magnetic field will be a better choice for having maximum Nu (as 
in Fig. 19b). Therefore no significant variation of the flow field and 
thereby Nu is noted in case of variation of ζ. 

A mathematical correlation is developed to calculate the Nu value for 
different values of ζ and γ by using MATLAB. 

Nu = b1 + b2ζ + b3γ + b4ζγ + b5ζ2 + b6γ2 (18) 

The coefficients for the above Eq. (18) are  

4.9. Effect of heating length (Lh) 

Like other controlling parameters, active heating length also governs 
the flow physics of hybrid nanofluid in the enclosure. To understand the 
influence of the heating length (Lh), this section presents the streamlines 
and isotherms as in Fig. 20 by varying Lh (0.2, 0.4, and 0.8) for Wb of 0.4 
and 1.0 at Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50, ζ = 0.1%, γ = 0 ◦. 
Whatever the heating length may be, as it heats up about the middle 
point of the bottom wall, the flow field pattern remains similar, it forms 
symmetrical streamlines and the flow strength is very less at Lh = 0.2 due 
to lower active heating length. The flow is counteracted by the magnetic 
field (Wb = 0.4), this dictates minor circulation for the cases of Lh = 0.2, 
0.4, and 0.8. The intensity of streamlines rises with the rise in Lh due to 
more addition of heat to the cavity fluid. The heating zone shows a high 
concentration of isotherms, isotherm begins from the localized heating 
zone and ends at the adiabatic wall. The intensity of streamlines is less at 
the low heating zone that indicating a low cooling effect. The center 
plume zone temperature rises with the rise of Lh. For the partial mag-
netic field, isotherms show distorted patterns for any heating length. 
However, when the whole domain magnetic field is applied (Wb = 1.0), 
it produces a more dampening effect on the flow field and dropping heat 
transfer but the rise in heat transfer occurs more as Lh goes high. The 
streamline strength also rises, with no formation of minor circulation 
cells. Of course, as the active heating length increases, clustering of the 
isotherms widens and the average Nu increases. 

Further to this, the impact of varying Lh (= 0.2, 0.4, 0.6, 0.8, and 1.0) 
for the varying cavity orientations (γ = 0, 45, 90, 135, and 180 ◦) is 
illustrated by Nu in Fig. 21 for Ram = 103, Da = 10− 3, ε = 0.8, Ha = 50. 
This reveals enhanced average Nu as Lh rises for any width of the 
magnetic field (in Fig. 21a) and cavity angle (in Fig. 21b). A monotonic 
increasing trend of Nu is noted for all Wb and γ. Interestingly, a sharp 
increasing trend in average Nu is noted for Lh > 0.8 for any Wb and γ. 
This happens so, as Lh increases from 0.8 to 1, the heating wall-length 
increases maximum and it becomes closer to the side cold walls, 
which implies higher heat transfer from the heated wall to the cold 
walls. The maximum Nu occurs for the no-magnetic field at γ = 0 ◦. This 
analysis clearly illustrates that the thermal behavior of a wavy walled 
cavity can be modulated significantly by setting the appropriate active 
length of heating, the active width of the applied magnetic field, and the 
orientation of the cavity. 

A mathematical expression is developed to calculate the average Nu 
values for different values of Lh and γ by using MATLAB. 

Nu = b1 + b2Lh + b3γ + b4Lhγ + b5Lh
2 + b6γ2 (19) 

The coefficients for the above Eq. (19) are 

b1 b2 b3
5.325009142800767 − 5.091437142149459 0.001966798091553

b4 b5 b6
− 0.014831755554880 14.517264285076928 − 0.000078275273352 

Apart from the global thermal behavior in terms of average Nu, the 
thermal behavior in terms of local Nusselt number (Nuloc) over the 
bottom heated wall is also investigated for the varying controlling pa-
rameters in Fig. 22. Fig. 22a illustrates the features of Nuloc for the 
varying active heating length (Lh) keeping Ram = 103, Da = 10− 3, ε =
0.8, Wb = 0.4, Ha = 50, γ = 0 ◦ fixed. The magnitude of Nuloc is 
maximum at both ends of the whole heated bottom wall (Lh = 1.0), there 

Table 8 
Increment in heat transfer with a wavy wall compared to the square cavity 
for Ram = 103, Da = 10− 2, Ha = 50, ζ = 0.1%, Lh = 1.0, γ = 0◦.  

Criteria Change in quantity 

Increase in cooling length 0.62 
% Increase in cooling length 31% 
Increase in average Nu 1.49 (for Wb = 0) 

1.729 (for Wb = 0.4) 
1.856 (for Wb = 1.0) 

% increase in average Nu 13.53 (for Wb = 0) 
17.81 (for Wb = 0.4) 
22.16 (for Wb = 1.0) 

% decrease in fluid volume 10%  

Table 9 
Increment/ decrement in heat transfer with partial magnetic field compared to 
whole domain / no- magnetic field for Ram = 103, Da = 10− 3, ζ = 0.1%, Lh = 1.0, 
γ = 0◦.  

Criteria Compared to the whole domain 
magnetic field (increase) 

Compared to the no- 
magnetic field (decrease) 

Change in 
average Nu 

0.58 (for Wb = 0.2, Ha = 30) 
0.50 (for Wb = 0.4, Ha = 30) 
1.86 (for Wb = 0.2, Ha = 70) 
1.59 (for Wb = 0.4, Ha = 70) 

0.02 (for Wb = 0.2, Ha =
30) 
0.04 (for Wb = 0.4, Ha =
30) 
0.30 (for Wb = 0.2, Ha =
70) 
0.56 (for Wb = 0.4, Ha =
70) 

% change in 
average Nu 

3.58 (for Wb = 0.2, Ha = 30) 
3.37 (for Wb = 0.4, Ha = 30) 
13.97 (for Wb = 0.2, Ha = 70) 
12.02 (for Wb = 0.4, Ha = 70) 

0.10 (for Wb = 0.2, Ha =
30) 
0.26 (for Wb = 0.4, Ha =
30) 
1.97 (for Wb = 0.2, Ha =
70) 
3.64 (for Wb = 0.4, Ha =
70)  

Table 10 
Decrement in heat transfer with whole length heating (Lh = 1.0) compared to 
partial heating for Ram = 103, Da = 10− 3, Ha = 50, ζ = 0.1%, γ = 0◦.  

Criteria Partial magnetic field 
(Wb = 0.4) 

Whole domain magnetic field 
(Wb = 1.0) 

% decrease in heating 
length 

80 (for Lh = 0.2) 
60 (for Lh = 0.4) 
20 (for Lh = 0.8) 

80 (for Lh = 0.2) 
60 (for Lh = 0.4) 
20 (for Lh = 0.8) 

% decrease in average 
Nu 

72.86 (for Lh = 0.2) 
58.15 (for Lh = 0.4) 
39.16 (for Lh = 0.8) 

76.37 (for Lh = 0.2) 
62.31 (for Lh = 0.4) 
45.89 (for Lh = 0.8)  

b1 b2 b3
0.151775929747091 × 102 − 0.239883617712375 × 102 − 0.000144093898585 × 102

b4 b5 b6
0.003179266221405 × 102 1.068377803886756 × 102 0.000000588762493 × 102   
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are negligible changes towards the middle points of the heated wall and 
becomes minimum at the middle point. Due to the presence of cold 
sidewalls, Nuloc shows a sharp rise. As the heating length decreases 
(about the midpoint of the bottom wall) to Lh = 0.8, 0.6, 0.4, and 0.2, 
positions of the sharp rising Nuloc shift towards the middle point of the 
heated wall, and also the magnitude of the Nuloc is decreased. The reason 
behind this behavior is the decrease in the length of the thermal layer 
over the active heating length, which diminishes the Nuloc. For the fixed 
heating length (Lh = 1.0), as the modified-Rayleigh number (Ram) in-
creases, the magnitude of the Nuloc increases markedly at the both ends 
of the heated wall (as in Fig. 22b) for Da = 10− 3, ε = 0.8, Wb = 0.4, Ha =
50, Lh = 1, γ = 0 ◦. At lower Ram (= 10) the magnitude of the Nuloc is less 
due to conduction dominance and maximum at Ram = 104 due to 
dominance of convection, which means higher heat transfer. A similar 
pattern of Nuloc is observed for the various Da keeping fixed values of 
Ram = 103, ε = 0.8, Wb = 0.4, Ha = 50, Lh = 1, γ = 0◦ (in Fig. 22c). The 
variation of Nuloc for the different cavity orientation is also plotted in 
Fig. 22d when Ram = 103, Da = 10− 3, ε = 0.8, Wb = 0.4, Ha = 50, Lh = 1. 
For the fixed values of Ram = 103, Da = 10− 3, ε = 0.8, Lh = 1, γ = 0 ◦ the 
variation of Nuloc with the change in Wb and Ha are illustrated in 
Fig. 22e and 22f, respectively. There are negligible changes in the Nuloc 
(at the heated wall) plot for the different Wb and Ha, although marked 
changes are noted for the global Nu. 

To understand the global impact of the modified cooling wall from 
plain to wavy complex pattern, the changes in average Nu values are 
shown in Table 8 for Ram = 103, Da = 10− 2, Ha = 50, ζ = 0.1%, Lh = 1.0, 
γ = 0 ◦. In this study, heat transfer characteristics of the considered 
complex wavy cavity are compared with that of the base study case of a 
square cavity (under identical boundary conditions and flow parame-
ters). Both side walls are wavy and cold, which makes the present 
problem an augmented cooling length (compared to that of the square 
cavity, the base case). However, the wavy walls in turn reduce the 
working volume (area) of the cavity. For the square cavity in dimen-
sionless two-dimensional configuration, the cooling length is 2.0, and 
the working fluid volume becomes 1.0. However, the cooling length and 
reduction in working fluid volume for a wavy walled cavity are 
computed to be 3.6 (dimensionless) and 10%,x0025 respectively. The 
working area of the wavy cavity is computed by subtracting the areas 
under the sinusoidal curves from the area of the reference square cavity. 
An increase in the cooling length and decrease in volume along with an 
increase in average Nu has been mentioned in Table 8. It reveals that the 
modification in the plain cooling to wavy wall leads to the increment in 
31% effective heating length, maximum 22.16% enhanced heat transfer 
and approximately 10% decrease in working fluid volume. 

Furthermore, in this problem the length of the heated bottom wall is 
also varied, this, in turn, changes the average Nu. Initially, it is the whole 
length and the magnitude is 1.0 (dimensionless), then the heating length 
is decreased by 0.8, 0.6, and 0.2 simultaneously for the localized partial 
heating. The increment/ decrement in heat transfer with partial mag-
netic field compared to whole domain / no-magnetic field is evaluated as 
shown in Table 9 for Ram = 103, Da = 10− 3, ζ = 0.1%, Lh = 1.0, γ = 0◦. It 
reveals ~13.97% heat transfer enhancement for the minimum active 
width of the magnetic field (Wb = 0.2) and the highest intensity of the 
magnetic field (Ha = 70) compared to the whole domain magnetic field. 
Whereas decrement in heat transfer ~3.64% is noted for Wb = 0.4, Ha =
70. Also, a decreasing trend of heat transfer ~72.86 to 39.16% (for Wb =

0.4) and ~76.37 to 45.89% (for Wb = 1.0) compared to whole length 
heating (Lh = 1.0) is noted depending on the active heating length Lh =

0.2 to 0.8 (as in Table 10). 
The mathematical correlations for the average Nu (given in Eqs. 

(14)–(19) derived from the regression analysis using MATLAB) can be 
applied over the parametric spaces of Ha, γ, Ram, Da, ε, ζ, or Lh for the 
considered ranges of parameters. As the simulation results are prepared 
only for the certain fixed values of the operating and involved param-
eters, the results in their intermediate ranges can not be found from the 
solved dataset. Generating all the solutions for every small change in 

influencing parameters through the simulations is also not practical. 
However, the design, analysis, and operation of the physical system may 
demand any value of the involved parameters apart from the selected 
run data. Here, the correlation form of equations is very powerful as it 
can address any change in any parametric value. The handling/imple-
mentation of big run data for Nu over the parametric spaces is difficult 
and can be easily avoided by using the correlations of Nu-expressions. It 
can be directly used like empirical equations and can give the estimate of 
heat transfer (in terms of the average Nu) for any continuous change in 
parametric value. It is also very handy to use these correlations in any 
work and particularly for a complex physical system (using multiple 
similar thermal devices). Furthermore, the trend of the Nu curve can 
also be realized by judging the coefficients of the different terms of its 
expression. If the coefficients are positive, the Nu will enhance when the 
parametric value increases; and vice versa. Therefore, the physical 
interpretation could be easier and more generic using the correlation- 
based Nu-equations. 

From the many involved parameters (active heating length Lh, active 
width of the partial magnetic field Wb and its position, magnetic field 
strength Ha, cavity inclination γ, Darcy-Rayleigh number Ram, Darcy 
number Da, and nanofluid concentration ζ), it is revealed that the 
thermal behavior of this complex wavy cavity is significantly influenced 
by almost all the parameters. The parameters namely Lh, Wb and its 
positions, Ha, γ, Ram, and Da play a more vital role; whereas, the 
parameter ζ has a minor effect on the thermo-fluid flow structure of the 
present case. 

5. Concluding remarks 

A numerical study is carried out to explore the improved controlla-
bility through partially active magnetic fields of enhanced thermal 
performance of a hybrid nanofluid (Cu–Al2O3–H2O) filled oblique 
porous enclosure heated partially from the bottom and cooled through 
the wavy sides. The impact of the partial magnetic field is analyzed 
considering different widths of the active magnetic field and its positions 
(top, bottom, and middle), and its thermal performance is compared 
with the performances of a no-magnetic field and a whole-domain 
magnetic field. The role of wavy shape, cavity orientation along with 
the other flow controlling parameters (Wb, Ha, Ram, Da, ε, ζ, Lh) is 
elaborated exhaustively. The outcomes of this study are summarized 
below.  

• The wavy walls enhance the heat transfer due to the rise in effective 
cooling surface compared to a plain vertical wall; however, the 
strength of fluid circulation drops as the flow volume decreases. 
Imposing a wavy wall heat transfer enhances up to ~22.16% 
compared to the plain vertical wall.  

• A partially active magnetic field can be used as an effective means to 
control flow fields locally, and the reduction in heat transfer is found 
less (~13.97%) compared to the whole domain magnetic field.  

• The middle-centered partial magnetic field develops two pairs of 
minor vortices in the flow field that depends upon the length, posi-
tion, and intensity of the magnetic field. In most cases, the phe-
nomena are observed at a higher strength of the magnetic field and 
higher permeability of the porous body.  

• Tilting of the cavity changes the thermo-fluid flow substantially by 
the action of the partial magnetic field; however, the maximum heat 
transfer is noted at no tilting condition. Tilting of the cavity can 
reduce heat transfer in the cavity.  

• The chances of formation of minor circulation cells are noted at low 
Ram, and higher Da and porosity values. Heat transfer gains with the 
rise of Ram, which decreases with Da.  

• The impact of Ram and Da is higher compared to the length of the 
partial magnetic field.  

• No significant variation of the flow field and thereby Nu is noted in 
case of variation of ζ. 
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• Active heating length influences markedly over the effect of partial 
magnetic field on the thermo-fluid flow. Higher heating length cor-
responds to more heat transfer. A decreasing trend of heat transfer 
from 72.86 to 39.16% for Wb = 0.4 and from 76.37 to 45.89% for Wb 
= 1.0, compared to the whole length heating (Lh = 1.0), is noted 
depending upon the active heating length Lh = 0.2 to 0.8. 

This discussion will be useful to design the related thermal systems/ 
devices, where flow field and temperature distribution can be required 
to control locally. 
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