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Abstract
Application of partial magnetic field can be useful for controlling thermal convective processes occurring in magneto-thermal
devices/systems. The present work aims to demonstrate the implementation of a partial magnetic field using a typical thermal
system. This study explores both local transport phenomena and global heat transfer rates. The partial magnetic fields
involving multiphysical conditions find many applications in electronic industries, medical, and health science. The paper
presents a conceptual finding from the use of a partial magnetic field on a classical porous cavity comprising Cu�Al2O3/water
hybrid nanoliquid heated differentially. The partial magnetic field is functional either horizontally or vertically. The finite
volume technique is employed to the coupled transport equations subjected to particular boundary situations using a
developed computing code. The simulations are accomplished to a great extent with different variables such as the Darcy-
Rayleigh number (Ram), Darcy number (Da), Hartmann number (Ha), and hybrid nanoparticles concentrations (φ). The effects
of magnetic field widths and their positional variations in horizontal and vertical directions are also analyzed. The study found
that the convective transport process could effectively be modulated by setting the appropriate position, widths, directions,
and intensity of the imposed magnetic fields. The partial magnetic field causes a decrease in heat transfer ∼17.15% or 9.71%
less compared to the whole length horizontal or vertical magnetic field. The application of partial magnetic fields significantly
alters local thermo-fluid flow phenomena and advancement in heat transfer characteristics in comparison to the magnetic
fields acting over the entire domain. Furthermore, the heatline visualization tools reveal the insight of the heat flow dynamics,
which dictates the selection of appropriate parametric values and magnetic field configurations.
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Highlights

• The effect of partially active magnetic fields along
with the whole domain magnetic fields is examined
through a typical hybrid nanofluid saturated porous
enclosure.

• Heat energy transport phenomena for different para-
metric variations of the partial magnetic fields are
visualized by streamlines, isotherms, and heatlines,
average Nu.

• The influence of partial magnetic field length var-
iation in both the horizontal and vertical directions
is insightful. With the partial magnetic field dec-
rement in heat transfer is ∼17.15% or 9.71% less
compared to whole length horizontal or vertical
magnetic field.

• The concentrations of hybrid nanoparticles, po-
rous media permeability, and intensity of mag-
netic fields extensively influence the fluid-heat flow
dynamics.

• The change in magnetic fields widths and its positional
adjustment technique might be effectively a potential
alternative means for controlling the transport process
under various multiphysical scenarios.

Introduction

The presence of magnetic fields in any thermal system
evolves thermo-magnetic convection, which is familiar as
magnetohydrodynamic (MHD) convection. Many modern
devices involving thermal-magneto systems operate under
various multi-physical conditions with the presence of the
porous compound, nanofluids/hybrid nanofluids, etc.
Proper control of the transport process of such devices is
one of the major challenges for designers. In general, con-
vective transport involving MHD flow coupled with multi-
physics finds diverse fields of applications in engineering and
industries.1,2 Many modern applications in biomedical
engineering,3–6 such as targeted drug delivery, injury thera-
peutic treatment, tumor, and cancer treatment with magnetic
hyperthermia, medical surgery, control of gastrointestinal
disorders, magnetic endoscopy, cell separation, and bio-waste
fluids transportation intensively use MHD convection. Fur-
ther detailed applications can be found in Refs. 7–15.

Furthermore, the demand for precise control along with
the sophistication of the devices involving thermo-magnetic
convection is rising progressively, which requires intensive
research in this area. Apart from the existing methods of full
domain magnetic fields, the application of partially active or
discrete magnetic fields is a new venture in the modern era.
Instead of applying a magnetic field over the entire flow
domain, it could be applied only on a selective region of the
domain. The implementation of a magnetic field in this
discrete way is usually termed as partial magnetic field;
partial magnetic field16 or its variant multi-banded magnetic
fields17 are the latest development in the area of MHD flow
(MHD flow). Partial magnetic fields could help more fo-
cused control of transport-process in magneto-thermal
devices/systems. The technique of partially active mag-
netic fields can be an alternative approach for controlling
the transport process along with heat transfer. In general,

when a magnetic field is functional to any system/device,
its hydrodynamics is affected severely and as a result, local
transport phenomena are altered. The force associated with
the magnetic field dampens the flow velocity, which in turn
reduces convective phenomena.7 The application of
magnetic in the convection systems has been started for a
long18 considering whole domain magnetic fields. Several
researchers have examined the MHD thermal convection
in different flow geometries under various multi-physical
considerations like differentially heated cavity applying
uniform magnetic fields over the whole domain,19 non-
uniform magnetic fields using line dipoles,20 permanent
magnets,21,22 alternating magnetic fields,8 periodic mag-
netic fields,23 and partially applied magnetic fields.16,24–26

From these reported studies, it is observed that the
thermal-fluid phenomena in a confined space relating to
any thermal device can effectively be controlled by ap-
plying magnetic fields with proper adjustment. On this
background, the researcher25 examined the MHD con-
vection of fluid having a lesser Prandtl number (Pr =
0.024) in a cavity heated differentially and subjected to
partially active nonuniform magnetic fields. The study
reveals that by adjusting the applied magnetic fields thermo-
fluid flow damped and behavior changes from chaotic os-
cillation to a steady situation. Very recently, Geridonmez and
Oztop16,24 and Jalil et al.,25 deliberated the thermo-magnetic
convection of left heated and right cooled air-filled cavity16

and without a porous medium24 under the influence of
partially active horizontal and diagonally inclined partial
magnetic fields. It is found that the transport process in the
cavity is altered depending upon the position, location, and
intensity of the imposed magnetic fields.

The MHD convective phenomena in the presence of
porous compounds become more complex (due to the flow
dampening effect) and it results in a drop in the heat transfer
characteristic. Such drop in the heat transfer can be com-
pensated by the suspension of single or dissimilar types of
nanopowders or their mixture into conventional fluids,
which are termed nanofluid/hybrid nanofluid. Basics on the
above topics are reported in the literature.26–31 In a recent
time, the MHD thermal convective process of nanoliquid has
been studied without32 and with porous domain33 applying a
non-uniform magnetic field. Adopting variable magnetic
fields34 scrutinizes thermo-magnetic convection of hybrid
nanoliquid-filled porous enclosure applying variable mag-
netic fields. The magneto-thermal convective process of
CNT-nanoliquid filled 3D enclosure with differential heating
imposing partial magnetic field is investigated.35 They have
shown that the place and intensity of the applied magnetic
field could effectively modify the thermo-fluid phenomena.

The literature survey on thermomagnetic convection
presents that magnetic fields are commonly supplied either
over the whole domain or as a point source using line
dipole. Recently, few researchers have started to focus on
the implementation of partial magnetic fields.24,36 How-
ever, in-depth analyses on the thermomagnetic multi-
physical convection subjected to partially active mag-
netic fields are still missing. Under the circumstances, the
present effort of investigation is targeted to attain this issue
(gap in the existing researches). In this work, the conse-
quence of spatially and partly active magnetic fields on the
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thermomagnetic convection is investigated numerically
under multiphysical applications. The investigation is
carried out considering a differentially heated enclosure
containing Cu-Al2O3-water hybrid nanoliquid and porous
compound. The use of hybrid nanoliquid is another im-
portant aspect of the present study, as it is a more recent
development and very relevant to the current trend of re-
searches.37 The present study provides many insightful
original research data and findings on the different aspects
of the considered problem. This study embraces partially
active magnetic fields functional in horizontal as well as
vertical directions (sub-section of Thermal behaviors of
partially active horizontal and vertical magnetic fields).
Furthermore, the positional influences of the active mag-
netic zone are also analyzed considering middle-centered
and off middle-centered arrangements (sub-section of Po-
sitional effects of a partial partially active magnetic field).
The effect of partial magnetic field width is also appro-
priately addressed (sub-section of Impact of active width
(Wb) of the magnetic fields). The parametric effects of
Hartmann number (Ha), Darcy-Rayleigh number (Ram),
Darcy number (Da), and hybrid nanoparticles’ volume
fraction ðφÞ are elaborated systematically (from sub-section
of Effect of Darcy–Rayleigh number (Ram) to sub-section of
Influence of hybrid nanoparticles volume concentration(φ)).
Finally, a comprehensive heat transfer analysis is presented
additionally covering no-magnetic field and whole-length
magnetic field (sub-section of Heat transfer behavior). Ap-
plying a partially active magnetic field during multiphysical
situations can alter the local transport phenomena significantly.
To visualize the heat transport mechanisms and subsequently
to control the transport process, the heatlines38-based analyses
are adopted. Therefore, the present investigation and outcome
results could be helpful to many readers, researchers, and
magneto-thermal system developers of broader fields. The
present work could enrich the understanding of thermomag-
netic hybrid-nanoliquid convection and would encourage
similar future studies, which is very much essential from the
point of scientific research advances and real applications.37

Model descriptions and
mathematical treatment

The two-dimensional geometric presentation of a square
cavity (vertical dimension H) containing porous compound
and Cu�Al2O3-water hybrid nanoliquid is illustrated in
Figure 1. A partially active uniform magnetic field (width
Wb and strength B) is applied either horizontally or verti-
cally. These two configurations are designated as Case 1
and Case 2 as depicted in Figure 1(a) and (b), respectively.
The active magnetic field with the same effective width
(Wb) is distributed over the y-axis or x-axis, respectively.
Two sidewalls of the cavity are heated differentially at
isothermal conditions (Th heating temperature and Tc
cooling temperature) and two horizontal walls are insu-
lated. Due to this differential heating, a clockwise (CW)
circulation cell is formed and the associated thermal en-
ergy is transported following a well-boarded corridor from
the heated wall to the heat sink. For ease of understating, a

typical heatlines distribution is illustrated in Figure 1(c)
and (d) for Cases 1 and 2, respectively.

The physical modeling of the chosen problem coupled
with multiphysical situations involving porous structure,
hybrid nanoliquid, and a partial magnetic field is not an easy
task. Therefore, adopting the Boussinesq approximation,
the investigation of hybrid nanoliquid flow through the
porous matrix is searched adopting the partially active
magnetic fields through different Cases 1–2 (applied in
horizontal and vertical directions, respectively) from the
transient simulations.

It is supposed that the porous matrix is consistent having
uniform openings. The computation is conducted by im-
planting a single-phase homogenous method of the hybrid
nanoliquid because of the lower concentration (≤2%) of
nano-scaled particles of Cu and Al2O3 (which consists
of uniform and spherical diameter ∼1 nm). The mixture of
nanoparticles is dispersed uniformly in the carrier fluid
(water of Pr = 5.83) with no agglomeration and sedimen-
tation.27 In the analysis, the local thermal equilibrium state
in between the solid phase (porous body) and liquid phase
(hybrid nanofluid) is assumed with the consideration of the
Forchheimer-Brinkman-extended Darcy model.39,40 In this
study, the porous substance is assumed rigid, isotropic, and
homogenous solid body, and it conforms the uniform per-
meability throughout the whole porous material.41 The flow
through the porous substance is assumed as the incom-
pressible, Newtonian, and laminar flow. Lorentz force is only
considered from Maxwell’s model of magnetic induction
with the electrical conducting property of the fluid, the Joule
heating, and Hall effect21,22 is ignored because of the lower
magnitude of magnetic Reynolds number (due to lesser
magnitude of Hartmann number and nanoparticles contents).
The viscous dissipation is also minor in this analysis40,42
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Equations (1)–(4) correspond to the dimensionless
governing equations for the evolved flow physics. To
handle two different cases (Case 1, the horizontal
partial magnetic field where inclination angle γ = 0°;
Case 2, the vertical partial magnetic field where γ =
90°), the generalized angular expression of magnetic
force is used in the momentum equations (2) and (3).
The partial magnetic field over the domain is achieved
through λB by setting one to it for the active zone
(otherwise zero). The resisting force from the porous
element is modeled by the Forchheimer-Brinkman-
extended Darcy model invoking porous permeability,
K ¼ ε2d2ps=150ð1� εÞ2 in terms of porosity (ε) and
average particle size (dps), and the Forchheimer coef-

ficient, Fcð¼ 1:75=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
150 ε3

p
Þ.39 The effective thermal

diffusivity α in the energy equation includes the fluid
and porous substance conductivities (k and kps, re-
spectively) as α ¼ ðεk þ ð1� εÞkpsÞ=ρCP.

39

Furthermore, the parameters of X, Y, U, V, P, and θ in di-
mensionless forms indicates the coordinates, velocity, pressure,
and temperature, respectively, which are defined27,28 as
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where the dimensionless parameters Pr, Da, Ram and Ha,
and Fc correspond to the Prandtl, Darcy, Darcy–Rayleigh
and Hartmann numbers, and Forchheimer coefficient,
respectively.

For the studied problem of hybrid nanofluid filled porous
enclosure under the partially applied magnetic field, the
boundary conditions are taken as:

θ = 1 and θ = 0 for the left and right walls,
∂θ=∂Y ¼ 0 top and bottom walls,
U = V = 0 and zero-velocity for all the walls.
To find the range of Al2O3 and Cu nanoparticles con-

centrations φ (as a result of dispersion of the nano-
composites in the host fluid) following expressions are
adopted (through mixture rule)

φ ¼ φA12o3 þ φCu (6)

In this study, the thermophysical parameters of host
liquid, and Cu and Al2O3 nanoparticles are listed in Table 1.
Now, for obtaining the thermophysical parameters of the
mixed liquid (hybrid nanoliquid), some closure correla-
tions are adopted, which are presented in Table 2. The
notation “f” and “s” are utilized for signifying the carrier
fluid (water) as well as solid nanopowders (Cu and Al2O3).

Figure 1. Physical model of the geometry including coordinates, boundaries, and heat transport. (a) Case 1: Horizontally active partial
magnetic field, (b) Case 2: Vertically active partial magnetic field, (c, d) Typical patterns of heatlines, respectively, for Cases 1 and 2.
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From the classical models of Brinkman43 and Maxwell,44

dynamic viscosity, thermal, and electrical conductivities
are evaluated. However, in the present study, we have
utilized the experimentally captured data of Suresh et al.45

for the correct estimation of viscosity and thermal con-
ductivity of Cu–Al2O3-water hybrid nanoliquid as listed in
Table 3. The mixture of Cu and Al2O3 nanoparticles is
selected for the present magneto-thermal-hydrodynamic
study due to the following reasons. In general, for Cu, the
thermal conductivity, as well as the electrical conductivity,
is very high compared to Al2O3. Whereas, Al2O3 expe-
riences lower conductivities compared to Cu nano-
particles. For the Cu-nanoparticles both the thermal
(401.0 W/(m�K)) as well as electrical conductivities
(5.96 × 107 μScm�1) are meaningfully higher. Thus,
adding Cu nanopowder significantly boosts the conduc-
tivities of the resulting hybrid nanoliquid. For these rea-
sons, the combined effect of conductivities of the Cu-
Al2O3-water hybrid nanofluid is the best-fitted working
fluid to modulate the appropriate thermal transport phe-
nomena as well as a distinct dampening effect of magnetic
fields (Lorentz force). Furthermore, there exist several
works in the open literature using Cu-Al2O3-water hybrid
nanofluid (or nanoliquid).

For estimating the heat transfer from the heated
surface, the average Nusselt number (Nu) is considered
from the solved temperature field through the following
expression

Nu ¼ k

kf

Z 1

0

�
� ∂θ
∂X X¼0;1

�
dY

���� (7)

In order to visualize the local transport phenomena under
the multi-physical scenario in presence of partially active
magnetic fields the contours of heatlines, streamlines, and
isotherms were utilized. The contours of heatlines illustrate
the dynamics of heat flow passages within the enclosure by
together combining the convective and conductive heat
fluxes. To illustrate the heatlines, heat function (Π)7,27,46 are

calculated from the energy balance under the steady-state
situation, which is given below
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The static temperature distribution within the flow do-
main is obtained through isotherms, which are generated
from the solved temperature field. Similarly, the fluid-flow
distribution is illustrated by the streamlines, which are
accomplished from the stream function ψ and is as defined
as36

�∂ψ
∂X

¼ V and
∂ψ
∂Y

¼ U (9)

Numerical technique

The results of the flow domain are obtained by solving the
coupled transport equations given by equations (1)–(4).
These dimensionless equations are solved by using a
written computation code implementing the finite volume
technique. The partial differential equations (1)�(4) are
linearized and discretized implementing the 2nd order
central and 3rd order upwind (QUICK) schemes, respec-
tively, for the diffusion and advection terms.47 The domain
of the numerical solution is meshed using finer control
volumes arranged with uniformly distributed grids. The
discretized equations are solved iteratively following the

Table 1. List of effective thermo-physical attributes of water and Cu, Al2O3 nanoparticles.
30

Thermo-physical attributes

α (kgm�3) β (K�1) ρ (kgm�3) μ (kgm�1s�1) cp (Jkg
�1K�1) k (Wm�1K�1)

Cu 1.11×10�4 1.67×10�5 8933 — 385 401
Al2O3 131.7×10�7 0.85×10�5 3970 — 765 40
Water 1.47×10�7 21×10�5 997.1 9.09×10�4 4179 0.613

Table 3. Experimental dataset of Suresh et al.45

φð%Þ φA11O3
ð%Þ φCuð%Þ μðkgm�1s�1Þ kðWm�1K�1Þ

0.1 0.0962 0.0038 0.0972×10�2 0.619982
0.33 0.3175 0.0125 0.1098×10�2 0.630980
0.75 0.7215 0.0285 0.1386×10�2 0.649004
1.0 0.9620 0.0380 0.1602×10�2 0.657008
2.0 1.9241 0.0759 0.1935×10�2 0.684992

Table 2. Classical models for obtaining the effective thermophysical properties of hybrid nanoliquid.

Physical properties Models for hybrid nanofluid

Density ρ ¼ ð1� φÞρf þ φ ρs, where φ ρs ¼ φAl2O3
ρAl2O3

þ φCuρCu
Specific heat capacity ðρcpÞ ¼ ð1� φÞðρcpÞf þ φðρcpÞs, where φðρcpÞs ¼ φAl2O3

ðρcpÞAl2O3
þ φCuðρcpÞCu

Thermal expansion coefficient ðρβÞ ¼ ð1� φÞðρβÞf þ φðρβÞs, where φðρβÞs ¼ φAl2O3
ðρβÞAl2O3

þ φCuðρβÞCu
Thermal conductivity k ¼ kf ½ðks þ 2kfÞ � 2φðkf � ksÞ=ðks þ 2kfÞ þ φðkf � ksÞ�, where φks ¼ φCukCu þ φAl2O3

kAl2O3

Electrical conductivity σ ¼ σf ½1þ 3ðσs=σf � 1Þφ=ðσs=σf þ 1Þ � ðσs=σf � 1Þφ�, where φσs ¼ φCuσCu þ φAl2O3
σAl2O3

Thermal diffusivity α ¼ kðρcpÞ�1

Viscosity μ ¼ μf ð1� φÞ�2:5
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SIMPLE algorithm48 adopting Tri-diagonal Matrix Algo-
rithm and Alternate Direction Implicit sweep. The con-
vergence of the solution is determined with progressive
minimization and the continuity mass defect fall <10�8 and
10�10, respectively, for the residuals for each conservation
equations.49 After getting the converged solutions, the
dimensionless velocities (U, V), and temperature (θ) are
stored, which are further post-processed through the
graphical user interface (GUI) module to generate the vi-
sualization plots (like streamlines, isotherms, and
heatlines).

As a part of the first step of basic validations, the de-
veloped solver has been validated with the standard nu-
merical results and in-house experimental data, which are
available in the open literature.50 The identical in-house
code has been employed repeatedly to solve dissimilar
geometries based on various flow-physics (comprising a
porous body, nanoliquid/hybrid nanoliquid, Lorentz force,
etc.).7,27,51 In these works, numerous validation tests have
been shown. Despite the several validation studies, another
validation study is carried out considering buoyant con-
vection in a cavity with left wall hot and right wall cold and
filled with Al2O3-water nanofluid as reported by Ghasemi
et al.52 The result are compared through the average Nu and
maximum values of stream function ðjψjmaxÞ for Pr = 6.2,
Ra = 105, Ha = 0 and 30, and φ = 0 and 2%, which are
summarized in Table 4. The assessment shows a closer
matching with the published results. This ensures the ca-
pability and precision of the developed code.

In order to capture the correct high-resolution flow
structure within the computational domain, fine mesh
structures are taken for the different involved parameters.
The finer meshes are allotted consistently along with the
horizontal and vertical directions. To check the correctness
of the grid distribution, different combinations of mesh
sizes (120×120, 160×160, 200×200, and 240×240) are
tested and the corresponding average Nu at the heated wall
is calculated for various Ram values (= 10–104) fixing Da =
10–3, Ha = 50, and φ = 0.1%. Corresponding results are

shown in Table 5. The results show that the mesh of
200×200 is the best-fitted grid as there are negligible
changes in the average Nu after 200×200. This mesh size
ensures a sufficiently small mesh for capturing the correct
resolution of the flow structure and finally it is selected for
the computation of the chosen geometry.

Results and discussion

This work is chiefly performed to examine the impact of the
partial magnetic field on the thermal-fluid flow behavior. To
demonstrate the same, the present investigation is con-
ducted within the laminar flow regime by applying the
Boussinesq approximation, highly diluted hybrid nanofluid,
and lower magnetic field strength. The impacts on thermo-
fluid structures in the enclosure from the impacts of
involved different physics are investigated extensively ful-
filling the aforementioned conditions. Thus, the ranges of
parameters are chosen as Darcy–Rayleigh number (1 ≤
Ram ≤ 104), Darcy number (10�5 ≤ Da ≤ 10�1), fixed po-
rosity (ε= 0.8), Hartmann number (0 ≤ Ha ≤ 50), and hybrid
nanoparticles volume fractions (1% ≤ φ ≤ 2%). The existing
many works53–55 also support the appropriateness of the
present selected ranges of parameters. The direction of a
partially active magnetic field is intensified over the left
sidewall horizontally (γ = 0o) or vertically (γ = 90o) over the
bottom wall which is the principal investigator of the present
study. The effect of positional shifting of partially active
magnetic fields in the either horizontal or vertical direction is
presented in this work. The width of the partial magnetic
fields effect in either direction is varied and analyzed ex-
tensively. A systematic study of fluid flow (by streamlines),
temperature distribution (by isotherms), heat flow (by heat
lines), and heat transfer (by average Nusselt number) have
been carried out to show the impact of a magnetic field with
its position in addition to Ra, Ram, Da, Ha, and φ in the
subsequent subsections. All the results have been illustrated
in this work after achieving steady solutions.

Table 4. The comparison of computed average Nu (and jψjmax in bracket) with reported data of Ghasemi et al.52 at Ra = 105, Pr = 6.2, and
varying Ha and φ.

Ha

Present results Ghasemi et al.52 results

φ = 0 φ = 2% φ = 0 φ = 2%

0 4.776 (11.270) 4.857 (11.529) 4.738 (11.053) 4.820 (11.313)
30 3.163 (5.755) 3.221 (5.906) 3.150 (5.710) 3.138 (5.682)

Table 5. Mesh sensitivity test for various Ram values (= 10–104) fixing Da = 10�3, Ha = 50, and φ = 0.1%.

Ram

Average Nu (% error)

120×120 160×160 200×200 240×240

10 1.032 1.032 (0.05%) 1.031 (0.03%) 1.031 (0.01%)
102 1.881 1.877 (0.17%) 1.876 (0.09%) 1.874 (0.06%)
103 6.143 6.113 (0.49%) 6.098 (0.25%) 6.089 (0.15%)
105 14.787 14.663 (0.84%) 14.560 (0.71%) 14.500 (0.42%)
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Thermal behaviors of partially active horizontal and
vertical magnetic fields

A comparative analysis of thermo-fluid structures with
streamlines, isotherms, and heatlines at Ram = 104, Da =
10�2, Ha = 50, and φ = 0.1% under middle-centered par-
tially active magnetic field over the widthWb = 0.4 (where,
C = 0.6) have been illustrated row-wise for Case 1
(in Figure 2(a)) and Case 2 (in Figure 2(b)), respectively.
The magnetic field acts vertically on the left wall in Case 1
(γ = 0o) and the horizontal wall in Case 2 (γ = 90o). The
heating of fluid at the left wall initiates the convection flow
due to buoyancy force and flow moves upward, this fluid
goes to the right cold wall guided by an adiabatic top wall.
Flow circulation completes on the bottom wall and a single
clockwise circulation is generated occupying total enclo-
sure, observed in all considered cases. It is noted from
Figure 2 that the shape, strength, and core position of
flowing fluid, and heat energy, are significantly influenced
by the change in the direction of the applied magnetic field.
It is revealed the existence of two core vortices for both
cases in streamlines study. This is for the fact that the
magnetic field, acting in the middle of the wall. This effect
is noted to be higher at a higher value of Ram (high con-
vection) and a lower value of Da of 10�2 (high mass flow
rate). The locations of cores are formed at the top and lower,
left and right of the cavity based on the position of the
magnetic field for Cases 1 and 2, respectively. The strength
of circulation also rises with shifting of the position of the
magnetic field from the left wall to the bottom wall due to
less dampening consequence at the bottom of the flow field.
This lower circulation strength for Case-1 is due to the
higher impact of the horizontal magnetic field on the flow
field over Y-directional velocity.

The distributions of isotherms in the two cases show the
dominance of convective flow and the zone of high tem-
perature is larger in Case 2, which increases the average
Nusselt number (Nu) from 7.279 to 7.979. Heat lines show
the energy transfer from hot to cold walls and form a close
loop due to the situation at a higher value of Ram and Ha
with a lower value of Da for both the considered cases. The
passive energy recirculation with strength (�0.32 to 11.86
for γ = 0o to γ = 90o as mentioned in the respective heat
lines) is noted significantly in the heatlines plots. Therefore,
the transport process can be adjusted by altering the di-
rection of magnetic fields in a partially active zone.
However, for investigating the position impacts, and active
width (Wb) of the partially active magnetic fields and other
flow controlling parameters on the thermo-fluid flow
structure, the horizontal magnetic field case (γ = 0o) are
considered, which are elucidated in the following subsec-
tions. Of course, both positions of the magnetic field (γ = 0o

and γ = 90o) are analyzed and their global impacts are il-
lustrated through average Nu. In order to compare the
enhanced feature of partially active magnetic fields, the two
extreme cases of no-magnetic field (when Wb = 0) and full
domain magnetic field (when Wb = 1) are also analyzed,
which are depicted in the heat transfer plots.

Positional effects of a partial partially active
magnetic field

The positional effect of partially active horizontal
magnetic fields (γ = 0o) has been analyzed in the thermo-
fluid flow pattern inside the enclosure and represented in
this section (Figure 3) at Ram = 103, Da = 10�3, Ha = 50,
and φ = 0.1%. The active width of the applied magnetic

Figure 2. Impact of direction of imposed magnetic field on the streamlines, isotherms, and heatlines contour for Ram = 104, Da = 10�2,
Ha = 50, and φ = 0.1% with partially active (Wb = 0.4) magnetic field applied (a) horizontally (Case 1: γ = 0o), and (b) vertically (Case 2:
γ = 90o).
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fields is considered as Wb = 0.4 and the change of its
position at the top, bottom, in addition to the middle on
the left wall is considered. All the visualization plots are
illustrated for the imposed magnetic field at left side
bottom (LSB), left side top (LST), and left side middle
(LSM) row-wise, respectively. Figure 3 depicts remarkable
variations of streamlines, isotherms, and heat lines with the
positions of the magnetic field. Streamlines with core vortices
are not noticed as previously (Figure 2), which may confuse
with the present streamlines. This result is shown at low Ram,
which in turn produces no core vortices due to less buoyancy
effect and less mass flow rate at comparatively lower Da of
10�3. The structures of streamlines are formed in the shape of
an oval to a diagonal ellipse for different positions as con-
sidered. Streamline strength is maximum with the imposed
magnetic field at LSB condition. This magnitude drops with
further positioning of the magnetic field, depicted by
streamlines. The partially activemagneticfield at themiddle of
the wall develops more impact in the flow field that in turn
reduces more its flow strength. This is owing to the action of
the magnetic field at the core of the vortex. However,

counteracting force because of the magnetic field at the top or
bottom affects less on the flow field thereby increasing the
strength of the flow field. This depicts more strength of
streamlines for the cases of the bottom imposedmagnetic field.
Heat transfer is also maximum accordingly at the LSB situ-
ation due to high buoyancy force. Isotherms also show a
certain variation of heat transfer which is also reflected by Nu
to decrease with our considered positions, respectively.
Moreover, the heat transfer reduction rate is about 0.17–5.0%
relative to the LSB position. The strengths of the passive
energy recirculation (-9.13, -9.23, and -8.26, respectively, for
LSB, LST, and LSM position, respectively) considerably
change in heat line plots. Heat lines reveal no energy circu-
lation like the previous (in Figure 2) because of the low
buoyancy effect.

Impact of active width (Wb) of the
magnetic fields

Apart from positioning of the partial magnetic fields to control
the transport phenomenon, thewidth of themagnetic fieldmay

Figure 3. Effect of position of partially active magnetic field (Wb = 0.4) on the streamlines, isotherms, and heatlines contours for Ram = 103,
Da = 10�3, Ha = 50, φ = 0.1%, and γ = 0o.
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also affect the fluid flow structure, thereby, in this section,
partial middle-centered partially active for horizontal magnetic
fields (γ = 0o) with varying width (Wb) has been analyzed in
the thermo-fluid flow structure within the cavity. The active
widths are considered asWb = 0.2, 0.6, and 0.8 (whereC = 0.8,
0.4, and 0.2, respectively), the results of computation are il-
lustrated (Figure 4) at Ram = 103, Da = 10�3, Ha = 50, and φ =
0.1% with imposed magnetic field.

The pattern-wise streamlines are formed in the shape of a
diagonal ellipse for all widths. The magnetic field that in
turn produces counteracting force that leads by altering the
flow lines with its strength. Therefore, it is evident that the
circulation strength decreases with the rise in active width
(as noted in Figure 4). That means the effect of active width
of the magnetic field increases and it results in more
modulation in the flow field. The change of isotherm also
signs to reduce the heat transfer and substantiated by Nu
mentioned. The heat transfer decrement rate is near 12.12–
16.20% compared to lower width Wb (= 0.2). The passive
energy recirculation from heat lines (-9.03, -7.81, and -7.49,
respectively, for Wb = 0.2, 0.6, and 0.8, respectively)

significantly changes its strengths. Therefore, a prominent
flame-like pattern is noted in energy recirculation, partic-
ularly for the low-active width. The cores of the fluid flow,
as well as energy circulations, are modulated by altering the
width of the imposed magnetic field. It revealed that the
partial magnetic field causes a decrement in heat transfer of
∼17.15%, which is less compared to the total length
magnetic field. It signifies an enhancement in heat transfer
by adjusting the width of the imposed magnetic field (Wb).
Furthermore, it enables the modulation of the transport
process within the flow domain.

Effect of Darcy–Rayleigh number (Ram)

To designate the convection strength through the porous
medium, the Darcy–Rayleigh number (Ram) is utilized. For
fixed Da value, an increasing Ram leads to an increasing
value in Ra. An increase in the value of Ra, which in turn
rises in buoyancy force for changing the transport phe-
nomena in the enclosure. In this section, Ram (= 10, 102, and
104) is varied and the transport process is presented by the

Figure 4. Effect of different active width (Wb) on the streamlines, isotherms, and heatline contours for Ram = 103, Da = 10�3, Ha = 50, φ =
0.1%, and γ = 0o.
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streamlines, isotherms, and heatlines, along with the av-
erage Nu (in Figure 5) at Da = 10�3, Wb = 0.4 (where, C =
0.6), Ha = 50, and φ = 0.1% under the constant effective
width of partially active magnetic fields at the left wall of
the cavity.

The low value of Ram = 10 (as Ra = 104) emphasizes that
the flow is strengthened by thermal conduction, thus
streamlines become smooth and aligned to the wall. The
temperature lines are parallel to the left wall. The active and
comparatively smooth heat flow occurs over the energy cell
from the left to the right wall. The effect of convection flow
is noticed at Ram = 104 (as Ra = 107) by the alterations in
streamlines, isotherms, and heat lines. The strength of
circulation grows with flow patterns due to the increase in
buoyancy force. Isotherms show the deflection of lines with
a high-temperature flow that leads to an increase in Nu,
observed in this study. Heatlines develop a corridor by
developing a passive energy cell, which is shaped and
markedly affected by the distribution of magnetic fields.
Major changes are noticed at high Ram = 104, the formation
of a new pattern of streamlines with observed two core

vortices and its explanation caused is discussed in the sub-
section of Thermal behaviors of partially active horizontal
and vertical magnetic fields. Isotherms become horizontal,
heal lines close the loop from hot wall to cold wall with
passive energy cell. The average Nu varies as 1.031, 1.876,
and 14.560 for Ram = 10, 102, and 104, respectively, with
the changes in circulation strengths (-0.33, -2.65, and
-24.49, respectively). The energy circulation strength in-
creases markedly with the rise of Ram and the noteworthy
alterations are observed in the case of heatlines plots.

Effect of magnetic field strength

The interaction between the externally generated magnetic
fields and conducting (electrically) working fluid in the
enclosure reduces the flow velocity by the Lorenz force in
the active part of the magnetic fields. Earlier the positioning
effect of magnetic fields is studied; however, the magnitude
of the magnetic field plays a chief role to control, thereby
the present section focuses on the effects of magnetic field

Figure 5. Impact of Darcy–Rayleigh number (Ram) on the streamlines, isotherms, and heatline contours for Da = 10�3,Wb = 0.4, Ha = 50,
φ = 0.1%, and γ = 0o.
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intensity (using Hartmann number, Ha) on the thermo-fluid-
structure under the partially active fields and illustrated in
Figure 6 for the Ha (= 0, 10, 30) at Ram = 103, Da = 10�3,
Wb = 0.4 (where, C = 0.6), and φ = 0.1%.

For ease of thought, the case of a no-magnetic field
(Ha = 0) is explained first. At Ha = 10, weak damping
force does not affect much on the flow structures, which
is revealed with the global quantities of jψjmax and Nu.
The global parameters ðjψjmax, jΠ jmax, NuÞ correspond to
the small values for the higher strength of the magnetic
field. This is for the negative term present in y momentum
for Ha. There are too many changes pattern-wise for
isotherms, streamlines, and heat lines with the variation
of Ha. The fluid circulation strength and the heat transfer
are maximum at no magnetic field, the Nu value reduces
about 0.71–5.68% in comparison to the no-magnetic
field, Ha = 0.

Influence of Darcy Number (Da)

The porous structure permeability through the porous body,
which is characterized by the Darcy number (Da), change in
Da leads to the alteration of flow resistance through the

porous medium. In this section, the effects of Da (=10�4,
10�2, and 10�1) on the thermo-fluid field under the partial
magnetic fields with fixed Ram = 103, Ha = 50, Wb = 0.4
(where, C = 0.6), and φ = 0.1% are depicted in Figure 7.

For the fixed values of Ram, as Da value decreases, fluid-
based Rayleigh number (Ra) as well resistance to the
flowing fluid alters significantly. This results in substantial
modifications in the fluid flow structure as well as in the
energy flow structure. At Da = 10�4, the circulating vortex
alters into an elliptical shape and further stretches in the
diagonal direction. The stretching of the streamline is noted
vertically for Da = 10�2 and interestingly, two vortices at
the core (one at the top and the other at the bottom parts of
the cavity) seem in Da = 10�2 and Da = 10�1. The reason
behind this is due to the imposed partial magnetic fields
about the mid-horizontal plane of the cavity and it results in
a lower buoyancy effect. This is to be noted that the analysis
is carried out at fixed Ram and an increase in Da reduces the
fluid Ra that in turn buoyancy force. The main reason for the
reduction in the circulation strength is due to the poor
buoyancy force. These effects are involved in the heatlines
plots as the lines consider both convective and conductive
heat fluxes. Therefore, the local as well as the global

Figure 6. Influence of Hartmann number (Ha) on the streamlines, isotherms, and heatline contours for Ram = 103, Da = 10�3,Wb = 0.4,
φ = 0.1%, and γ = 0o.
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magnitude of ðjψjmax, jΠ jmax, NuÞ lessens with the variation
of Da. In general, the heat transfer decrement rate for fixed
Ram = 103 is about 72.93–88.70% compared to lower Da =
10�4.

Influence of hybrid nanoparticles volume
concentration (φ)

The addition of nanoparticle volume concentration in-
creases the conductivity of fluid, side-by-side viscosity of
fluid increases. The two opposing effects act together on the
flowing fluid and thermal energy transfer. To get the insight
of flow structure, the impact of the hybrid nanoparticle
contents (φ) with the partially imposed horizontal magnetic
fields is displayed in Figure 8. Volume concentration is
varied from φ= 0, 0.75%, and 2.0% and results shown at
Ram = 103, Da = 10�3, Ha = 50, and Wb = 0.4 (where, C =
0.6).

The obtained result at the increased volume concen-
tration depicts the decreasing trend of circulation strength
ðjψjmaxÞ, heat energy-recirculation ðjΠ jmaxÞ, and heat

transfer in terms of Nu. This occurs due to the dominating
effect of fluid viscosity over the improved thermal con-
ductivity for hybrid nanofluid. The effects of a partial
magnetic field like thermo-fluid flow structures are dis-
tinctly reflected; pattern-wise these remain similar. Gen-
erally, the heat transfer decrement is about 7.56–16.58%
compared to base fluid (φ= 0).

Heat transfer behavior

The graphical presentation of overall heat transfer char-
acteristics as indicated by average Nu, as mentioned in
equation (7) are investigated under selective influencing
parameters such as Ram, Da, Ha, the direction of the
magnetic field (γ), active width variation (Wb), and Cu/
Al2O3-water hybrid nanoliquid volumetric concentration
(φ) as shown in Figure 9. The surface plots of Nusselt
number (Nu) are illustrated in Figure 10 to understand
easily the influence of considered parameters (Ram, Da, Ha,
and φ) at γ = 0o.

Figure 7. Impact of Darcy number (Da) on the streamlines, isotherms, and heatline contours for Ram = 103, Ha = 50,Wb = 0.4, φ = 0.1%,
and γ = 0o.
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Figure 9(a) exemplifies the variations of average Nusselt
number (Nu) with rising Ram when Da = 10�3, Ha = 50, and
f= 0.1%. The convection system is completely assigned by
the value of Ram, which is emphasized in the Nu value and
plotted for both directions of the magnetic field (γ = 0o and
90o). It is revealed from the Nu curves, there is a minor
effect of Ram on Nu up to Ram ≤ 102. However, the average
Nu considerably increases with higher Ram monotonically
for both the directions of the partial magnetic field (γ = 0o

and 90o). With a vertical magnetic field, heat transfer im-
proves 0.02% (for Ram = 10), 4.04% (for Ram = 102), 8.48%
(for Ram = 103), and 4.25% (for Ram = 104) compared to the
horizontal magnetic field. The similar trend of the average
Nu for the different Ram values at fixed Da is supported by
the surface plot visualizations as in Figure 10(a).

The impact of porous structure permeability on the heat
transfer behavior is illustrated with varying Da (= 10�5 to
10�1) for both the directions of the partial magnetic field
(γ = 0o and 90o) at Ram = 103, Ha = 50, and γ= 0.1% as
shown in Figure 9(b). With the increasing Da value (from
10�5), the Nu value decreases clearly, almost constant in
both directions of the field. Moreover, the resistance to

working fluid increases significantly with the increasing Da.
As a result, heat transfer lowers, which is additionally
modulated by the orientation of the partially active field
though it is very small. In general, vertical magnetic field
indicates enhanced heat transfer relative to the horizontal
magnetic field in the range of 0.38% (for Da = 10�5), 2.40%
(for Da = 10�4), 8.48% (for Da = 10�3), 9.04% (for Da =
10�2), and 1.35% (for Da = 10�1). This variation of Nu is
shown in Figure 10(a) by the surface plot that shows
maximumNu at Da = 0 and varies with the increase in Da as
noted.

The consequence of the magnetic field designated by
the unitless terms Ha, on the heat transfer pattern is
shown in Figure 9(c) for both directions (γ = 0o and 90o)
at Ram = 103, Da = 10�3, and φ = 0.1%. It is pertinent to
note that, when Ha = 0, it corresponds to the no-magnetic
field case (when Wb = 0). The figure displays a consis-
tently lessening trend of Nu with the rising Ha. It is
relevant that at lower Ha (<10), the magnetic field effect
is not significant. Certainly, at the higher value of Ha ≥
10, a significant reduction in heat transfer is noted. The
heat transfer reduction is about 0.71–12.94% (with γ = 0o)

Figure 8. Impact of nanoparticles volume concentration (φ) on the streamlines, isotherms, and heatline contours for Ram = 103, Da =10-3,
Ha = 50 and Wb = 0.4, and γ = 0o.
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and 0.20–4.06% (with γ = 90o) for Ha = 10–50, compared
to no-magnetic field. The surface plot of Nu
(Figure 10(b)) supports the trend of alteration of Nu with
Ha when γ = 0o.

The variations of Nu with the volumetric concentration
of hybrid nanoparticles under both directions of the partial
magnetic field (γ = 0o and 90o) are reflected in Figure 9(d) at
Ram = 103, Da = 10�3, and Ha = 50. The inclusion of hybrid
nanoparticles reflects the decreasing trend of Nu for both
cases. The heat transfer is more modulated by the hybrid
nanoparticles in the vertical magnetic field. The inclusion of
Cu/Al2O3 nanoparticles in pure water enhances the vis-
cosity and decrement in thermal convection. Thus, less
quantity of heat is transported from the source to the cold
wall; the effect of increasing effective thermal conductivity
due to the addition of nanoparticles is less. Generally the
heat transfer decreases with the change in φ (= 0.1%–2%)

about 1.99–16.57% (with γ = 0o) and 2.20–18.37% (with γ =
90o) compared to pure fluid (φ = 0). A small addition of
nanoparticles that causes enhancement of effective con-
ductivity, dominates which in turn increases the Nu is
represented clearly by Figure 10(c).

Finally, the consequence of the active width of the
magnetic field indicated by Wb on the heat transfer be-
havior is shown in Figure 9(e) for both directions (γ = 0o

and 90o) at Ram = 103, Da = 10�3, and φ = 0.1%. In order
to compare the enhanced features of partially active
magnetic fields, the extreme case of whole domain
magnetic fields (when Wb = 1) are also analyzed. The
figure shows a consistently lessening trend with the
heightening active width of the magnetic field. It is
relevant that at the lower mid-center partial magnetic
field, heat energy transport is more. Certainly, at the
upper Wb value, the heat transfer is suppressed by the

Figure 9. Variation of Effect of heat transfer behavior in terms of average Nu with the varying (a) Ram, (b) Da, (c) Ha, (d) φ, and (e)Wb for
the varying γ = 0o and γ = 90o.

5700 Proc IMechE Part C: J Mechanical Engineering Science 236(10)

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



intensity of the magnetic field enhanced, which leads to a
drop in the heat transfer with the increasing width of the
partial magnetic field. WhenWb increases, it causes a rise
in the magnetic field affected zone in both directions (γ =
0o and 90o). The heat transfer reduction rate is about
6.46–17.15% (with γ = 0o) and 2.77–9.71% (with γ = 90o)
in the range of width of the partial magnetic fieldWb = 0.4
to 1.0 compared to lower width (Wb = 0.2) of magnetic
field.

Conclusions

In this work, an original idea of oriented partial magnetic
field application is exercised. The role of a partially active
magnetic field to control multiphysical convective thermal
processes is demonstrated considering the Darcy-Rayleigh
number, Darcy number, Hartmann number, hybrid nano-
particle concentration, and magnetic field orientation,
width, and position. Major findings are:

• The application of a partial magnetic field significantly
modulates the magneto-thermal transport process and
resists the reduction of heat transfer rate (∼17.15% or

9.71% less compared to full domain magnetic field
horizontally or vertically).

• The horizontal magnetic field (Case 1) compared to
the vertical magnetic field (Case 2) provides a higher
response to control thermofluid phenomena.

• The middle-centered partial magnetic field has a
powerful impact on convective transport systems.

• The enhanced field intensity (Ha) or field width (Wb)
decreases the heat transfer rate.

• The thermofluid phenomena are less disturbed at
higher Ram and lower Ha and Da values.

• The heat transport corridors (patterns) visualized by
heatlines are significantly affected by the selection of
parametric values, and magnetic field orientation, in-
tensity, and width.

The application of partial magnetic field, as demon-
strated in this work, could be applied to any MHD
systems having different flow geometries or thermal
boundary conditions under forced, natural, or mixed
convection without or with multiphysics (like porous
media, heat generation/absorption, double or triple dif-
fusion, etc.).

Figure 10. Effect of average Nu varying Ram for different (a) Da, (b) Ha, and (c) φ with different fixed parameters for hybrid nanofluids at
horizontal (γ = 0o) magnetic field.
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Notation

Subscripts

B magnetic fields (N A�1 m�2)
C inactive zones width (m)
Da Darcy number
Fc Forchheimer coefficient
g Gravitational acceleration (m s�2)
H cavity height (m)

Ha Hartmann number
K porous medium permeability (m2)

Nu average Nusselt number
P unitless pressure
Pr Prandtl number
Ra fluid-based Rayleigh number

Ram Darcy–Rayleigh number
t time (s)
T temperature (K)

u, v components of velocity (m s�1)
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U, V unitless velocity components
x, y Cartesian coordinates (m)
X, Y unitless coordinates
Wb width of active magnetic fields (m)

Greek symbols

α thermal diffusivity (m2 s�1)
β coefficient of thermal expansion (K�1)
γ magnetic field inclination (degree)
ε porosity
θ unit less temperature
λB magnetic fields parameter
μ dynamic viscosity
ν kinematic viscosity (m2 s�1)

ρ density (kg m�3)
τ unit less time
φ hybrid nanoparticles volume fraction
ψ unitless stream function
Π unitless heat function

Subscripts

a ambient

c cold

f base fluid
h hot

max maximum

s solid
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