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Convective heat transfer characteristics in the purview of fundamentals of flow

physics in a two-sided partially driven cavity (PDC) are addressed in this work.

The effect of partial translational motion on the sidewalls of PDC can signifi-

cantly alter the convective heat transfer characteristics. To explore this novel

idea, a square enclosure packed with Cu–water nanofluid-saturated porous

media under the influence of the external magnetic field, heated around a pro-

truded heater mounted at the bottom wall. The cavity is cooled at the upper

half of the two sidewalls—partially translating upward or downward direction.

Fundamentals of the evolved flow physics and mixed convection heat transfer

characteristics are analyzed numerically using extensively validated

FORTRAN code based on the finite volume approach. The impacts of the rele-

vant parameters on fluid flow and heat transfer are investigated systematically.

The governing parameters are wall speed (Reynolds number) and its direction,

convection regime (Richardson number), permeability (Darcy number and

porosity), magnetic field strength (Hartmann number), and nanoparticles vol-

ume concentration. The results show that the thermal performance of PDC is

greatly influenced by all of the above parameters. Heat transfer is enhanced

significantly at higher Reynolds number, Richardson number, Darcy number,

and porosity and increases in the nanoparticles volume fraction for the oppos-

ing flow case.
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Highlights
• A novel idea of enhanced convective heat transfer in a two-sided partially driven cavity (PDC) is addressed.
• Magnetohydrodynamic thermal convection in a PDC packed with Cu–water nanofluid-saturated porous
medium is investigated.

• In the presence of a protruded heater, the assisting and opposing flow situations are analyzed.
• Enhanced heat transfer characteristics of PDC are explored with parametric influences.
• Downward motion of walls of the PDC can provide superior heat transfer ~156.36%.

1 | INTRODUCTION

Thermal management of convective heat and fluid flow is one of the major challenges in emerging engineering
devices. Due to less complexity and space constraints, many applications of devices utilize natural convection mode of
heat transfer. However, in practice, many thermal systems involving heating and simultaneous cooling of the working
domain are especially critical and susceptible to damage to the device if it goes beyond its safe operating temperature.
Such a situation becomes more complex in the presence of porous media (solid matrix with continuous pores). For
example, chemical reactors, nuclear waste management, dissemination of chemical waste and pollutants, oil and gas
production process, geothermal energy recovery, heat exchangers, solar thermal application, metals casting processes,
float glass production, crystal growth, food drying process, and cooling of electronic equipment are just a few
names.1,2 In many such applications, conventional working fluids (like air, water, polymer solutions, oils, ethylene
glycol) failed to fast respond to the thermal process (like heating, cooling). Based on several research initiatives, it is
found that the nanoparticles of comparatively higher thermal conductivity (Cu, Al, Ag, Al2O3, Fe3O4, and TiO2

suspended into base fluids) show significant augmentation in heat transfer.3–10 In other classes of works, nano-encap-
sulated phase change materials show a promising technique for enhancing the thermal characteristics of the working
fluids in a thermal control system.11–13 Furthermore, an externally imposed magnetic field can effectively control
hydrodynamic behavior (and associated heat transfer phenomena) in several industrial processes including biomedical
applications. A detailed account of the review on these above subjects is available in the open literature14,15 and
others.

Magnetohydrodynamic (MHD) effect on free or natural convection of nanofluid/hybrid nanofluid through a porous
substance in different problem geometries has been investigated widely16–24 under different thermal conditions. These
investigations found that although the convective heat transfer can be improved using a nanofluid/hybrid nanofluid, it
decreases with the increase in magnetic field strength. Moreover, forced/mixed convection of nanofluid through porous
medium subjected to the uniform magnetic field has been investigated in different flow geometries.25–27 Recently,
Biswas et al.28 have reported heat transfer enhancement (~15%) by injecting Cu–water nanofluid in a bottom-heated
porous cavity.

When buoyancy-driven fluid flow (due to thermal gradient) is combined with shearing flow due to wall translation,
the flow phenomena and the associated convective heat transfer become more complex. Such kind of situation can find
applications in several technological as well as natural processes. In the available open literature, there are many inves-
tigations on mixed convective flow and heat transfer considering porous substance packed in an enclosure with moving
wall(s) in absence of external magnetic field29–31 and presence of external magnetic field.32,33 All these studies have con-
sidered conventional fluids as a working medium. On the other hand, using nanofluids as working media in a single or
double lid-driven cavity, mixed convective heat transfer in a clear domain was investigated excluding MHD effect34,35

and considering MHD effect.36,37 Recently, Mondal38 has studied a case of double-diffusive convection of Al2O3–water
nanofluid saturated-porous media in a two-sided lid-driven cavity. Enhanced heat transfer under mixed convection of a
nanofluid in a two-sided lid-driven cavity containing a porous substance was investigated by Maghsoudi and Siavashi.39

They recommended the application of heterogeneous porous media for an optimal design towards enhanced heat trans-
fer. Astanina et al.40 reported an analysis of mixed convection heat transfer of Al2O3–water nanofluid through two dif-
ferent porous layers having different permeabilities and porosities. They found that the addition of nanoparticles

2 MONDAL ET AL.
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augments heat transfer during natural convection mode, whereas it decreases heat transfer under mixed and forced
convection mode.

The effect of MHD during forced and mixed convection of nanofluid filled lid-driven porous cavity is very important
in many industrial applications. Sheikholeslami41 studied MHD-forced convection in a nanofluid-filled porous lid-
driven cubical cavity. They found that the entropy generation due to thermal gradient is dominating over that due to
fluid friction. MHD-mixed convective heat transfer of Cu–water nanofluid filled porous cavity having a moving lid was
investigated by Chamkha et al.42,43 From their study, it is observed that a nanofluid with a smaller volume fraction is
superior for thermal application. Muthukumar et al.44 investigated MHD convection of a nanofluid-filled lid-driven
porous cavity subjected to heating with an irregular thermal source considering thermal radiation. Mixed convective
heat transfer in nanofluid filled porous domains has also been investigated in different problem geometries such as an
enclosure having an inner rotating cylinder,45 lid-driven trapezoidal enclosure with MHD effect,46 a lid-driven T-shaped
enclosure,47 etc.

Although several studies have been conducted considering wall-mounted heating/cooling conditions, the usage of
some other passive constituents in the flow geometry for controlling thermo-fluid performance. Biswas et al.48 studied a
buoyancy-driven convective flow and associated thermal energy transportation adapting a protruded heater configura-
tion. It is found that an increase in heater protrusion (height) decreases total fluid flow; however, but heat transfer rate
increases consistently. Buoyancy-driven MHD convective heat transfer has also been studied in a porous domain con-
sidering a conducting solid block inside an inclined enclosure.49 The combined effect of forced and natural convection
in a clear domain has been investigated in a lid-driven cavity considering a heated block50 and an adiabatic block.51 In
other classes of works, the lid-driven cavity geometry has also been studied using nanofluids. Such instances are a con-
ductive inner block along with MHD effect,52 a hot obstacle,53 multiple heated blocks considering two sidewalls
translation,54 and different heater shapes.55 Recently, Bondarenko et al.56 investigated mixed convective heat transfer of
a nanofluid-filled cavity with a moving lid and two porous blocks. They observed that the size enlargement of the
porous block has an insignificant effect on cooling, whereas a higher heat transfer is achieved at higher sizes of a
porous block with increasing Richardson number and nanoparticles volume fraction. MHD-mixed convective heat
transfer in a nanofluid-filled U-shaped closed enclosure with two moving lids and discrete heating was investigated by
Rashad et al.57 They reported an increasing trend of heat transfer with an increase in nanoparticle volume fraction for a
particular cavity aspect ratio, beyond which thermal performance decreases. Very recently, Mondal et al.58 studied the
effect of partial wall motion on the thermal performance of a corner heated porous cavity under the influence of a mag-
netic field. It reveals that partial wall motion can significantly improve the rate of heat transfer. Moreover, the direction
of partial wall translation has a crucial role in the performance of thermal management. The heat transfer rate is seen
to affect severely as the strength of the magnetic field increases.

The aforementioned literature review on free and mixed convection in porous substance establishes that most of the
studies have the focus on the improvement and control of the thermal performance by adopting different thermal condi-
tions, like the insertion of active/adiabatic block(s), varying shape of the flow geometries, external magnetic field,
nanofluids, etc. Indeed, there are very few investigations on the thermal performance of partially driven cavity (PDC)
(having partial wall motion) using nanofluids and magnetic fields. In the context of thermal devices, the need for a PDC
is discussed in Mondal et al.58 particularly when the whole wall motion is not feasible from the implementation point of
view. The system becomes a PDC. The thermo-fluid flow features of PDC are not explored sufficiently so far in contrast
to the same of a conventional lid-driven cavity (with a moving wall). Under the circumstances, the objectives of the pre-
sent investigations are set from the fundamental point of view. This work numerically analyzes the effect of partial
translational motion of sidewalls on the thermal performance of a protruded heater mounted cavity packed with porous
substance saturated with Cu nanoparticles in the presence of an external magnetic field. The outcome of these analyses,
as an original contribution, could be immensely helpful in understanding the flow physics and heat transfer characteris-
tics of PDC in the area of under multiphysics (involving porous medium, nanofluids, magnetic fields, and thermal gradi-
ent). Such situations are apparent in many high-performance heat transfer applications,46 such as MEMS applications,
solar thermal systems, drying of food, heat exchanging devices, lubrication systems, furnaces, nuclear reactors, etc.

2 | MODELING ASPECTS

The physical and computational domain of interest is illustrated in Figure 1. The domain is a square cavity having
length L and is packed with Cu–water nanofluid saturated in porous substance. An isothermal heating source

MONDAL ET AL. 3
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(at temperature Th) is protruded (having width 0.2 L and height h) from the middle of the bottom wall of the cavity.
The heated fluid inside the cavity is allowed to exchange heat with the surrounding atmosphere through the upper half
portions (having dimension 0.5 L) of the sidewalls (at temperature Tc < Th), which can move (with a velocity Vw) in
either upward (denoted as “+” velocity) or downward direction (denoted as “−“ velocity) at the same speed. Such par-
tial movement of the walls of the enclosure is designated as a PDC. In this study, the heater height is calculated using
dimensionless height H (= h/L), and it varied as 0–0.5, which corresponds to the variation of heater aspect ratio A
(H/0.2) = 0–2.5. A uniform magnetic field (with magnitude Bo) is imposed externally oriented (with the inclination
angle γo) with the horizontal direction.

Nonslip conditions are assumed at the solid surfaces. The porous material is saturated through Cu–water nanofluid
and subjected to the combined effect of body forces (due to gravity acting downward) and externally applied magnetic
field. It is assumed that the thermophysical properties constant, except variation of density in the Y momentum equa-
tion, and the same is taken care of following the Boussinesq approximation. The induced magnetic field is assumed
insignificant, thus favoring the imposed magnetic field. The Joule heating and the Hall effect are negligible; viscous dis-
sipation effect is also negligible. Local thermal equilibrium (LTE) between working nanofluid and porous is considered
and the Brinkman–Forchheimer–Darcy model (BFDM) including hydrodynamic, and thermally homogeneous, isotro-
pic conditions are adopted for the porous matrix modeling. The nanofluid flow is modeled as a single-phase homoge-
neous model, assuming uniform spherical nanoparticles, ~1 nm diameter of nanoparticles which are stable and
suspended homogeneously in base fluid.28

According to the aforesaid assumptions, the transport equations of continuity,momentum, and energy, equations
are deduced in dimensional form. The evolved governing equations29 are

∂u
∂x

+
∂v
∂y

=0, ð1Þ

1
ε2

u
∂u
∂x

+ v
∂u
∂y

� �
= −

1
ρnf

∂p
∂x

+
νnf
ε

∂2u
∂x2

+
∂2u
∂y2

� �
−

νnf
K

u+
Fcffiffiffiffi
K

p u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p� �

−
1
ρnf

σnf B
2 v sin γ cos γ−u sin2 γ
� �

,
ð2Þ

FIGURE 1 Physical description of the model with coordinate systems

4 MONDAL ET AL.
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1
ε2

u
∂v
∂x

+ v
∂v
∂y

� �
= −

1
ρnf

∂p
∂y

+
νnf
ε

∂2v
∂x2

+
∂2v
∂y2

� �
−

νnf
K

v+
Fcffiffiffiffi
K

p v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p� �

−
1
ρnf

σnf B
2 v sin γ cos γ−u cos2 γ
� �

+
ρβð Þnf
ρnf

g T−Tcð Þ,
ð3Þ

u
∂T
∂x

+ v
∂T
∂y

= α
∂2T
∂x2

+
∂2T
∂y2

� �
: ð4Þ

In Equation 4, the thermal diffusivity, α is obtained from the relation (α = keff/(ρCP)nf). It is based on an effective
thermal conductivity (keff), which is obtained from (keff = εknf + kps(1 − ε)) by considering the thermal conductivities of
nanofluid (knf) and porous substance (kps).

1,7,11–13,59 In the present study, under the LTE condition, the temperature of
the fluid and the porous medium is assumed the same. Therefore, kps of the porous medium is taken same as knf of the
nanofluid, without referring to any specific material for the porous substance. The same thermal conductivity for the
fluid and solid was also used in several studies.59 Thus, under the present circumstances, keff becomes knf. There are also
other relations present, which are more complex were adopted for the same7,11–13,60 in their contexts of the studies.

The above dimensional equations 1–4 are transformed into the dimensionless forms utilizing: L as length scale
(thus, (X,Y) = (x,y)/L ), Vw as velocity scale (thus, (U,V) = (u,v)/Vw), P as nondimensional pressure ( = p−pað Þ=ρV2

w ),
and θ as nondimensional temperature (=(T − Tc)/(Th − Tc)).

∂U
∂X

+
∂V
∂Y

=0, ð5Þ

1
ε2

U
∂U
∂X

+V
∂U
∂Y

� �
= −

ρf
ρnf

∂P
∂X

+
νnf
νf

1
εRe

∂2U

∂X2 +
∂2U

∂Y 2

� �
−

νnf
νf

1
DaRe

+
Fc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 +V2

p
ffiffiffiffiffiffi
Da

p
ε3=2

 !
U

+
ρf
ρnf

σnf
σf

Ha2

Re
V sin γ cos γ−U sin2 γ
� �

,

ð6Þ

1
ε2

U
∂V
∂X

+V
∂V
∂Y

� �
= −

ρf
ρnf

∂P
∂Y

+
νnf
νf

1
εRe

∂2V

∂X2 +
∂2V

∂Y 2

� �
−

νnf
νf

1
DaRe

+
Fc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 +V 2

p
ffiffiffiffiffiffi
Da

p
ε3=2

 !
V

+
ρf
ρnf

σnf
σf

Ha2

Re
U sin γ cos γ−V cos2 γ
� �

+
ρβð Þnf
ρnf βf

Ri θ,

ð7Þ

U
∂θ

∂X
+V

∂θ

∂Y

� �
=
αnf
αf

1
RePr

∂2θ

∂X2 +
∂2θ

∂Y 2

� �
, ð8Þ

where the dimensionless parameters

Re=
vwL
νf

;Pr =
νf
αf
;Da=

K

L2 ;Fc =
1:75ffiffiffiffiffiffiffiffi
150

p ;Ha=BoL
ffiffiffiffiffiffiffiffiffiffiffi
σf =μf

q
;

Ri =
Gr
Re2

;Gr=
gβf Th−Tcð ÞL3

ν2f
,

ð9Þ

are respectively, the Reynolds number, Prandtl number, Darcy number, Grashof number, Forchheimer coefficient,
magnetic number (termed as Hartmann number), Richardson number, and Grashof number. Equations 6 and 7
indicate the BFDM of porous substance for a buoyancy-induced fluid flow under the inclined magnetic field. Fur-
thermore, the last two terms of Equations 6 and 7 are due to magnetic force (involving σ) and buoyant force (con-
necting g).

MONDAL ET AL. 5
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The nanofluid properties (designated by the subscript nf) appeared in the Equation 5–8 as denoted by density (ρ),
viscosity (μ), thermal conductivity (k), and coefficient of thermal expansion (β). Thermophysical properties of pure
water (base fluid denoted by subscript f with Pr = 6.93) and solid Cu nanoparticles are taken as constant and are tabu-
lated in Table 1 (considering average fluid temperature 300 K).28,61

The nanofluid properties are calculated using the volumetric nanoparticle concentration (ϕ) suspended in the base
fluid. Employing the respective thermophysical properties of the liquid and the solid particles, thermophysical
properties of the considered nanofluid are calculated from the following relations.28,50,62 Effective density of nanofluid
(considering base fluid and solid particles density as ρf and ρs, respectively) is given by

ρnf = 1−ϕð Þρf +ϕρs: ð10Þ

Similarly, for nanofluid, the specific heat capacity and volumetric expansion are given by

ρCp
� �

nf = 1−ϕð Þ ρCp
� �

f +ϕ ρCp
� �

s, ð11Þ

and

ρβð Þnf = 1−ϕð Þρf βf +ϕρsβs, ð12Þ

where βf and βs denote expansion coefficients for the base fluid as well as solid particles, respectively. The effective
dynamic viscosity of nanofluid is calculated by the correlation Brinkman model63 as

μnf =
μf

1−ϕð Þ2:5 : ð13Þ

Now, the thermal diffusivity of the nanofluid can be calculated as

αnf =
kf

ρCp
� �

nf

: ð14Þ

Now, the nanofluid thermal conductivity of spherical nanoparticles are obtained following the Maxwell model64

equation as

knf = kf
ks +2kf
� �

−2ϕ kf −ks
� �

ks +2kf
� �

+ϕ kf −ks
� �

" #
: ð15Þ

There are many other models for calculating knf; among them, the form as in Equation 15 is found to be appropri-
ate.28,50,62 The effective electrical conductivity of nanofluid is calculated following the Maxwell model.64

TABLE 1 Physical properties of

pure water and solid Cu

nanoparticles28,61

Physical properties Water Cu

ρ (kgm−3) 997.1 8933

μ (kgm−1�s−1) 9.09 × 10−4 —

Cp (Jkg
−1�K−1) 4179 385

K (Wm−1�K−1) 0.613 401

β (K−1) 21 × 10−5 1.67 × 10−5

6 MONDAL ET AL.
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σnf = σf 1+
3 σs=σf −1
� �

ϕ

σs=σf +2
� �

− σs=σf −1
� �

ϕ

" #
: ð16Þ

The boundary conditions for the studied domain are given as follows:
• at the left wall
• lower part: U = V = 0, ∂θ/∂X = 0, (X = 0, 0 ≤ Y < 0.5),
• upper part: U = 0, V = ± 1, θ = 0, (X = 0, 0.5 ≤ Y ≤ 1).
• at the right wall
• lower half: U = V = 0, ∂θ/∂X = 0, (X = 0, 0 ≤ Y < 0.5),
• upper half: U = 0, V = ± 1, θ = 0, (X = 0, 0.5 ≤ Y ≤ 1).
• at the bottom
• adiabatic wall: U = V = 0, ∂θ/∂Y = 0, (Y = 0, 0 ≤ X < 0.4, 0.6 < X ≤ 1),
• protruded heater: U = V = 0, θ = 1, (Y = 0, 0.4 ≤ X ≤ 0.6, and Y = 0, 0.4 ≤ X ≤ 0.6, 0 ≤ Y ≤ H).
• at the top adiabatic wall: U = V = 0, ∂θ/∂Y = 0, (Y = 1, 0 ≤ X ≤ 1).

The reference to the different cases of the moving boundary condition (at the vertical walls) is symbolically
addressed as vw = ± 1, , or vw = − 1 appropriately in the subsequent text of this work.

It is to be noted that at a steady condition, the rate of heat released from the heat source and heat absorbed by the
cold walls are the same. Thus, the heat transfer is calculated by the average Nusselt number (Nu) at the heating and
cooled walls as

Nuhot = −
knf
kf

ðH
0

∂θ

∂X

����
X =0:4

� �
dY +

ð0:6
0:4

∂θ

∂Y

����
Y =H

� �
dX +

ðH
0

∂θ

∂X

����
X =0:6

� �
dY

2
4

3
5

Nucold = −
knf
kf

ð1
0:5

∂θ

∂X

����
X =0

� �
dY +

ð1
0:5

∂θ

∂X

����
X =1

� �
dY

2
4

3
5,

ð17Þ

where the heater height is calculated using dimensionless height H = h/L and in this study, H varied as 0–0.5.
For better visualization of the heat energy transportation from the protruded heater body to the cold walls, Bejan's

heatlines65 are utilized. Under the steady-state condition, these heatlines maps are established using the heatfunction
(Π), and it attends both convection and conduction heat fluxes. Thus, for the present studied problem, the heatfunction
gradients can be written as

−
∂Π

∂X
=Vθ−

1
Re Pr

knf
kf

∂θ

∂Y
and

∂Π

∂Y
=Uθ−

1
Re Pr

knf
kf

∂θ

∂X
: ð18Þ

The heatlines contour maps are generated from the solved velocity and temperature fields during postprocessing
using Equation 18 in an iterative process using an integration method as detailed by Biswas et al.48,50,51 Furthermore,
the fluid flow contour maps inside the cavity are generated by calculating the streamfunction ψ as given by66

−
∂ψ

∂X
=V and

∂ψ

∂Y
=U: ð19Þ

For presenting the improvement in heat transfer, a dimensionless heat transfer parameter η is defined as

η=
Nuwith downward sliding wall motion
Nuwith upward sliding wall motion

: ð20Þ

The value above 1.0 specifies higher heat transfer, and below 1.0 indicates reduced heat transfer.

MONDAL ET AL. 7
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3 | NUMERICAL PROCEDURE

The dimensionless coupled governing partial differential equations 5–8 with appropriate thermal boundary status are
solved in a numerical approach using FORTRAN-based CFD code adopting standard SIMPLE algorithm.67 The staggered
grids along x and y directions are distributed nonuniformly for careful handling of the pressure, temperature, and veloci-
ties coupling. The conservation form partial differential equations is converted into algebraic equations using the finite
volume method (FVM). During the discretization of the algebraic equations, the third-order upwind and second-order
central difference schemes are adopted for handling the advection and diffusion terms, respectively. The transformed
algebraic equations are solved for the whole domain of the enclosure. The solution is carried out in an iterative process
until obtaining the converged solution. The converged solution is obtained by setting the criteria of maximum residuals
<10−8 and maximummass defect <10−10. The same code has already been used in our earlier work based on natural con-
vection and mixed convection (considering the porous medium, magnetic field, nanofluid, etc.) as available in the open
literature.48,58 In these published works, several validation studies have also been presented.15,28,30,51,58,68 Further to the
above, one more validation test of the present code is performed by solving a differentially heated cavity containing
Al2O3–water nanofluid under a horizontal magnetic field as considered by Ghasemi et al.69 The simulated results of hot
wall average Nusselt number (Nu) and maximum streamfunction (in bracket) of base fluid (ϕ = 0) and nanofluid
(ϕ= 0.04) with varying Hartmann number (Ha = 0, 15, 30, 45, and 60) at Ra = 105 are compared with the published results
and are presented in Table 2. The above comparison shows a good agreement with the reported results.

For the checking grid sensitivity, different grid sizes 100 × 90, 130 × 120, 160 × 150, 190 × 180, and 220 × 210 are
considered for conducting a grid independence test. The grids are distributed nonuniformly along the x and y directions
with finer mesh adjacent to the enclosure walls as well as heater walls. Overall, the dimensionless minimum and maxi-
mum node spacing are taken as 0.001 and 0.008, respectively. The grid stretching factor is maintained as <1.5 times.
The test are carried out for the range of Ri values keeping fixed parameters as Re = 200, Da = 10−4, ε = 0.6, Ha = 30,
ϕ = 0.02, vw = −1, A = 1, and the heat transfer characteristics are estimated using the hot wall average Nusselt number
(Nu) as listed in Table 3. The change in Nu with grid refinement (% of successive error as indicated in the brackets) for
the chosen grid sizes is less <1%. Finally, 190 × 180 grid size is selected for the present study. Comparatively finer grids
sizes are taken into consideration for performing the extensive simulation for capturing the sharp changes in the fluid
velocity caused by the partial shearing motion of the PDC walls.

4 | RESULTS AND DISCUSSION

The present work addresses the effect of partial sliding motion on mixed convective heat transfer in a bottom protruded
heater cavity filled with Cu nanoparticles suspended in the base fluid and porous media under the impact of the

TABLE 2 Comparison of average

Nusselt number (Nu) and maximum

streamfunction (in bracket) with

published work of Ghasemi et al.69

varying Ha at Ra = 105, ϕ = 0 and 0.04

Ha

Ghasemi et al.69 Present code results

ϕ = 0 ϕ = 0.04 ϕ = 0 ϕ = 0.04

0 4.738 (11.053) 4.896 (11.561) 4.776 (11.270) 4.933 (11.776)

15 4.143 (8.484) 4.211 (3.124) 4.168 (8.612) 4.314 (9.115)

30 3.150 (5.710) 3.124 (5.642) 3.163 (5.755) 3.278 (6.053)

45 2.369 (3.825) 2.317 (3.629) 2.377 (3.838) 2.468 (3.989)

60 1.851 (2.623) 1.815 (2.415) 1.857 (2.626) 1.822 (2.416)

TABLE 3 Estimated heat transfer

rate (Nu) at Re = 200, Da = 10−4,

ε = 0.6, ϕ = 0.002, vw = −1,
Ha = 30, A = 1

Ri

Average Nusselt number (Nu) (successive error %)

100 × 90 130 × 120 160 × 150 190 × 180 220 × 210

0.1 2.888 2.891 (0.10%) 2.893 (0.07%) 2.894 (0.03%) 2.891 (0.10%)

1 3.451 3.473 (0.63%) 3.490 (0.49%) 3.497 (0.20%) 3.491 (0.17%)

10 9.174 9.261 (0.94%) 9.279 (0.19%) 9.273 (0.06%) 9.270 (0.03%)

100 19.915 20.021 (0.53%) 20.001 (0.10%) 19.992 (0.05%) 19.998 (0.03%)

8 MONDAL ET AL.
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external magnetic field. Due to the partial hearing action of the partially translating walls, the problem domain is speci-
fied as PDC. The heated fluid of the cavity can release heat through the sliding (vw = ±1) cold walls (upper half of the
sidewalls). Such partial shearing action in the fluid-saturated porous domain alters the thermo-fluid behavior signifi-
cantly. The analysis is carried out for the range of parameters like Reynolds number (Re = 10, 100, 200, 300, 400, 500),
Richardson number (Ri = 0.1, 1, 10, 100), Darcy number (Da = 10−6, 10−5, 10−4, 10−3, 10−2, 10−1), Hartmann number
(Ha = 0, 10, 30, 50, 70, 100), porosity (ε = 0.1, 0.3, 0.5, 0.6, 0.8, 1.0), volume fraction of nanofluid (ϕ = 0, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05), and inclination of magnetic field (γ = 0, 30, 60, 90, 120, 150, 180o). The simulated results for the
effective selected parameters are illustrated systematically and explained through streamlines, isotherms, average
Nusselt number of PDC of MHD convective heat transfer, fluid flow, and thermal distribution in subsequent sections.
Further to this, heat energy visualization is presented using Bejan's heatline maps.

4.1 | Typical analysis of flow structures under base fluid and nanofluid

For understanding the effects of relevant parameters on the thermo-fluid flow behavior in a PDC, we have analyzed
two distinct cases: base fluid and nanofluid under upward and downward wall motion. These comparative results are
presented using combined streamlines and isotherms plots (in the upper panel, blue- and red-colored lines are used for
streamlines and isotherms, respectively), heatlines plot (second row), and average Nusselt number (below the heatlines)
keeping fixed parameters Ri = 1, Re = 200, Ha = 30, γ = 0�, Da = 10−4, ε = 0.6, A = 1 with upward velocity vw = +1
(Figure 2A), and downward velocity vw = −1 (Figure 2B). As the heat source (for vw = +1, ϕ = 0) is placed in the middle
of the bottom wall, heated walls adjacent fluid layer takes heat and due to lighter density hot fluid tries to rise along the
middle-vertical plane of the enclosure. This hot plume is sucked by the shearing action (due to upward translation) of
the cooled portion of both the sidewalls, where hot fluid rejects heat and cooled. Thus, cold fluid comes down along the
middle-upper portion of the enclosure. Finally, cold fluid directly interacts with the hot plume in the lower portion of
the enclosure. This can be clearly understood by visualizing the temperature distribution pattern (as presented by the

FIGURE 2 Combined streamlines and isotherms plots (in the upper panel: blue- and red-colored lines are used for streamlines and

isotherms, respectively), heatlines plot (second row) inside the cavity at Ri = 1, Re = 200, Ha = 30, γ = 0�, Da = 10−4, ε = 0.6, A = 1 with (A)

upward velocity vw = +1 and (B) downward velocity vw = −1. The contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines,

and heatlines, respectively
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isotherms), where it can be observed that, although high-temperature lines distribute surrounding the protruded heater,
gradually isotherms becomes horizontal connecting the two sidewalls of the enclosure (bottom portion). Also, from the
streamlines contour maps, it can be observed that upward translation of the upper half of the cooled sidewalls leads to
the formation of two primary circulating vortices at the left (rotating in the clockwise direction) and right (rotating in
the counterclockwise direction) halves of the enclosure. Due to symmetrical heating by the bottom protruded heater,
cooling from the upper half of the sidewalls and wall translation at the same speed and same direction, thermo-fluid
flow shows symmetric distribution about the mid-vertical plane of the enclosure. Now, the heat energy transport from
the heat source to heat sink can be well visualized from the heatline contours. The heatlines are originated perpendicu-
larly from heated walls and then connected with the cooled walls on either sides of the enclosure symmetrically. The
arrowhead of the contour lines indicates the passage for heat energy transport. For the upward translation case
(Figure 2A), the contours maps show that part of the heat energy transported directly from the bottom protruded heater
to moving cold walls and part of the energy traverse a long path as moves upward along the mid-vertical plane and then
comes downward following the formation of smaller energy recirculation cells near to the translating walls; finally, heat
energy dumped into the moving cold walls.

Now, comparing the base fluid (ϕ = 0) with the nanofluid (ϕ = 0.02) cases, it can be observed that there are almost
no changes in the combined streamlines and isotherms plots. However, the contours of heatlines show a significant
change in the upper portion of the cavity. Energy circulation cells almost occupy the upper part, and thus heat energy
is transferred through the lower half of the enclosure only. This is attributed to the fact that, with the addition of
nanoparticles (ϕ = 0.02) in the base fluid, the nanofluid thermal conductivity of the gain, leading to a boost in the fluid
velocity, which in turn more heat energy transport to the cold walls. This effect is reflected by the improved heat trans-
fer characteristics denoted by the average Nu (below the heatlines contours).

The aforesaid findings are marked changes when both the cold sidewalls are translating in a downward direction
(vw = −1, ϕ = 0). In this case, the downward velocity of the upper half of the cold walls forms CCW circulating cells at
the left and CW circulating cells at the right halves of the enclosure. As a result, hot plumes rise (from the protruded
heater surface) upwards and after obstructed by the upper wall, hot plumes divide into two, which are then pulled by
the downward velocity of the cold walls. Here, primary circulating cells at the upper halves of the enclosure assist hot
plumes to move upwards and act as a circulating roller. Thus, flow passage becomes narrower, resulting in a boost in
the flow velocity (like converging–diverging nozzle), which can boost faster removal of heat energy from the heated sur-
face to the cooled surface. Corresponding isotherms contours show a conical shape distribution with a higher tempera-
ture at the core and lesser temperature at the outer periphery. Heatlines contours show a wider and long corridor of
energy transport from the bottom protruded heater body to the cold downward-moving walls. It is pertinent to mention
that upper halves of the enclosure actively participate in the direct energy transportation (which is absent in the case of
vw = +1, ϕ = 0.02). Here, only tiny energy circulation cells are formed near the translating walls and bottom corners of
the enclosure. Thus, heat transfer significantly improves with downward wall motion compared to upward wall motion.
Further improvement in heat transfer with vw = −1 is noted with nanofluid case (ϕ = 0.02), which are reflected by the
average Nu values. There is almost no significant changes in the fluid flow and temperature distribution pattern when
ϕ = 0.02. In general, it is obvious that heat transfer characteristics are well improved and it is dominated by the down-
ward partial sliding motion of the PDC with the presence of nanofluid. This is an interesting finding of a PDC under
the downward translation of the cooled walls even in the presence of flow dampening porous media and magnetic
fields.

4.2 | Effect of operating flow regimes (Ri)

Now, under the PDC effect, the value of the Richardson number plays an important role in defining the operating flow
regime. When the Ri is substantially low (Ri < 0.1), forced convection dominates over the mixed convection (Ri = 1),
for Ri > 10 natural convection dominates. To illustrate this fact, the impact of varying Ri values (Ri = 0.1, 1, and 100)
on the combined streamlines and isotherms plots (in the upper panel), and heatlines plot (second row) are presented in
Figure 3A,B for upward velocity (vw = +1) and downward velocity (vw = −1), respectively, for a fixed value of Re = 100,
Da = 10−4, ε = 0.6, Ha = 30, γ = 0�, ϕ = 0.02, A = 1. For the upward velocity (vw = +1) from Figure 3A, it can be seen
that there are no significant changes in the thermo-fluid flow patterns (as seen in Figure 2A for ϕ = 0.02). Here, the
upper halves of the enclosure are occupied by the two counter-rotating circulating cells. However, when Ri = 10,
bouncy force starts to increase, which is again dominated by the two primary circulating cells due to strong shearing
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action of the upward-translating walls at both sides of the enclosure. The changes in isotherm lines and heatlines con-
tours are noticeable (compared to the contours of Ri = 1). Hot plumes push to move upwards, which are suppressed by
the shear-induced two forced circulating cells. Thus, isotherm lines curve like a concave shape about the mid-central
plane. Heatlines also penetrate near about the mid-vertical plane towards the upper half of the enclosure, and finally
heat energy is dumped into the cold walls following the path of the upper energy-recirculating cells. In the bottom cor-
ner, two more counter-rotating inactive energy-recirculating cells appear. In this case, the heat transfer rate decreases
marginally. However, when Ri increases substantially (Ri = 100), buoyancy force becomes stronger (which is indicated
by the maximum streamfunction), thus buoyancy-induced free circulation dominates shear-induced circulation. As a
result, buoyancy-induced two counter-rotating free circulating cells (CCW cell at the left, CW cell at the right) occupy
the entire enclosure and suppress the shear-induced circulating cells (due to wall translation) near the upper half of the

FIGURE 3 Effect of different operating flow regime in terms of Richardson number (Ri) on the combined streamlines and isotherms

plots (in the upper panel), heatlines plot (second row) inside the cavity at Re = 100, Ha = 30, γ = 0�, Da = 10−4, ε = 0.6, ϕ = 0.02, A = 1 for

(A) vw = +1 and (B) vw = −1. The contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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sidewalls. Following fluid circulation cells, there also appears two large inactive energy-recirculating cells, which com-
press the corridor for the heat energy transport from the bottom-protruded heater to partially translating the top portion
of the sidewalls. After originating from the protruded heater, heat energy passes through a narrow passage and thereaf-
ter widens the passage and then divides equally into two parts; thus finally heat is rejected into the translating side-
walls. Due to the stronger buoyancy effect, the heat transfer rate increases markedly as indicated by the average Nu
value.

With the downward motion (vw = −1) of the PDC as shown in Figure 3B, there are no significant changes in the
thermo-fluid flow patterns (as seen in Figure 2B for ϕ = 0.02) up to Ri = 1. Interestingly, heatlines contours show
changes, as there appear tiny energy-recirculating cells near the sliding walls and the contour maps show a “flower”-
like shape. At Ri = 10, streamlines of the upper circulating cells sag into the bottom portion of the cavity, and
corresponding isotherm lines also show a significant change (compared to Ri = 1) and connect the bottom and top adia-
batic walls. Also, the inactive energy-recirculating cells increase adjacent to the lower portion of the sidewalls. Further
increase in the Ri value to 100, buoyancy flow increases significantly, which is also assisted by the downward translat-
ing walls. As a result, buoyancy induced two circulating cells to occupy the entire space. Corresponding high-tempera-
ture lines are clustered near the heated walls (which means thinner thermal boundary layers and higher heat transfer
from the heated walls), and the rest are distributed in the upper portion of the cavity. In the heatline contours, inactive
energy-recirculating cells increase markedly, which compresses the corridor for the heat energy flow. This leads to a
higher heat transfer rate. From the heatline contours for all the Ri values, it can be seen that active passage for the heat
energy flow becomes narrower with increasing Ri, which indicates that the intensity of heat energy transport per unit
area increases markedly. This is an interesting finding of the above analysis. In general, the average Nu shows an
increasing trend with increasing Ri values. With downward motion, heat transfer improves 2.50% (for Ri = 0.1), 7.68%
(for Ri = 1), 108.97% (for Ri = 10), and 67.74% (for Ri = 100) compared to the upward wall motion (vw = +1). For any
Ri values under upward and downward motion, the flow structure shows the symmetrical distribution.

4.3 | Effect of varying partially translating walls speed (Re)

Change in the speed of the translating walls plays a critical role in the thermo-fluid flow structure as well as heat trans-
fer features. The different speeds are enforced by varying Re = 10, 100, 300, and 500. In fact, both the upward and
downward motion of the translating walls (vw = ±1) are assessed keeping other conditions at fixed values at Ri = 10,
Ha = 30, γ = 0�, Da = 10−4, ε = 0.6, ϕ = 0.02, A = 1. At a lower speed (Re = 10), the fluid flow and heat transport phe-
nomena are conquered by the forced convection (as a result of shear driven flow), resulting in the formation of two
symmetrical circulating cells in the upper portion of the enclosure. Corresponding isotherm lines are distributed cover-
ing the entire cavity space with a higher temperature line close to the heater. At this speed (corresponding Gr = 103),
heat transfer is dominated by conduction mode resulting in a weaker heat transfer rate (as indicated by Nu value). This
is also evident from the distribution of heatline contours; the heat energy is transferred in a straightforward path from
the protruded heater body to the cooled sidewalls. Increase in the wall speed when Re = 100 (corresponding Gr = 105),
the flow structure modifies significantly as convection mode of heat transfer starts to dominate over conduction mode,
and as a result, buoyancy-induced flow strength increases. The flow structure exhibits a similar pattern as in Figure 3A
(for Ri = 10). Further, increase in wall speed to Re = 300 (Gr = 9 × 105) or 500 (Gr = 25 × 105), natural convection
becomes stronger (which is indicated by two large circulating cells, covering the entire cavity space) compared to shear-
driven flow. As a result, the shear-induced circulating cell shrinks near the translating walls. Thermal boundary thick-
ness near the heated walls becomes thinner, indicating the existence of higher temperature gradients. Associated heat
energy flowing passage becomes narrower, indicating the higher intensity of energy transport. This is reflected by the
increasing trend of the overall heat transfer rate (Nu).

For the fixed Ri value, change in wall-moving speed (or Re) under downward motion (vw = −1) affects the flow
structures and associated heat transfer characteristics markedly as shown in Figure 4B. At the lower speed, the direc-
tion of the wall motion has less impact, and the heat transfer rate is almost the same with the case of vw = +1. However,
with the increase in the Re to 100, the flow structures (streamlines, isotherms, and heatlines) modify markedly and
show a similar pattern as in Figure 3B (for Ri = 10). Further, with an increase in the wall speed to Re = 300 and 500,
buoyancy-induced convective flow becomes stronger, and it is further assisted by the downward wall motion. At
Re = 500, buoyancy-induced circulating cells covering the entire domain maintain the core of the circulation in the
upper halves of the enclosure. Isotherm lines are distorted severely and become congested about the mid-vertical plane.
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The thinner thermal boundary layer is noted around the heated surface. Congested heatline contours also indicate the
higher intensity of heat energy transport from the protruded body to the cooled walls. Inactive energy circulation cells
stretch from the heater top portion towards the moving cold walls. With downward motion, corresponding heat transfer
rate increases markedly in the range of 0.20% (for Re = 10), 108.97% (for Re = 100), 93.70% (for Re = 300), and 84.44%
(for Re = 500) compared to the upward wall motion (vw = +1).

4.4 | Effect of porous media Darcy number (Da)

The impact of dimensionless permeability of the porous media (in terms of Darcy number, Da = 10−6, 10−5, 10−3, 10−1)
on the thermo-fluid flow in a PDC is illustrated in Figure 5 Ri = 10, Re = 200, Ha = 30, γ = 0�, ε = 0.6, ϕ = 0.02, A = 1,

FIGURE 4 Effect of varying partially translating walls speed in terms of Reynolds number (Re) on the combined streamlines and

isotherms plots (in the upper panel), heatlines plot (second row) inside the cavity at Ri = 10, Ha = 30, γ = 0�, Da = 10−4, ε= 0.6, ϕ= 0.02,A= 1

for (A) vw=+1 and (B) vw=−1. The contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines respectively
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and vw = ±1. At a lower Darcy value (= 10−6), buoyancy-induced fluid velocity is significantly less; thus thermal con-
vection is also less. This is attributed to the fact that at lower permeability (Da) fluid flow passage is less, leading to
higher resistance to flow the same volume of fluid within the domain. Isotherms of higher temperatures remain away
from the heated surface; heatline contours show a wider corridor for the thermal energy transfer. Thus, the associated
heat transfer rate indicated by Nu value is also less. Now, with the increase in the Da value from 10−6 to 10−5, 10−3, and
10−1 fluid flow velocity increases (as can be seen from the maximum value of the streamfunction). Buoyancy-induced
tiny circulation cells form at the two sides of the protruded heater body, and it grows as Da increases. Isotherm lines
become closer to the heated wall, indicating the reduced thickness of the thermal boundary layer close to the protruded
heater surfaces. This implies increasing the Da value, the permeability of the porous substance increases, leading to a
reduction in the resistance to fluid flow. At the higher Da value (10−1), significant changes can be noticed. Here,

FIGURE 5 Effect of porous media Darcy number (Da) on the combined streamlines and isotherms plots (in the upper panel), heatline

plot (second row) inside the cavity at Ri = 10, Re = 200, Ha = 30, γ = 0�, ε = 0.6, ϕ = 0.02, A = 1 for (A) vw = +1 and (B) vw = −1. The
contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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buoyancy-induced convective flow circulation dominates the shear-induced flow circulation. As a result, buoyancy-
induced circulating cells occupy the entire cavity and shear-induced circulating cells shrink towards moving cold walls.
Corresponding isotherm lines change markedly and indicate thinner thermal boundary layer thickness. This leads to a
higher heat transfer rate as indicated by the Nu. This is also supported by the heatline contours; it indicates that the
passage for the heat energy transfer is reduced (means the intensity of heat energy transfer is higher) due to the forma-
tion of large inactive energy-recirculating cells.

Also, the direction partial motion of the PDC impacts on flow structure and associated heat transfer characteristics.
The buoyancy-induced flow is assisted by the shear-induced flow, resulting in heightening in heat transfer characteris-
tics. Two main circulating cells occupy the entire enclosure and the strength of the circulating cells increases markedly
with the increase in Da value. Furthermore, the center of the circulating cells shifts from the moving wall adjacent area
towards the center of each half of the enclosure. In the heatline contours, at Da = 10−6, heat energy transfers symmetri-
cally over each half of the enclosure. However, an active corridor of heat energy transfer reduces the formation of inac-
tive energy-recirculating cells at both sides of the protruded heater. At Da = 10−1, the inactive energy-recirculating cells
grow larger and severely the heat energy transfer corridors; this leads to an increase in the intensity of heat energy
transfer with the active corridors. Thus, a higher heat transfer rate is noticed from the Nu values. In general, downward
motion indicates enhanced heat transfer compared to upward motion in the range of 1.49% (for Da = 10−6), 38.02% (for
Da = 10−5), 67.54% (for Da = 10−3), and 55.46% (for Da = 10−1).

As the porosity increases, buoyancy-induced circulating flow dominates shear-driven fluid flow marginally due to
the increase in buoyancy strength (as the resistance offered by the porous media decreases). This leads to an increment
in heat transfer marginally and becomes maximum at ε = 1. A marginal variation is noted in the heatline contours with
the increasing porosity. However, such an increasing trend of heat transfer is more with downward sliding motion—as
shear-driven fluid flow assists buoyancy-induced circulating flow, resulting in two large circulating cells (CCW cell at
the left and CW cell at the right). With the increasing porosity from ε = 0.3–1, there is a marginal change in the con-
tours of streamlines, isotherms, and heatlines as well as the average Nu value. Of course, downward motion of the PDC
indicates enhanced heat transfer compared to upward motion in the range of 99.06% (for ε = 0.3), 103.13% (for ε = 0.5),
107.07% (for ε = 0.8), and 108.11% (for ε = 1).

4.5 | Influence of porosity (ε)

In connection with the aforesaid observations, the pore size in the porous matrix also greatly influences the overall
thermal performance of PDC under both the upward and downward motion. Figure 6 describes the effect of different
porosity (ε = 0.3, 0.5, 0.8, 1) on PDC with vw = ±1 for a fixed Ri = 10, Re = 200, Da = 10−4, Ha = 30, γ = 0�, ϕ = 0.02,
A = 1. During upward partial slide (Figure 6A), at the lower porosity (ε = 0.3), shear-driven and buoyancy-driven circu-
lating flow counteracts and mutually balances the convective phenomena.

4.6 | Impact of Hartmann number (Ha) and inclination angle (γo)

Uniformly applied external magnetic field (expressed through dimensionless Hartmann number Ha) also affects the
thermal performance in the PDC under upward and downward translation of the partially cooled walls. This might be
understood from the combined streamlines and isotherms plots (in the upper panel) and heatlines plot (second row)
inside the cavity as in Figure 7 with varying Ha values (0, 10, 50, 100) with fixed value of other influencing parameters
(Re = 200, Ri = 10, Da = 10−4, = 0.6, γ = 0�, ϕ = 0.02, A = 1) under both directions of velocities (vw = ±1). With the
upward translation of PDC, when there is a nonmagnetic field (Ha = 0), the buoyancy-driven flow is opposed by the
shear-driven flow (due to partial sliding of the sidewalls). The contours of corresponding isotherms are spread symmet-
rically based on the temperature difference of heater and coolers. Thus, heat energy flows from the protruded heater
surfaces to the cooled walls complying with the curvilinear structure guided by the existence of two symmetrical
energy-recirculating cells. Now, strengthening the imposed magnetic field by increasing the Ha value = 10, 50, or 100,
patternwise overall flow structure is similar to the structure at Ha = 0. However, the buoyancy-driven flow circulating
cells becomes weaker (as can be seen from the maximum streamfunction value). This leads to weaker heat transfer and
this reduction is maximum at higher Ha = 100. The reason behind the reduction can easily be understood by observing
the governing Equations 2–3. It can be seen that with γ = 0�, the magnetic force associated with Ha term increases,
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which counteracts the vertical velocity (V) component due to the buoyancy effect. Thus, overall circulation strength
reduces, which in turn thermal performance reduces.

When the partial sliding motion is downward (vw = −1), a variation of imposed magnetic field substantially mod-
ifies the flow structure as well as the heat transport phenomenon. As expected, shear flow-assisted buoyancy-induced
two circulating cells occupy the entire cavity and lead to maximum heat transfer (at Ha = 0). At the fixed value of
Re = 200 and Ri = 10 (corresponding Gr = 4 × 105), mixed convection strength (evolved with the combination of forced
convection due to partial sliding of the cooled walls and natural convection due to buoyancy effect) is strong enough
and leads to higher heat transfer rate (indicated by higher Nu value). Of course, with the increase in the Ha values
(= 10, 50, and 100), circulation strength reduces substantially (as indicated by the maximum streamfunction), and also
the thermal boundary layer thickness increases near the heated wall, indicating a lessening of the heat transfer rate.

FIGURE 6 Impact of porosity (ε) on the combined streamlines and isotherms plots (in the upper panel) and heatline plot (second row)

inside the cavity at Ri = 10, Re = 200, Da = 10−4, Ha = 30, γ = 0�, ϕ = 0.02, A = 1 for (A) vw = +1 and (B) vw = −1. The contour gaps are
taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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This is also supported by heatline visualization as the width of the energy transfer corridor increases (indicating a
reduction in heat energy intensity). Both size and shapes of the fluid flow vortex and energy-recirculating cells modify
significantly with the increasing Ha (tiny multiple vortices are noticed inside the large circulating cells). On the other
hand, the impact of inclination angle (γ) of the applied magnetic field on the flow structure and heat transfer in the
PDC is also analyzed and are illustrated in Figure 8 for both the velocity directions (vw = ±1) with fixed Ri = 10,
Re = 200, Da = 10−4, Ha = 30, ε = 0.6, ϕ = 0.02, A = 1. Almost the same effect has been observed for = 30� and 150�,
but marginal changes are being reflected in the flow structures and Nu values in both the cases of sliding directions for
γ = 90� and 120�. Here, γ = 90� means the magnetic field is acting perpendicularly. Of course, the changes in the mag-
netic field inclination angle on the flow structure are less pronounced due to the presence of flow dampening porous
substances.

FIGURE 7 Impact of applied magnetic field strength in terms of Hartmann number (Ha) on the combined streamlines and isotherms

plots (in the upper panel) and heatline plot (second row) inside the cavity at Ri = 10, Re = 200, Da = 10−4, ε = 0.6, γ = 0�, ϕ = 0.02, A = 1

for (A) vw = +1 and (B) vw = −1. The contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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4.7 | Effect of nanoparticle volume concentration (ϕ)

Figure 9 depicts the effects of suspension of Cu nanoparticles volume fraction ϕ (= 0.005, 0.01, 0.03, 0.05) on the com-
bined streamlines and isotherms plots (in the upper panel) and heatline plot (second row) and average Nu keeping
other parameter fixed at Ri = 10, Re = 200, Da = 10−3, Ha = 30, γ = 0�, ε = 0.6, A = 1, and vw = ±1. It can be seen that
with the addition of nanoparticles into the base fluid (as in Figure 2), there is no prominent impact on the flow struc-
ture, temperature, and heatline contours. However, a variation of ϕ has an impact on the heat transfer rate, as an
increase in ϕ leads to an increase in Nu. This happens so, an increase in ϕ lead to amplify the working fluid thermal
conductivity. Leading to increases in the buoyancy effect which helps to transfer more amount of heat from the heated
source to cooled walls.

In the case of upward motion of the partially translating walls (for vw = +1), shear-driven force reduces the positive
buoyancy effect. Whereas downward motion of the partially translating walls (for vw = −1), shear-driven force assists

FIGURE 8 Impact of inclination angle (γ) of applied magnetic field on the combined streamlines and isotherms plots (in the upper

panel) and heatline plot (second row) inside the cavity at Ri = 10, Re = 200, Da = 10−4, Ha = 30, ε = 0.6, ϕ = 0.02, A = 1 for (A) vw = +1

and (B) vw = −1. The contour gaps are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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the positive buoyancy effect, resulting in more amount of heat transfer. The increasing trend of heat transfer enhance-
ment can be seen from the Nu values. Corresponding heatline contours also indicate changes in its distribution with
the increase in ϕ. In general, downward sidewall motion of the PDC indicates enhanced heat transfer compared to
upward motion in the range of 67.07% (for ϕ = 0.005), 67.23% (for ϕ = 0.01), 67.83% (for ϕ = 0.03), and 68.38% (for
ϕ = 0.05). Furthermore, heat transfer enhancement with nanofluid compared to base fluid (ϕ = 0) is about 0.39%–
9.91% (with vw = +1) and 0.49%–12.34% (with vw = −1).

4.8 | Effect of aspect ratio (A)

The change in the protruded heater height (for the fixed-width) or aspect ratio (as indicated as A) markedly changes
the energy and fluid flow structure and associated heat transfer characteristics. Figure 10 depicts the evolution of

FIGURE 9 Effect of Cu–water nanofluid volumetric concentration (ϕ) on the combined streamlines and isotherms (first row) and

heatlines (second row) at Ri = 10, Re = 200, Da = 10−3, Ha = 30, γ = 0�, ε = 0.6, A = 1 for (A) vw = +1 and (B) vw = −1. The contour gaps
are taken as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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combined streamlines and isotherm contours and heatline contours with the increasing heater aspect ratio (A = 0, 0.5,
1.5, and 2.5) under both direction (vw = ±1) of partially sliding walls of the PDC at Ri = 10, Re = 200, Da = 10−4,
Ha = 30, γ = 0�, ε = 0.6, ϕ = 0.02. For understanding the marked changes, the heater aspect ratio of A = 0 (corresponds
to flashed mounted heater) is analyzed first and presented in the first column. When vw = +1, in the lower portion of
the enclosure there also appears two counter-rotating main circulating cells (due to buoyancy effect), which is opposed
by the two counter-rotating shear-induced circulating cells (due to partial wall translation). Consequently, the isotherm
lines are disseminated from the heated surface to the rest of the cavity space in a particular manner like blossom
flowers. Heatline contours also follow the similar patterns of the main streamline circulation. Two main energy-
recirculating cells (CCW at the left and CW at the right) form in the lower part of the enclosure, whereas smaller
energy-recirculating cells stretched nearer to the upward translating walls. Heat energy from the heated surface to the
cooled walls flows through long-distance guided by the pairs of lower and upper energy-recirculating cells. As the

FIGURE 10 Effect of aspect ratio (A) on the combined streamlines and isotherms plots (in the upper panel) and heatline plot (second

row) inside the cavity at Ri = 10, Re = 200, Da = 10−4, Ha = 30, γ = 0�, ε = 0.6 for (A) vw = +1 and (B) vw = −1. The contour gaps are taken
as 0.1, 0.001, and 0.001 for isotherms, streamlines, and heatlines, respectively
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heater aspect ratio is increased to A = 0.5, heated surface area increases, resulting in enthalpy input into the working
fluid is more for the same Re and Ri (Gr = 4 × 105). The cores of the main circulating cells slightly shifted upwards. In
the isotherms contours, the distance between any two isotherms (having equal interval) decreases, indicating the incre-
ment in heat intensity; the isotherms also cover the heated wall in the form of layers. This is also evident from the con-
tours of heatlines, as the maximum heatfunction value obviously increases with the increase in A. Further increase in
the heater aspect ratio to 1.5 and 2.5, the fluid flow structure inside the enclosure changes markedly. The fluid layers
adjacent to the heated walls rise upward forming a plume that is then obstructed by the top adiabatic wall and cooled
by interacting with upper cold circulating cells and finally goes downward. Thus, main circulating cells deflected
severely; also shear-driven circulating cells shrink with increasing A. It is also pertinent that an increase in A causes
reduction in the fluid volume within the enclosure. The thermal boundary thickness near the partially driven walls
becomes thinner with the increasing A, and corresponding velocity boundary layer thickness also reduces. Following
streamlines circulation, heatlines also deflect markedly, indicating high-intensity energy flux. Corresponding strength
of closed-loop energy recirculating cells increases (as reflected by maximum heatfunction value). The rate of heat trans-
fer is intensified and becomes maximum at A = 2.5 due to stronger convection.

Now, with the downward partial sliding motion (vw = −1), change in the heater aspect ratio markedly intensifies
the strength of energy and fluid flow, leading to a higher heat transfer rate as depicted in Figure 10B. As expected,
shear-induced circulating cells (due to partial wall translation) assist buoyancy-induced circulating cells; as a result,
two symmetrical counter-rotating circulating cells (CCW cell at the left and CW cell at the right) govern the convective
flow. The isotherm lines are dispersed maintaining equidistance (with decreasing temperature) about the mid-vertical
plane. Heatline contours also follow similar patterns streamline circulation—active energy flow corridors increase
gradually (just like diverging flow) towards the upper portion of the cavity and outside of this active passage energy-
recirculating cells occupy. With the increase in heater aspect ratio to A = 0.5, 1.5, and 2.5, enthalpy input into the work-
ing fluid is much more due to increases in the heated surface area at the same Gr (= 4 × 105). As a result, circulation
strength increases significantly (as indicated by the maximum streamfunction) and becomes highest at A = 2.5. The iso-
therms contours also indicate higher intensity and cover the heated walls in the form of packed layers. Corresponding
heatline contours clearly show that heat energy is transferred quickly from the heated surfaces to the cooled moving
walls as heater height increases. Thus, cores of the energy-recirculating cells lifted upwards and stretched more. The
rate of heat transfer is intensified much more at A = 2.5 due to stronger convective flux. In general, downward wall-
sliding motion of the PDC indicates enhanced heat transfer compared to upward motion in the range of 61.70% (for
A = 0), 85.75% (for A = 0.5), 123.08% (for A = 1.5), and 156.36% (for A = 2.5).

4.9 | Heat transfer characteristics

In this section, global heat transfer characteristics (showed using average Nusselt number Nu, as given by Equation 14)
of the PDC are abridged under selected influencing parameters such as Richardson number (Ri), Reynolds number
(Re), Darcy number (Da), porosity (ε), (e), Hartmann number (Ha), and Cu–water nanofluid volumetric concentration
(ϕ) for both upward and downward velocity vw = ±1 as in Figure 11. Figure 11A illustrates increasing magnitude of
average Nu with increasing Ri for the fixed value of Da = 10−4, ε = 0.6, Ha = 30, γ = 0�, ϕ = 0.02, A = 1. The value of
Ri dictates the domain convection regime, which is clearly reflected in the Nu value. The heat transfer rate is predomi-
nant by the forced convection regime for Ri = 0.1 and corresponds to smaller average Nu; this is because of weaker
buoyancy consequence caused due to partially translating lids. When Ri is in the range of Ri = 1–10, the heat transfer
rate is governed by the mixed convection (the combination of forced and natural convection). Thus, for Ri ≤ 1, the
effect of partially sliding lids' speed is almost insignificant, whereas in the mixed convection regime, heat transfer rate
increases marginally due to an increase in the buoyancy effect (compared to forced convection regime). Such increment
is more pronounced at higher lids' speed (Re > 100), whereas there is almost no effect on Nu of lower speed at Re = 10.
The average Nu increases markedly when Ri > 10, which corresponds to the natural convection regime. Besides the
range of parameters, overall thermal performance is influenced by the direction of partially sliding lids. Of course,
downward lids' speed vw = −1 is a better option for achieving superior heat transfer characteristics compared to the pos-
itive velocity (vw = +1) and this true for all Re values (except Re = 10).

Further to the above, for better understanding, the effect of Re can be realized from Figure 11A by varying the speed
of the translating walls of PDC by varying Reynolds number (Re) for the range of Ri = 0.1–100 keeping fixed value of
Da = 10−4, ε = 0.6, Ha = 30, γ = 0�, ϕ = 0.02, A = 1. As seen from the Nu curves, till Ri ≤ 1 Nu value does not change
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with Re due to the weaker buoyancy effect. However, average Nu substantially increases with higher Re. Also, at higher
Ri, the gap between the Nu curves increases monotonically. Such, increasing trend is clearly found for the partially slid-
ing walls in both directions (vw = ±1). When Re > 200, the rate of heat transfer is superior at a higher Ri value. Further-
more, the difference between the Nu curves for both the velocities vw = ±1 grows continually with the increasing

FIGURE 11 Heat transfer characteristics under different parametric conditions with varying Richardson number (Ri) and (A) Reynolds

number (Re), (B) Darcy number (Da), (C) porosity (ε), (D) Hartmann number (Ha), (E) nanofluid volumetric concentration (ϕ), and (F)

heater aspect ratio (A) keeping other parameters fixed

22 MONDAL ET AL.
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Re. This is attributed to the fact that, with the increase in Re keeping all other parameters at fixed values, the conse-
quent Grashof number (Gr = Ri × Re2) increases from 102 to 2.5 × 106, causing an increase in buoyancy effect. With
downward motion, heat transfer improves 0.02%–23.09% (for Ri = 0.1), 0.04%–154.74% (for Ri = 1), 0.20%–84.43% (for
Ri = 10), and 2.11%–45.51% (for Ri = 100) compared to the upward wall motion (vw = +1) for the range of varying
Re = 10–500.

The effect of permeability of the porous media on heat transfer characteristics is presented by varying the Darcy
number (Da = 10−6 to 10−1) for different Ri values keeping all other parameters at the fixed value Re = 200, ε = 0.6,
Ha = 30, γ = 0�, ϕ = 0.02, A = 1 as shown in Figure 11B. The figure shows that as the Da value increases from 10−6,
the overall heat transfer rate increases markedly till Da = 10−3 and beyond this, Nu values are almost constant with
increasing Da. Such an increasing trend is noted for any direction of partial sliding (vw = ±1). With the increasing Da,
the resistance of the porous medium to the fluid flow reduces substantially (till Da = 10−3), resulting in a higher heat
transfer rate, and it is further influenced by the direction of partial sliding lids. On the other hand, the effect of varying
porosity of the porous medium is presented in Figure 11C for different Ri values at Re = 200, Da = 10−4, Ha = 30,
γ = 0�, ϕ = 0.02, A = 1. Only a higher Ri value (= 100) shows an increasing trend of the Nu curve as ε increases. With
the increasing porosity, the size of the pores in the porous domain increases, leading to lesser resistance to the fluid
flow. Subsequently, the buoyancy effect also increases substantially, which also helps in increasing the fluid motion. As
a result, Nu value increases. Of course, such an increasing trend is absent for other Ri values even also for other direc-
tions of partial sliding. In general, downward motion indicates enhanced heat transfer compared to upward motion in
the range of 0.03%–25.45% (for Da = 10−6), 0.66%–72.94% (for Da = 10−5), 6.50%–63.59% (for Da = 10−4), 32.22%–
55.51% (for Da = 10−3), 56.12%–52.68% (for Da = 10−2), and 60.52%–49.67% (for Da = 10−1) with varying Ri = 0.1–100.

Now, the effect of the external magnetic field (indicated using Hartmann number Ha) on the heat transfer charac-
teristics are shown in Figure 11D for different Ri values at Re = 200, Da = 10−4, ε = 0.6, γ = 0�, ϕ = 0.02, A = 1. The fig-
ure depicts a consistently lessening trend with the increasing Hartmann number. This also is pertinent that at lesser Ri
value (<10), heat transfer processed is dominated by the conduction means; thus, magnetic field consequence is not dis-
tinct. Of course, at the higher value of Ri = 100, the heat transfer process is dominated by the convection mode, thus
leading to a decrease of heat transfer rate which decreases with the increasing Ha. This is attributed due to the presence
of negative terms associated with Ha as in the X and Y momentum equations 2 and 3. An increase in Ha values, causing
an increase in the magnetic force (magnitude of negative source term), acts against the buoyancy force. Thus, by setting
the Ha value, the heat transfer process can be controlled. Of course, the downward sliding motion of the PDC indicates
enhanced heat transfer compared to upward motion.

The effect of the volumetric concentration of Cu–water nanofluid under different Ri values is reflected in
Figure 11E at Re = 200, Da = 10−3, ε = 0.6, Ha = 30, γ = 0o, A = 1. In this figure, ϕ = 0 corresponds to pure water. The
inclusion of nanoparticles clearly reflects an increasing trend of Nu. The heat transfer process is more influenced by the
nanoparticles in the convection dominated mode (Ri = 100). Adding nanoparticles, working fluid thermal conductivity
increases leading to amplifying the circulation velocity and convection process. Thus, more heat is transferred from the
heat source to the heat sink. Also, this heat transfer is more pronounced in the case of downward sliding at higher
Ri > 10. This is also an interesting outcome and affords some contribution in the field of heat transfer fluid flow for
choosing the range of influencing parameters for accomplishing an enhanced and controlled heat transfer. Of course,
downward sliding motion of the PDC indicates enhanced heat transfer compared to upward sliding motion is in the
range of 30.88%–33.77% (for Ri = 0.1), 112.46%–107.01% (for Ri = 1), 66.91%–68.38% (for Ri = 10), and 55.71%–55.27%
(for Ri = 100) varying Cu nanoparticles volume fraction 0–0.05 keeping other parameters at fixed values. Furthermore,
the heat transfer enhancement with Cu–water nanofluid (ϕ = 0.005–0.05) compared to base fluid (ϕ = 0) is about
0.95%–9.91% (for Ri = 0.1) to 0.58%–5.71% (for Ri = 100) for the upward sliding motion, whereas it is about 1.22%–
12.34% (for Ri = 0.1) to 0.55%–5.41% (for Ri = 100) for the downward sliding motion.

Finally, the trend of overall heat transfer characteristics for the varying heater height (for the fixed-width) or aspect
ratio (A) under both upward and downward motion of the PDC for different Ri values are depicted in Figure 11F for
the fixed Re = 200, Da = 10−4, ε = 0.6, Ha = 30, γ = 0�, ϕ = 0.02. The result shows a monotonous increasing trend of
heat transfer rate with the increasing A for any direction of partially translating walls, any Ri value. Of course, When Ri
is in the range of Ri = 1–10, the heat transfer rate is governed by the mixed convection (the combination of forced and
natural convection). Thus, for Ri ≤ 1, the effect of partially sliding lids' speed is almost insignificant, whereas in the
mixed convection regime, heat transfer rate increases marginally due to an increase in the buoyancy effect (compared
to forced convection regime). Such increment is more pronounced at higher lids' speed (Re > 100), whereas there is
almost no effect on Nu of lower speed at Re = 10. The average Nu increases markedly when Ri > 10, which corresponds
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to the natural convection regime. Besides the range of parameters, overall thermal performance is influenced by the
direction of partially sliding lids. Of course, the slope of the Nu curve is comparatively less at a lower Ri value (Ri < 10)
due to the weaker buoyancy effect. Thereafter, the gap between the Nu curves for the velocities vw = ±1 increases
monotonically with the increase A. As observed in Figure 10, an increase in buoyancy-driven convection with higher
Ri > 10 and increasing A is beneficial with assisting downward motion condition (vw = −1) compared to opposing
upward motion condition (vw = +1) of the PDC. Thus, downward translational speed vw = −1 may be a superior alter-
native for achieving greater heat transfer characteristics compared to the positive velocity (vw = +1), and this is true for
all heater aspect ratio. Corresponding heat transfer enhancement with downward velocity compared to upward velocity
is in the range of 3.51%–6.73% (for Ri = 0.1), 15.35%–32.37% (for Ri = 1), 61.70%–156.36% (for Ri = 10), and 36.38%–
83.17% (for Ri = 100) varying heater aspect ratio 0–2.5 keeping other parameters at fixed values.

5 | CONCLUSIONS

A novel study of a two-sided PDC consisting of a protruded heater on MHD convection of nanofluid-saturated porous
substance is addressed. The heat source is located in the middle of the bottom wall, and sidewalls are cold and partially
moving upward or downward. The features of enhanced heat transfer of PDC under different parametric influences—
Richardson number, Reynolds number, Darcy number, porosity, magnetic field, nanofluid volume fraction, and heater
aspect ratio. These are summarized below:

• The downward sidewall motion of the PDC causes assisting flow situations and leads to augmented heat transfer as
compared to the opposing flow situation (by upward sidewall motion). Thus, a downward translation can be opted as a
better choice for an enhanced heat transfer even in the presence of flow lessening porous substance andmagnetic field.

• The Richardson number (Ri) plays a crucial role in selecting the mode of convective heat transfer. The thermo-hydro-
dynamic behavior is amplified when Ri > 1, and the associated heat transfer rate is maximum at Ri = 100. The down-
ward sliding motion is always a superior option for enhancing the heat transfer rate as high as ~154.74% (at Ri = 1,
Re = 500) compared to the upward sliding wall motion. The higher sliding velocity in terms of high Reynolds num-
ber (Re) leads to a higher heat transfer rate for any direction of sliding motion.

• An increase in the permeability of the porous medium in terms of Darcy number (Da) leads to improved heat trans-
fer characteristics due to a reduction in resistance to convective fluid flow for any direction of partially translating
walls. Such improvement in heat transfer can reach as high as ~111.03% (at Da = 10−3) with downward wall motion
compared to the upward wall motion.

• As the porosity of the porous medium increases, it causes the strengthening of circulation flow velocity due to a
reduction in resistance against the flow. It results in more heat transfer and the improvement in the heat transfer
could be as high as ~108.11% (at ε = 1.0) with downward wall motion compared to the upward wall motion.

• The increase in magnetic field strength (reflected by Hartmann number, Ha) counteracts the buoyancy effect,
resulting in the dampening of circulation velocity and leading to a decrease in heat transfer rate. Such decrement is
more at higher Ha = 100.

• The suspension of solid Cu nanoparticles in pure fluid causes a substantial increment in heat transfer rate due to an
improvement in effective thermal conductivity. An increasing trend (with increasing volume fraction) in heat trans-
fer is further affected by the direction and the speed of the sliding wall motion. The enhancement of heat transfer is
112.20% (for ϕ = 0.005) with the downward sliding wall motion compared to the upward motion. Furthermore, the
enhanced heat transfer with Cu–water nanofluid is about ~12.34% (for ϕ = 0.05) compared to the base fluid (for
ϕ = 0) for the downward sliding wall motion.

• With the increase in the heater aspect ratio (A), a monotonic trend of increasing heat transfer is noted due to an
increase in heated surface area, which is further affected by the direction of sliding wall motion. Heat transfer enhance-
ment is about ~156.36% (atA= 2.5) with the downward sliding wall motion compared to the upward motion.

• Using the visualization technique of Bejan's heatlines, the transport of heat energy from the heated surface to the
heat sinks is demonstrated.

The above study explores the fundamental aspect of convective heat transfer in a two-sided PDC utilizing Cu–water
nanofluid, porous medium, and magnetic field. It brings out valuable insights for controlling the heat transport
processes under multiphysical directions. Furthermore, the present concept of PDC can be extended to other configura-
tions and multiphysical conditions of thermal devices.
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LIST OF SYMBOLS
A heater aspect ratio
Bo magnetic field intensity (N�A−1�m−2)
Da Darcy number
FC Forchheimer coefficient

G acceleration due to gravity (m�s−2)
Gr Grashof number
Ha Hartmann number

K permeability of porous medium (m2)

L length scale (m)
Nu average Nusselt number

P dimensionless pressure

Pr Prandtl number

Re Reynolds number

Ri Richardson number

T temperature (K)

u, v velocity components (m�s−1)
U, V dimensionless velocity components
vw dimensionless translational speed

Vw translational speed (m�s−1)
x, y Cartesian coordinates (m)

X, Y dimensionless coordinates

GREEK SYMBOLS
α thermal diffusivity (m2�s−1)
β thermal expansion coefficient (K−1)
γ magnetic-field inclination angle (�)
ε porosity
θ dimensionless temperature
μ dynamic viscosity

ν kinematic viscosity (m2�s−1)
ρ density (kg�m−3)
σ electrical conductivity (μS�cm−1)
ϕ volume fraction of nanoparticles

ψ dimensionless streamfunction
Π dimensionless heatfunction

SUBSCRIPTS

c cold wall

f base fluid

h hot wall

nf nanofluid

s solid nanoparticles
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