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Abstract: This study examines the influence of wall velocity
ratio onmixed convective heat transport in a permeable cavity
containing an isothermal solid block at its center. The analysis
considers the characteristics of various flow variables, i.e.,
Darcy number, wall velocity ratio, Richardson number, and
volume fraction of suspended nanoparticles, on heat transport
and material flow characteristics. The principal equations are
solved implementing the semi-implicit method for pressure
linked equations algorithm, and the outcomes are compared
with existing literature. The study shows that rising estimations
of Darcy number, velocity ratio, Richardson number, and
nanoparticles volume fraction lead to improved heat transfer
rates. For example, at high Richardson number (100) and solid
volume fraction (0.05), increasing the velocity ratio from 0.5 to
1.5 results in a 6% (5%) upsurge in heat transport rate.
Conversely, at smaller Richardson number (0.01), the heat trans-
port rate upsurges by 29% (28%). Similarly, at high Darcy num-
bers and low wall velocity ratios, a 3% (4%) escalate in heat
transport rate is observed with an increase in nanoparticles

concentration from 0 to 0.05, while a 9% (8%) increase in
thermal performance is achieved at low Darcy numbers.
The study emphasizes the importance of optimizing the com-
bination of nanoparticles volume fraction, Darcy number,
velocity ratio, and Richardson number to maximize thermal
performance in the porous cavity.

Keywords: porous cavity, nanofluid mixed convection, iso-
thermal block, wall velocity ratio

Nomenclature

cp specific heat capacity (J kg−1 K−1)
Da Darcy number
Fc Forchheimer term
G acceleration due to gravity ( )−

m s
2

Gr Grashof number
K permeability of the medium ( )m

2

knf thermal conductivity ( )−
W m K

1 1

L length of the cavity ( )m

Nu local Nusselt number
p pressure ( )Pa

P dimensionless pressure
Pr Prandtl number
Ra Rayleigh number
Re Reynolds number
Ri Richardson number
Nu average Nusselt number
U V, dimensionless velocities
u, v dimensional velocities
X, Y dimensionless coordinates
x, y dimensional coordinate ( )m

Greek symbols

λ wall velocity ratio
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α thermal diffusivity ( )−
m s

2 1

τ dimensionless time
ν kinematic viscosity ( )−

m s
2 1

ρ density (kg m−3)
µ dynamic viscosity (kg m−1 s−1)
φ wall velocity ratio
β coefficient of thermal expansion ( )−

K
1

θ dimensionless temperature
ε porosity of the medium

Subscripts

f base fluid
h hot
nf nanofluid
p nanoparticles

1 Introduction

The presence of an isothermal block within a resonator has
attracted attention due to its common occurrence in elec-
tronic packages and its various technological applications.
As a result, several scientists and examiners have focused
on analyzing heat/mass transport in these configurations
[1]. Several studies have analyzed the heat transfer perfor-
mance when an isothermal solid block is present in cavities.
For example, Sun et al. [2] investigated natural convective
heat transport in closed cavities subject to isothermal solid
block at the center. Kalidasan et al. [3] scrutinized the heat
transport characteristics of an isothermal solid block in an
open-ended cavity using hybrid nanofluids. Mehmood et al.
[4] worked on alumina-water based nanoliquids flow with
forced convection phenomena and hot iso-thermal block
inside a lid-driven cavity considering the characteristics of
a applied magnetic field. Their findings showed that the
existence of the nano-liquid and mixed convection aug-
mented the heat transport rate. Haq et al. [5] scrutinized
the heat transport influence of an isothermal block in a
moderately heated rhombus cavity. The research demon-
strates that the heat transport and fluid flow behavior
were greatly influenced by isothermally heat square block.

In the last couple of decades, there has been a growing
curiosity in studying heat transfer in environments where
mixed convection occurs and porous walls are present.
This research has applied utilizations and application in
numerous thermal devices like solar panels, electronic
cooling systems, building heating and cooling systems,
and the food industry. Kumar et al. [6] focused on a
research that represents the characteristics of heat trans-
port in a porous cavity using a multigrid approach. Their

findings recommend that the consolidation of shear force
and buoyancy effects inmixed convection leads to improved
heat propagation. Sivasankaran and Pan [7] scrutinized the
characteristics of non-uniform thermal boundary conditions
(BC) on mixed convection flow and heat transport in a lid-
driven permeable cavity. They observed that non-uniform
heating of double side walls resulted in advanced heat trans-
port rates compared to non-uniform heating of a single wall.
Moria [8] established a mathematical model to explore nat-
ural convective flow using porous medium and solid blocks.
Their consequences exhibited an important augmentation
in heat transport performance when porous materials were
present, especially at high Rayleigh numbers. Colak et al. [9]
further investigated a similar problem by incorporating a
heated porous block into the mixed convection state. They
found that the permeable variable played an important role
in improving heat transport by governing vortex formation.

The utilization of nanofluids in electronic devices pre-
sents a novel method to enhance heat transfer efficiency
[10–12]. Various studies have explored the consequences of
nanomaterials for cooling performance in lid-driven perme-
able cavities. Recently, Begum et al. [13] and Hussain et al.
[14] conducted numerical simulations and demonstrated
that nanofluids can greatly improve cooling rates due to
their superior thermal conductivity. Nithyadevi et al. [15]
investigated different factors influencing enhanced heat
transfer, such as nanofluid char mixed convection, nano-
fluid properties, and wall speed ratio, highlighting the
importance of the wall speed ratio in achieving significant
heat transfer enhancement. In a latest research, Alomari
et al. [16] inspected heat transport phenomenon in a lid-
driven cavity nanofluid flow in the presence of porous layer.
Their obtained consequences designated that heat transport
rates increase with higher mixed convection and forced
convection parameters, nanoparticle concentrations, and
porous parameters, with a notable 64% enhancement in
heat transport rate at rising Reynolds numbers. Long et al.
[17] examined macroscopic and mesoscopic characteristics
of sintered silver nanomaterials via crystal plasticity FEM.

Investigating the combined effects of mixed convec-
tion, wall velocity ratio and nanomaterials presents moti-
vating exploration query that has not been extensively
explored. Heat transport phenomenon in the presence of
isothermal solid block is particularly relevant in various
industrial utilizations involving porous media. The aim of
this exploration work was to address this research gap by
examining the impact of an isothermal solid block on
thermal behavior and fluid flow, as well as the potential
heat transport rate enhancement with the use of Cu-water
nanofluids. Additionally, the study will explore the influ-
ence of wall velocity ratio on heat transport rate in the
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presence of the isothermal block and quantify the heat
transfer rate increase with the addition of copper nanopar-
ticles. Numerical analysis will be employed to examine the
behavior of convective heat transport in a permeable
cavity with an isothermal solid block, considering the
wall velocity ratio. The findings of this study are expected
to provide valuable insights for the design of electronic
equipment and contribute to reducing energy ingesting
in industrial sceneries.

2 Modeling of the problem

In our ongoing research, we have chosen a porous cavity
with a size of L as the basis for our study. Inside the cavity,
we have introduced a nanofluid consisting of Cu and water
(Figure 1). In the graphical abstract, Th and Tc, respectively
characterize the temperature of left and right vertical
walls of the cavity, where Th > Tc. Furthermore, the top
and bottom walls of the cavity are considered adiabatic. At
the center of the cavity, there is a heated square block with

an isothermal temperature ⎛
⎝

⎞
⎠

+T T

2

h c . The size of the block is

given by L

4

. Let us assume that the top wall is moved with
constant velocity Ut = U0 from left to right. But the bottom
wall, can slide with a velocity Ub, either in the same direction
or opposite direction, where Ub = λU0, and (λ = Ub/U0) stands
for variable wall velocity ratio. In this study, we make the
following assumptions to model the flow equations:
• Neglecting induced electric current, viscous dissipation,
and Joule heating effects.

• Assuming negligible radiative heat transport between
the cavity walls.

• Considering the permeable medium to be homogeneous,
isotropic, and in thermal equilibrium with the nano-fluid.

• Assuming the nano-fluid flow to be unsteady, laminar,
incompressible, and Newtonian.

• Treating the nanoliquid as a single-phase system with
thermal equilibrium between the nanoparticles and fluid.

• Given constant physical characteristics of the nanofluid,
except for density changes in the buoyancy term using
the Boussinesq approximation.

In the presence of above assumptions, the principal
flow expressions are listed as follows [6,15,18]:
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The proposed boundary constraints are [4,19]:
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Figure 1: Graphical display of current research.
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The mathematical form of the transport units of the
nanofluids are [4,17]
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In the above equation, ρcp, ρ
nf
, β

nf
, knf , and αnf denote

heat capacity, nanofluid density, thermal expansion,
thermal conductivity, and thermal diffusivity. Also, f

stands for fluid in the subscripts, p denotes the nanopar-
ticles in the subscripts, and ϕ denotes the nanoparticles
volume fraction (Table 1).

2.1 Nusselt number

Mathematically, the Nusselt number for the present flow
problem is defined as [4,17]
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The mathematical expression for the average Nu in the
flow of liquid layer adjacent to the hot surface of wall is
addressed as [4,17].
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(9)

3 Scheme procedure, grid
independent test and code
validation

The finite volume method is utilized to discretize the trans-
port partial differential equations and their boundary

condition. However, resolving the momentum equations
(ME) is difficult due to their non-linearity and the atten-
dance of an unknown pressure field. The pressure gradient
term is included in the ME, but there is no separate equation
to regulate the pressure. To tackle these challenges, the
semi-implicit method for pressure linked equations algo-
rithm, established by Patankar [20], is employed. The tran-
sient terms are handled with a fully implicit scheme, while
the convection and diffusion terms are approximated using
specific systems. The resultant system of algebraic equations
is resolved using the Thomas algorithm with an iterative
approach. This process is repeated until a converged solu-
tion is attained, with a chosen convergence criterion for the
problem (Figures 2–4).
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In Eq. (10), ϕ characterizes θ, U , or V .
To select a better grid size for the present study, grid

independent test was performed for different mesh sizes
on the average Nusselt number for the hot wall at ϕ = 0.025,
Da = 10−3 and Ri = 1.0 which is shown in Table 2. From
the table, we observed that extending the grid size from
150 × 150 to 200 × 200 results in the lowest error rate for
both λ = −1 and λ = 1. Therefore, to save time, the grid size
150 × 150 is fixed for all simulations in this article. To verify
the accuracy of the present in house computational code,
the present results are compared with the previous works
of Mehmood et al. [4], Jmai et al. [19] and Kumar et al. [6] as
shown in Figures 2–4 respectively. These figures qualita-
tively reflect the comparison results, however a quantita-
tive comparison also being carried out and are presented
in Table 3 and Table 4. In these validation, the influence of
solid block, wall speed ratio, the porous effect, the mixed
convection effect and the presence of nanofluid in porous
medium were confronted with the previous ones, and
these comparison provides the enough reliability and con-
sistency of the present in house code used here.

4 Discussion and analysis

In this part of the research study, we have scrutinized the
influence of different pertinent flow variables on the iso-
thermal contours, average Nusselt number, and streamlines.
The parameters considered are Darcy number, wall velocity
ratio, Richardson number and nanoparticles volume
fraction. These parameters are varied within a specified
range, while other variables, i.e., porosity, Prandtl number
and Reynolds number are held constant (0.6, 6.2, 100).

Table 1: Thermo-physical characteristics of base fluid and nanoparti-
cles [18]

Physical attributes Water Cu

β (1/K) 21 × 10−5 1.67 × 10−5

k (W/m K) 0.613 401
ρ (kg/m3) 997.1 8,933
cp (J/kg K) 4,179 385
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Figure 3: Comparative analysis of present (bottom) with Jmai et al. [19] (top) when Ri = 1.0.

Figure 2: The present outcomes are compared with that in the study by Mehmood et al. [4] between their present findings (bottom) and their previous
work at ϕ = 0.2, Re = 100, and Ri = 0.1.
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The physical illustration for the behavior of Richardson
number and wall velocity ratio on the streamlines is depicted
in Figure 5, while the remaining variables are considered
constant. The increasing values of wall velocity ratio specifies
that both bottom and top walls in the same direct direction,
demonstrating conflicting shear and buoyancy forces. When
Ri = 0.01, then flow is caused by only forced convection phe-
nomenon, as a result two circular cell formation is obtained.

The clockwise cell occupies a larger portion of the cavity than
the anticlockwise cell. As the Richardson number rises from
0.01 to 100, the buoyancy force gains more influence com-
pared to the shear force, resulting in a gradual reduction in
the size of the counterclockwise cell. Conversely, the clock-
wise cell expands towards the lower wall as the buoyancy
force intensifies. Additionally, increasing the wall velocity
ratio enhances the counterclockwise flow in the secondary
cell and leads to its gradual enlargement due to increased
shear force on the bottom wall.

Table 2: Analysis of Nu subject to grid independent approach at
ϕ = 0.025, Da = 10−3, and Ri = 1.0

Grid size Nu

λ = 1 Error % λ = −1 Error %

50 × 50 5.912961 3.01 7.227505 1.6
100 × 100 6.096704 0.98 7.345699 0.4
150 × 150 6.157492 0.2 7.381020 0.3
200 × 200 6.170955 7.404594

The bold value indicates that grid size 150 gives the lowest error % and is
fixed for the computation of the present analysis.

Table 3: Comparative study of Nu with Mehmood et al. [4] when ϕ = 0.2
and Re = 100

Richardson
number

Nu

Present
outcomes

Mehmood
et al. [4]

Error %

0.1 7.6998 7.6910 0.1
1.0 8.6051 8.5651 0.5
10 11.3936 11.3558 0.3

-0.001

-0.006

-0.010

-0.009

-0.004

-0
.0

18

-0
.0

13

-0
.0

13

-0
.0

18

0.9
0.8

0.5
0.2

0.1

Figure 4: For Pr = 0.71, Ri = 10−2, ε = 0.9, Da = 10−3, and N = 0, the present outcomes (bottom) is compared with that in the study by Kumar et al. [6].
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Figure 5: Physical interpretation of steady state streamlines vs Richardson number and wall speed ratio with fixed ϕ = 0.025 and Da = 10−3.

Table 4: Comparative scrutiny of Nu subject to ϕ at ε = 0.4

Ra Da ϕ |ψ| max Nu

[17] Present outcomes Error % [17] Present outcomes Error %

103 10−2 0.0 0.283 0.282 0.35 1.007 1.010 0.29
0.025 0.264 0.263 0.37 1.081 1.090 0.82
0.05 0.246 0.245 0.40 1.160 1.171 0.93
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Figure 6 displays isotherms for various Richardson
numbers and wall velocity ratios. Increasing the wall velo-
city ratio shifts the isotherms near the cold wall towards
the left wall through the block’s top surface, causing dis-
tortion near the bottom wall due to heightened shear force.
A notable temperature gradient is seen near the hot ver-
tical wall. With a higher Richardson number, isotherms
tend to cluster near the active wall, indicating
a dominant natural convection state. Figure 7 shows
the impact of the Darcy number on streamlines, while
Figure 8 depicts the effect on isotherms with a
fixed Richardson number and nanoparticles volume frac-
tion. The cavity is filled with double circulating cells near

the top and bottom walls when = −
Da 10

5, with the rest
remaining stagnant, regardless of the wall velocity ratio.

Increasing the Darcy number in a porous medium
enhances its permeability, affecting the size and movement
of cells within the medium. Higher Darcy numbers result
in larger clockwise cells near the bottom wall and a
decrease in counterclockwise cells at higher flow rates.
This effect is more pronounced at lower wall speed ratios.
For moderate and high wall velocity ratios, increasing the
Darcy number intensifies fluid flow, creating eddies near
the top and bottom right corners of the cavity. A higher
wall velocity ratio leads to a stronger shear force near the
moving bottom wall, increasing the size and circulation

Figure 6: Physical interpretation of steady state isotherms vs Richardson number and wall speed ratio with fixed ϕ = 0.025 and Da = 10−3.
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rate of clockwise cells. The heat transfer process is also influ-
enced by the Darcy number, with higher values indicating
stronger convection due to increased buoyancy force. This
effect is observed across all wall speed ratios. Additionally, as
the wall velocity ratio rises, the isotherms near the bottom
position distort and shift towards the top wall.

Isotherms contours and streamlines for the escalating
estimations of velocity wall ratio ( )<λ 0 is displayed in
Figure 9, when =ϕ 0.025, Da = 10−3, and Ri = 0.01. A velocity
wall ratio ( )<λ 0 indicates that the top and bottom walls
are moving in opposite directions. In this case, the top wall
moves steadily to the right with constant velocity ( )=U 10 ,
while the bottom wall moves erratically to the left with a
variable velocity ( )= −U λ0 . In this scenario, a negative λ

value indicates that shear and buoyancy forces are working
together. When =λ 0.5, the entire cavity is filled with a single
clockwise cell containing multiple structures, resulting in
eddies forming near the top and bottom walls. The figure
shows that the eddies near the top wall are more concentrated
and powerful compared to those near the bottom wall, with
the dominant velocity at the top wall being ( )=U 1t and at the
bottom wall being = −U 0.5b . As the bottom wall velocity
increases towards the left, the eddies near the bottom wall
gradually reinforce in both flow rate and size.

For a low wall velocity ratio, the distribution of iso-
therms in the cavity can be observed. Isotherms near the
hot wall move right, while those near the cold wall move
left due to the opposite motion of the horizontal walls.

Figure 7: Demonstration of steady state streamlines subject to velocity wall ratio and Darcy number when ϕ = 0.025 and Ri = 1.0.
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These isotherms generally follow the path of the bottom
wall, and they are more spread out near the bottom wall
compared to the top wall. This difference is due to the
stronger shear force experienced at the top wall. As the
wall velocity ratio increases, leading to higher shear force
along the bottom wall, the distribution of isotherms near
the bottom wall becomes distorted, as anticipated.

Figure 10 is sketched for both vertical as well as hor-
izontal velocity distributions for the rising estimations of
Ri when =λ 1, Da = 10−3, and =ϕ 0.025. The velocities of
forced and mixed convection regions ( )=Ri 0.01, 1.0 , are
almost same at the mid-section of the cavity. Nevertheless,
the natural convection with a dominant Richardson number
of 100 results in the highest velocity at the center plane

when compared to Richardson numbers of 0.01 and 1.0.
Figure 11 highlights the interpretation of mid-height velo-
city components for both horizontal and vertical direc-
tion for rising values of Darcy number. As the Da values
increase, the speed observed also increases, as depicted in
Figure 11. The velocity remains relatively constant for

= − −
Da 10 & 10

5 4 in the mid-plane of the cavity. Further-
more, the velocities remain constant at the core for all Da,
which is attributed to the solid block’s presence (Tables 2
and 3).

Figure 12 illustrates the fields of mid-height velocity
components for various wall velocity ratios in both hori-
zontal and vertical directions. The horizontal velocities dis-
play an upsurge with higher wall speed ratios. Meanwhile,

Figure 8: Demonstration of isotherms subject to velocity wall ratio and Darcy number when ϕ = 0.025 and Ri = 1.
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Figure 9: Physical interpretation of steady state streamlines and isotherms subject to wall velocity ratio when ϕ = 0.025, Ri = 0.01, and Da = 10−3.
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Figure 10: Vertical velocity and mid-height vertical and horizontal velocity profiles subject to Ri when Da = 10−3, ϕ = 0.025, and λ = 1.
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the V-velocity fields show two separate patterns at the mid-
plane of the cavity. On the left side, a low wall speed ratio
outcomes in higher V-velocity magnitude, while on the right
side, a highwall speed ratio leads tomaximum velocity due to
augmented shear forces in that direction. In Figure 13(a) and
(b), the time history of the average Nusselt number for var-
ious Richardson (Ri) and Darcy (Da) numbers is presented.
Initially, the average Nusselt number is high and gradually
declines over time until reaching a steady state. It is observed
that the region dominated by forced convection (Ri = 0.01)
and the region dominated by conduction = −

Da 10
5 take the

longest time to reach steady state solutions.
Tables 5 and 6 display the dissimilarity average Nusselt

number for increasing estimations of λRi, , and ϕ when
= −

Da 10
3. From the definition of Richardson number

( = )Ri
Gr

Re
2
, we can say that the increase in Ri leads to an

augmentation of Gr since Re is fixed and thus enhances
the natural convection. For this reason, the heat transport
rate upsurges with the increase in the Richardson number.
The observation confirmed the augmented rate of heat
transport due to the enrichment of the base liquid with
Cu nanoparticles. In addition, for all the values of Ri,
increasing wall speed ratio either in same direction or
opposite direction the heat transport rate is augmented.
At high Ri and solid volume fraction ( )= =ϕRi 100, 0.05 ,
the significance of heat transport rate is augmented by 6%
only with the upsurge of −λ from 0.5 to 1.5; however, there
was a 29% increase in the rate of heat transfer when the
Richardson number was low ( )=Ri 0.01 . Similarly, the heat
transport rate amplified by only 5% with the upsurge of λ

from 0.5 to 1.5 at high ϕRi, whereas the rate of heat
transfer increases by 28% when the Richardson number
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Figure 11: Vertical velocity and mid-height horizontal velocity against Darcy number when ϕ = 0.025, Ri = 1.0, and λ = 1.
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Figure 12: Vertical velocity and mid-height horizontal velocity against wall velocity ratio when ϕ = 0.025, Ri = 1.0, and Da = 10−3.
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is low ( )=Ri 0.01 . This clearly shows that as the value of
λ increases, the forced convection region produces the
highest heat transfer rate.

Tables 7 and 8 are sketched to determine how some
variables, i.e., Da, λ, and ϕ influence the Nusselt number
when Ri is constant. Looking at the figures, a better heat
flow (Nusselt number or heat transfer coefficient) can be
seen if Da, ϕ, and | |λ are assigned larger values. Examina-
tion of the tables shows a better heat transfer rates for
negative λ values compared to positive λ values. This result
shows that the opposite moving walls generate the effec-
tive cooling system than the same direction of moving
walls. In addition to that the increasing percentage of
heat transport rate is sufficiently large by upsurge of
wall speed ratio than the rising of solid volume fraction.
At the moderate value of Da (10−4), the heat transport rate
is improved by 46% with the enhancement of | |λ from 0.5 to
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Figure 13: The time history of average Nusselt number for (a) different Ri with fixed Da = 10−3, ϕ = 0.025 (b) different Da with fixed Ri = 1.0, ϕ = 0.025.

Table 5: Examination of Nu subject to Richardson number, wall speed
ratio ( )<λ 0 , and ϕ at Da = 10−3

Richardson
number

Nanoparticles
volume fraction

Nu

λ

−0.5 −1 −1.5

0.01 0 5.919057 6.947259 7.654598
0.025 6.065295 7.180177 7.947156
0.05 6.206901 7.407756 8.234361

1.0 0 6.214299 7.148318 7.812973
0.025 6.357829 7.381020 8.104932
0.05 6.494800 7.608253 8.392443

100 0 13.38110 13.77049 14.09873
0.025 13.68186 14.10407 14.45983
0.05 13.96672 14.42297 14.80826

Table 6: Examination of Nu vs Richardson number, wall speed ratio
( )<λ 0 and ϕ at Da = 10−3

Richardson
number

Nanoparticles
volume fraction

Nu

λ

0.5 1 1.5

0.01 0 5.196048 5.978574 6.636054
0.025 5.284909 6.129442 6.797601
0.05 5.371582 6.227012 6.960791

1.0 0 5.376878 6.011653 6.544033
0.025 5.446927 6.157492 6.714101
0.05 5.515021 6.300520 6.884848

100 0 12.71778 13.12886 13.40783
0.025 12.95839 13.37671 13.69086
0.05 13.18089 13.60192 13.95060

Table 7: Examination of Nu vs Darcy number, wall speed ratio ( )<λ 0

and ϕ at Ri = 1.0

Darcy
number

Nanoparticles
volume fraction

Nu

λ

−0.5 −1 −1.5

10−5 0 1.880017 2.101634 2.363503
0.025 1.947787 2.161028 2.415158
0.05 2.021530 2.226617 2.473001

10−4 0 3.612986 4.512475 5.260185
0.025 3.649016 4.561086 5.338616
0.05 3.687500 4.608705 5.412831

10−3 0 6.214299 7.148318 7.812973
0.025 6.357829 7.381020 8.104932
0.05 6.494800 7.608253 8.392443
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1.5 than the remaining values of ( )− −
Da 10 , 10

5 3 . At higher
Darcy number ( )= −

Da 10
3 and low wall velocity ratio

( )= −λ 0.5 0.5 , the heat transport rate is enhanced by only
3% (4%) with the enhancement of nanoparticles concentra-
tion from 0 to 0.05 whereas it is increased to about 9% (8%)
at low ( )= −

Da 10
5 . However, the opposite behavior was

found at high wall velocity ratio ( )= −λ 1.5 1.5 . This indicates
that the influence of nanoparticle concentration is more
efficient in the conduction conquered region ( )= −

Da 10
5

when low value of wall velocity is very low, whereas the
convection conquered region ( )= −

Da 10
3 is more efficient

for high value of wall velocity ratio.

5 Final remarks

In this research attempt, we have investigated the issue of
mixed convective heat transport of nanofluids in a perme-
able cavity with an isothermal solid block, using numerical
analysis. We have varied the wall speed ratio and con-
cluded the following findings from our research:
• The non-dimensional parameters, i.e., Ri, Da, and λ have
a significant impact on both the flow and thermal fields.

• The heat transport rate is enhanced for the higher values
of Ri, Da, φ, and |λ|.

• A faster rate of heat transport is noticed when the wall
velocity ratio λ < 0 compared to λ > 0. This indicates that
supremum heat transport occurs when the lids move in
opposite directions rather than in the same direction.

• At high Ri = 100 and ϕ = 0.05, the heat transport rate
enhanced by only 6% (5%) when the parameter −λ (λ)
was increased from 0.5 to 1.5. In contrast, at Ri = 0.01, the
heat transport rate enhanced by 29% (28%).

• At higher (Da = 10−3) and low wall velocity ratio λ =

0.5(−0.5), the heat transfer rate increased by only 3%
(4%) when the nanoparticle concentration was increased
from 0 to 0.05. However, at lower (Da = 10−5), the heat
transport rate enhanced by approximately 9% (8%).

• After taking into account all the elements that improve
the transfer of heat, it was determined that the best rate
of heat transfer in the existing system is attained with
the specific combination of parameters (Ri, Da, φ, and
|λ|) = (100, 10−3, 0.05, and 1.5).

• For future research, it is recommended to inspect the
consequence of a magnetic field on heat transport, as
well as study the inspiration of the location and size of
the isothermal solid block.
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