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INTRODUCTION pressure and buoyancy forces simultaneously influence the

In fluid thermodynamics, mixed convection refers fluid motion. The extent of each convection mechanism’s

to the combined action of natural and forced convection —contribution to heat transfer is primarily governed by fac-

processes in heat transfer. This condition arises when both  tors such as flow characteristics, temperature gradients,
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geometry, and orientation. Additionally, fluid proper-
ties play a critical role; for example, the Grashof number
increases with temperature in liquids but peaks at a specific
point in gases. Mixed convection heat transfer problems
are prominent in a range of essential engineering applica-
tions [1], including atmospheric boundary-layer flows, heat
exchangers [2-5], solar collectors [6, 7], nuclear reactors,
and the cooling of electronic equipment [8, 9]. In such sys-
tems, the configuration of internal components, such as
circuit boards within a confined geometry can significantly
affect the local temperature distribution and the efficiency
of heat transfer. Thus, considerable interest lies in optimiz-
ing geometric configurations by modifying block spacing
and operating parameters to enhance thermal performance.

The current work fits into this context, investigating
convective heat transfer in a lid-driven cavity with various
geometries inserted at different locations, where the upper
plate moves at constant velocity. Several prior studies have
examined laminar and turbulent lid-driven cavity flows
using experimental and numerical approaches [10-13],
aiming to improve the understanding of thermal charac-
teristics under natural [14, 15], forced [14-18], and mixed
convection regimes [14, 19], including the influence of dif-
ferent cavity shapes [19, 20].

Shah et al. [21] examined the impact of hybrid nano-
fluids in a trapezoidal cavity containing internal obsta-
cles under varying Reynolds (Re), Richardson (Ri), and
Lewis numbers. They reported that maximum heat trans-
fer occurred near the moving lid and adjacent regions.
Among the dimensionless numbers, the Lewis number
had a dominant influence on isotherm distribution due
to greater thermal diffusivity. Haq et al. [22] numerically
explored a hexagonal cavity with an internal cylindrical
body and found that variations in parameters such as Re,
Ri, Hartmann number, and obstacle configuration signifi-
cantly affected isotherms and flow structure. Xiong et al.
[23] performed a numerical analysis of mixed convection
in triangular cavities with varying obstacle shapes and
found that increasing Ri enhanced Nusselt number (Nu),
while higher Hartmann numbers diminished it. Yasin et
al. [24] studied parallelogram enclosures under magnetic
influence using the finite element method and noted that
natural convection dominated at higher Ri values, whereas
forced convection prevailed at lower Ri. Jiang et al. [25]
simulated a 3D cubic cavity with porous media and hybrid
nanofluids subjected to rotating cylinders and magnetic
fields, identifying those key parameters like angular speed,
Darcy number, and magnetic field direction strongly influ-
enced heat transfer and entropy generation.

Khan et al. [26] analyzed hybrid nanofluid behavior
in a cavity with square obstacles, showing that increased
Re reduced kinetic energy while higher Grashof numbers
boosted Nu due to enhanced buoyancy effects. Ali et al.
[27] studied magneto-convection with nanoparticle dis-
persion and found that a 5% nanoparticle concentration
yielded the highest heat transfer. Magnetic field strength

was observed to influence both fluid motion and thermal
performance. Yaseen et al. [28] demonstrated the benefits
of flexible wall motion in enhancing Nu within an open
lid-driven cavity. Xiao et al. [9] investigated solar-assisted
mixed convection in a microalgae biogas reactor, reporting
higher wall shear and reduced Nu at elevated volume con-
centrations. Alsabery et al. [29] assessed hybrid nanofluids
in wavy cavities and noted that both obstacle placement
and nanoparticle concentration critically affected thermal
performance. To explore the influence of Ri, Re, and W/L
ratio on Nu, a multi-objective response surface method-
ology (RSM) was used [30-34]. Selimefendigil et al. [34]
employed fuzzy-based optimization to assess heat transfer
in square enclosures, while Aminossadati et al. [35] applied
ANFIS-based approaches to validate thermal performance
predictions.

The above literature review concluded that the numer-
ical analysis on mixed convection is not yet performed in a
cavity with variation of positions of rectangular blocks. The
application of magnetic field is still limited in triangular
cavities with obstacles at center. The reference of literature
review shows the working fluid is either the nano-fluids
or air itself. The present work is on water filled cavity. The
main objective of this work is to use numerical methods to
examine the convection process in a cavity with a lid-driven
motion, which has two rectangular blocks within. To study
the heat transfer in mixed convection with the variation of
Grashof number. To study the heat transfer in mixed convec-
tion with the variation of Reynolds number. Optimization
of obtained numerical results by using multi-objective opti-
mization tool (Response Surface Methodology Approach).

PROBLEM DESCRIPTION

Geometry, and Numerical
Assumptions

A numerical investigation is conducted on a square
cavity [36, -37] of length L on all sides with two rectangu-
lar blocks maintained at different locations, as shown in
Figure 1. In this study, the bottom wall is maintained with
a higher constant temperature, whereas the upper wall is
moved with constant velocity in unidirectional with a con-
stant cold temperature. Side walls are assumed to be adia-
batic [38-41]. Two rectangular blocks are maintained with
a height of 0.8 and a width of 0.05, respectively. The cur-
rent study is centred on a lid-driven hollow containing two
rectangular blocks positioned vertically and horizontally at
varying distances, as seen in Figure 1. The obtained con-
vective heat transfer coefficient from the simulation from
the bottom wall towards [42-44] the upper wall as the cold
temperature as reference temperature is used to calculate
the local Nusselt number from the expression [27, 28, 43,
455-8]:

Boundary Conditions
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In the present work analysis is carried out by consid-
ering laminar flow on a square cavity with different enclo-
sures [35, 46-48]. The bottom part of the cavity is heated
at a higher temperature and the top part is cooled and this
temperature difference generates Rayleigh - Benard con-
vection [49, 50]. The top part has a moving lid, which has
a certain velocity. As both natural convection and mixed
convection is happening, this problem is a mixed convec-
tion problem. In the present study, steady-state analysis is
considered. The working fluid taken is air and the flow is
considered to be incompressible [51]. The primary objec-
tive of this work is to conduct a numerical analysis of the
mixed convection process in a lid-driven cavity containing
two interior rectangular blocks. The working fluid is air and
is believed to be incomp  ressible. Simulations are carried
out by using commercial software ANSYS Fluent to solve
the governing equations (3-6) which are represented in a
non-dimensional format. The linkage between velocity and
pressure is established by the utilisation of the SIMPLE
technique [38], while the attainment of a numerical solu-
tion’s convergence is verified with a converging criterion of
107 for all the parameters [52].
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The input parameters are Grashof Number and
Reynolds Number. There are four different Grashof num-
bers and three different Reynolds numbers which are
considered. A combination of each Grashof and Reynolds
Number gives different cases. The output parameter is the
Nusselt Number. Numerical investigation is carried out
using commercial software ANSYS Fluent by employing
finite volume method procedure. The heat transfer in 2-D
surface of the square cavity with two blocks with different
orientation is analysed.

Grid Sensitivity Analysis

Mesh creation refers to the process of creating a grid
in two or three dimensions. The process involves parti-
tioning complex geometries into constituent components.
Meshing improves accuracy and reduces computational
time. Meshing results in finite element analysis. Figure 2
illustrates the meshed domain for different orientations
(vertical and horizontal). A very advanced mesh is used in
close proximity to all solid walls, and a grid sensitivity test
is conducted for both scenarios, as seen in Figure 3 [52].

Grid independence test is associated with the accu-
racy or even rationality of numerical results. The grid size
is a crucial parameter in numerical analysis, since a smaller
grid size will not provide sufficient precision, while a larger
grid size would increase processing time. Consequently, the
numerical model undergoes testing for grid independence
and is compared to its experimental equivalents. For the
present study grid independence test is done for different
mesh sizes [53]. With vertical blocks in a cavity, mesh size
with 21748 elements is considered. It is the optimal size of
the mesh in order to get an optimized process to decrease the
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Figure 2. Mesh image for the square cavity with two different orientations of enclosures.

computational time. In the case of the square cavity with hor-  in case of vertical blocks respectively. Therefore, a total of
izontal blocks, mesh size with 21812 elements is considered. 25000 components are selected for further examination, and
Itis observed that the deviation in average Nu between 25000 it is noted that these results align well with the computational

and 30000 elements is 0.16% in case of horizontal and 0.08%  findings acquired from the existing literature.
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Figure 3. Grid independent analysis a) Horizontal, b) Vertical orientations.
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Table 1. Operating factors and their levels

Factors Units L-1 L-2 L-3

Gr % 15000 30000 45000
Re % 100 250 400

W/L % 0.2 0.5 0.8
Table 2. L17 DOE with output responses

Input Control factors Output Responses

Gr Re W/L NU yorizontal NU yertical
30000 250 0.5 0.012257 0.027684
45000 100 0.5 0.039881 0.037878
30000 250 0.5 0.012257 0.027684
30000 100 0.2 0.019613 0.065824
15000 250 0.8 0.006513 0.020383
45000 250 0.8 0.022033 0.07524
15000 400 0.5 0.007116 0.067853
45000 250 0.2 0.070816 0.18608
15000 100 0.5 0.00578 0.026369
30000 100 0.8 0.010705 0.04296
30000 250 0.5 0.012257 0.09887
30000 400 0.2 0.032366 0.135333
30000 400 0.8 0.013129 0.045477
45000 400 0.5 0.046193 0.250588
30000 250 0.5 0.012257 0.09887
30000 250 0.5 0.012257 0.09887
15000 250 0.2 0.008693 0.046215

Box-Behnken Response Surface Methodology Approach
to find Optimal Parameters

The response surface technique employs many compu-
tational and mathematical methods to optimize and model
the obtained results. Using the RSM reduces the number
of tests conducted while simultaneously increasing accu-
racy and minimizing the use of time and energy. The RSM
approach analyzes the stated parameters by establishing an
appropriate relationship between the operational param-
eters. Before analyzing with Design Expert software, it is
crucial to finalize the operating inputs and use an approx-
imation function. The optimization of factors that impact
the engine’s performance is achieved using Response
Surface Methodology (RSM). The experiments were con-
ducted via the box-Behnken methodology, including 17
trials. For this study, three input parameters (Gr, Re, and
W/L) are selected at equal intervals. Therefore, one output
parameter, denoted as Nu, is set. To surpass the limitations
of trial and operation setups, the engine input parameter
ranges are conceptualized in an ideal manner. The exper-
imental data were analyzed and interpreted using design

expert software, and the results were included in a qua-
dratic regression model.

The outputs are impacted by the input variables, which
are then followed by the regression coefficient. The RSM
model equations accurately forecast the best input param-
eters. The incorporation of CCD in the study facilitated
the attainment of precise results. Table 1 presents the input
variables for both orientations, whereas Table 2 presents the
numerical design data.

RESULTS AND DISCUSSION

In the study of mixed convection of heat transfer, the
CED results for the two arrangements are being considered
(Fig. 4). The content includes discussions on streamlines
and isotherms, followed by the presentation of data for the
Nu

avg The Nusselt number is analysed as a function of the

Ri and Re, with W/L serving as a parameter. The Reynolds
and Richardson numbers under consideration include a
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Figure 4. Validation of obtained results with Ri of 0.1 and 1.

range of (100 < Re < 500) and (0.00666 < Ri < 10), includ-
ing both forced and natural convective-dominated regimes
[52].

The technique is validated by comparing it to the
numerical findings obtained in their examination of a lid-
driven cavity with two internally heated square obstacles.
The comparison of the streamlines and isotherms for the
two validation cases, with Ri values of 0.1 and 1, demon-
strates a full agreement between our results and those
reported by Mandal et al. [52]. The model of validation is a
square cavity with two square blocks in it. The W/L ratio in
the validation case is 0.25. In this case the walls of obstacles
are kept at high temperatures whereas the boundary walls
of the outer square cavity are at low temperature. However,
the upper lid is in motion in positive x direction. The
validation cases taken with Reynolds number as 100 and
varying Richardson number from 0.1 and 1. The obtained
streamlines and isotherms are compared to our present
work. The results show that the flow rate is reduced from
the top to bottom. The streamlines form a vortex on the top
whose size decreases as we move from left to right in case of
Ri value 0.1. For Ri is equal to 1, another vortex besides the
upper one is formed at the left corner.

Influence of Vertical Block Orientations on Thermal and
Fluid Flow Structures

Figure 5 illustrates the isotherms and streamlines of
square cavity with vertical orientations are enclosed with
different spacings (W/L = 0.2, 0.5, 0.8), vary accordingly
with Grashof number and Reynolds number. Generally, the
streamlines can be observed by parting the square cavity
into three regions. The left part is of the left rectangular
block, the region in between the rectangular blocks, and the
region right to the right rectangular block.

W/L = 0.2: In this case, when Gr = 10°, three vortices
are formed. When the Reynolds number is increased, the

Isotherms

Streamlines
T E—

L e

e —

vortex formation is very clear. The pattern of the vortex
intensifies with the increase in Grashof and Reynolds num-
bers. In the right channel, the size of the vortices is more
than that of the left channel. It increases with the increase
of the Grashof number. In the middle channel, there are not
many formations of the vortices as there is less gap between
the two obstacles. With the increase in the Reynolds num-
ber, the vortices can be seen at the middle chancel as well.
The natural convective heat transfer dominates the forced
convection at a higher Grashof number.

W/L = 0.5: One primary vortex can be seen in the case
of a lower Reynolds number. As the Re is increased to 500,
two vortices are formed. The main vortex is divided into
two halves. It has occurred due to the interaction of oppo-
site flow of fluids and is more significant at lower Reynolds
and Grashof numbers. The secondary vortex is formed due
to the detached flow of the fluid. One vortex is due to forced
convection which is due to the moving lid at the top and the
other one is due to the natural convection at the lower end
of the block. As the Grashof number is increased, the natu-
ral convection dominates the forced convection and when
the Reynolds number is increased, the forced convection
dominates the natural convection.

W/L = 0.8: In the case of Gr = 10°, two large vortices are
formed. As the Reynolds number increases, the huge vorti-
ces almost completely occupy the central channel between
the two blocks [52]. In this situation, the convective heat
transfer resulting from the motion of the wall is more
prominent than the natural heat transfer resulting from the
walbs high temperature [52]. This can be seen in the case
of Gr = 10°, Re = 500. The top vortex is larger in size when
compared to the lower vortex. As the Re is increased in all
the cases, the intensity of the top vortex is increased due
to the forced convection. With the decrease in the Grashof
number from 10° to 15000, the second vortex completely
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Figure 5. Thermal contours for vertical blocks.

disappears due to the decrease of the natural convection
coefficient. Not much flow was observed near the left and
right walls as there is very less space due to the obstacles.
All the vortices are formed in between the walls. As the
Reynolds number enhanced from 100 to 500, tiny vortices
are formed along the bottom border of the block.

It is observed that the similar isothermal trends are
observed for different orientations. The temperature at the
bottom wall is high which is indicated by the isotherms
which are predominantly denser at the bottom wall of the
enclosure due to maximum temperature difference. The
upper wall has a lid that is in motion, causing the cold flow
to be generated by the movement of the lid. This flow is
then transferred from the top to the bottom channel using
a process of forced convection. The motion of the particles
occurs due to the cold flow and the hot fluid which is pres-
ent at the bottom is pushed into the middle which helps
to achieve the greater Grashof number due to unbalanced
cohesive forces. As the temperature rises, it signifies an
escalation in the rate of heat transfer in close proximity to
the lower surface of the hollow.

Influence of Horizontal Block Orientations on Thermal
and Fluid Flow Structures

Figure 6 illustrates the isotherms and streamlines of
square cavity with horizontal orientations are enclosed with
different spacings (W/L = 0.2, 0.5, 0.8), vary accordingly

with Grashof number and Reynolds number. Generally, the
streamlines can be observed by parting the square cavity
into three regions. The top part is on the upper rectangular
block, the region in between the rectangular blocks and the
region below the bottom rectangular block.

W/L = 0.2: For the W/L ratio 0.2, the exceptional cases
occur at Gr = 10° and Re = 100 and Re = 250; Gr = 50000
and Re = 100. Other than these cases for all other values the
vortices are formed in the top and bottom regions. For Gr
value 10° and 50000 the vortices in the upper region change
direction from left to right as the Reynolds number changes
from 100 to 250. Whereas for all other values of the Grashof
number the upper vortex is at the right side. The vortices
at the bottom region are of different sizes. For all values of
Grashof Number, the size of the vortex is large at Re = 250.

W/L = 0.5: Basically, in this case, the vortices are
formed in the top and middle regions. The major difference
between other cases with a W/L ratio of 0.2 or 0.8 is that
there are two vortices formed in the upper region initially.
As the Reynolds number increases the smaller vortex disap-
pears dragging the larger vortex to the right.

W/L = 0.8: In this orientation, the vortices are formed
in between the rectangular blocks. The two vortices vary
the size but the trend changes at a Re value of 250. One
of the vortices is formed at the edge of the lower horizon-
tal rectangular block. And the second vortex is formed
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Figure 6. Thermal contours for horizontal blocks.

under the upper block. The presence of a second vortex in
the upper middle area diminishes as the Reynolds number
rises, but it remains prominent at a Reynolds number of
250. For the Grashof number 10° and 50000 the bottom
vortex size increases and decreases with increased Reynolds
number. For Gr = 30000 and Re = 15000, the bottom vortex
size decreases with a rise in Re value.

In the isotherms as the temperature provided at the bot-
tom wall is high the lower part is denser compared to the
other regions and the flow of heat is in an upwards direc-
tion due to the orientation of the blocks. As the horizontal
rectangular blocks serve as an obstacle to the actual flow
of heat in the upper rightwards there is an occurrence of
dynamic flow. The vigorous contours explain the mixed
convection type of heat transfer.

Heat Transfer Rate Analysis

The Nusselt number here increases with both Grashof
and Reynolds numbers. This is because natural convec-
tion enhances with an increase in Grashof number as tem-
perature increases and forced convection enhances with a
higher Re number as the lid velocity at the top increases.
The results of the Nusselt numbers indicate that there is a
minute reduction in the values. The Nusselt number values
are high for Re = 500 for W/L equal to 0.2 and 0.8. And Nu
value is high for Re = 250 for W/L = 0.2. Compared to all
the orientation cases the highest Nu is in case of the closest
arrangement of rectangular blocks that are for W/L = 0.2.

The Figure 7 below illustrates the change of the Nu with
the Ri for both the different orientations with spacing as a
parameter. The variation trend can be seen from the plots
of both the orientations. The statistics indicate that there is
no coherent correlation between the Nusselt number and
the Richardson number. The data suggest that there is no
consistent relationship between the Nu and the Ri.

Ri can also be defined as the ratio of the Grashof number
to the square of the Reynolds number [54, 55]. The Grashof
number takes account of the natural convection and the
Reynolds number takes account of the forced convection.
It is observed that the lesser Ri number indicates the faster
movement of upper lid or the lesser temperature of the bot-
tom wall. The Figure 8 illustrates the influence of W/L on
Nu with different Ri for both the orientation of the blocks.
It can be seen that the variation in the case of vertical is
more when compared to that of horizontal [56]. It is also
observed that the maximum Nu of 0.478 is noted in verti-
cal than that of horizontal (0.149) blocks. According to the
results, it can be said that the Nusselt number is higher in
the case of vertical in all the cases. However, drastic reduc-
tion is noted after 0.5 spacing in vertical orientation. But in
the case of horizontal orientation, the difference is not very
high and the plot is smooth [57]. From the above analysis
it can be summarised that vertical blocks performed bet-
ter compared with that of horizontal blocks. This is due to
the lesser resistance enabling the colder fluid to move easily
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Figure 7. Influence of Ri on Nu with different W/L (Vertical and Horizontal blocks).
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Figure 8. Influence of W/L on Nu with different Ri.

from the upper portion of the lid to the bottom portion
which is maintained at constant higher temperature due
to the spacing between the vertical blocks resulting in high
temperature gradient and effective heat transfer rate (Nu).
However, in case of the horizontal as the blocks are disrupt-
ing the flow resulting in obstruction gravitational forces
making the fluid move towards side walls as the other path.
Consequently, the circulation of cold air from the upper
part is greatly diminished, resulting in just a little amount
of air reaching the lower portion. The lower zone exhib-
its reduced convective currents and temperature gradients,
resulting in a decline in the rate of heat transfer.

Mathematical Modelling Using MORSM

The 2™ order response surfaces corresponding to Nusselt
number as a function of Grashof number, Reynolds num-
ber and W/L for both the horizontal and vertical blocks. To
find the optimal parameters MORSM is employed initially

to develop a regression model. In this method, the model
obtained is assumed only for calculating the intercept as
regressor. Achieving optimal results, a subset was created
by sequentially inserting regressors into the model. It was
noted that the response variable y, which was chosen as the
initial variable to be employed, and the regressor had the
most significant direct relationship with each other. The
value X1 was presumed to be assigned to this regressor.
During the analysis of regression, this particular regressor
demonstrated the highest value for the F-statistic, indicat-
ing its significant relevance. If the adjustment is done to
account for the impact of the first regressor-a, on the vari-
able b, and the F-statistic exceeds a predefined F-value, then
the second regressor selected for inclusion will exhibit the
highest correlation with the variable b.

Once the adjustment is made to account for the
influence of the first regressor-xl on the variable vy, if the
F-statistic exceeds a predetermined F-value, then the sec-
ond regressor chosen for inclusion will have the strongest
correlation with the variable y.

Analysis of Variance (ANOVA)

ANOVA assesses the influence of different experimental
conditions on the results of the investigations. The ANOVA
begins by evaluating the influence of each component and
the likelihood of any potential outcomes. The second phase
of ANOVA involves a detailed estimate of the significance
of these influences. It was hypothesized that the exper-
imental measurements follow a normal distribution for
various experimental setups, with the F-test showing con-
sistent variance (widely accepted). An analysis of variance
(ANOVA) was conducted for all the response variables in
this research. Tables 3 and 4 show the results of the ANOVA
analysis for Nu in both the horizontal and vertical blocks. A
mathematical equation was formulated for the purpose of
conducting multiple regression analysis in order to develop
predictive models.
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Table 3. ANOVA model for Nu (horizontal and vertical)

Nugorizontal Nuyertical
Source F-Value P-Value F-Value P-Value
Model 160.22 < 0.0001 36.41 < 0.0001
Gr 985.83 < 0.0001 191.02 < 0.0001
Re 22.36 0.0021 36.78 0.0005
W/L 21691 < 0.0001 56.94 0.0001
Gr*Re 0.3830 0.5556 0.7300 0.4212
Gr*W/L 89.01 < 0.0001 4.37 0.0749
Re*W/L 6.65 0.0365 6.73 0.0357
(Gr)? 70.69 < 0.0001 0.4314 0.5323
(Re)? 14.13 0.0071 0.0362 0.8545
(W/L)? 25.00 0.0016 31.01 0.0008
Lack of fit 0.0002 3 0.0029 3
NUprip0nia=0-1107+0.0619Gr+0.0093Re-0.0290W/  Table 4. Model evaluation
L+0.0017(Gr*Re)-0.0263(Gr*W/L)-0.0072(Re*W/L)+0.02
28(Gr)?+0.0102(Re)*+0.0136(W/L)? Parameter Nty orizontal Ntyertical
NU, oriica1=0.3144+0.0992Gr+0.0435Re-0.0541W/  Std.Dev 0.0056 0.0203
L+0.0087(Gr*Re)-0.0212(Gr*W/L)-0.0263(Re*W/  Mean 0.1326 0.2925
L)+0.0065(Gr)*+0.0019(Re)?-0.0551(W/L)? R? 0.9952 0.9791
The ANOVA results for the output parameters may be AdjR? 0.9890 0.9522
found in Tables 3, 4. The Design Expert software calculates Pred R? 0.9227 0.8954

regression coefficients, P-values, F-values, and R? values for
statistical analysis. Through the computation of P-values
and R? coefficient, one may assess the significance of antic-
ipated models. P-values that are less than 0.05 are deemed
significant, whereas smaller P-values and bigger F-values
imply a greater relative significance for the correspond-
ing term. Upon analysis and evaluation, it was found that
the P-values for each projected model were less than 0.05,
showing the significance of each model. R* may be used to
compare experimental results with projected models. The
R? values for the output variables, Nuyi,onta 80d NUyerican
are 0.9952 and 0.9791, respectively. The R2 values for the
projected models show a remarkable proximity to 1, indi-
cating a significant degree of accuracy in comparison to the
analytical outcomes [57].

Influence of Operating Parameters on Nu

The predicted values are validated with the actual values
for two different orientations are illustrated in the Figure
9. The R? values for the output variables Nuy,one and
Nu, et are 0.96 and 0.94, respectively. The R? values for the
projected models show a remarkable proximity to 1, indicat-
ing a significant degree of accuracy compared to the analyt-
ical outcomes. It has been noted that the effectiveness of the
constructed prediction model is better when the values of
comparative analysis and R* are low. The influence of oper-
ating parameters (Gr, Re and W/L) on Nu are determined by
developing 2D plots. The pattern of the vortex intensifies with
the increase in Grashof and Reynolds numbers. In the right

channel, the size of the vortices is more than that of the left
channel. It increases with the increase of the Grashof num-
ber. In the middle channel, there are not many formations
of the vortices as there is less gap between the two obstacles.
With the increase in the Reynolds number, the vortices can
be seen at the middle chancel as well. The natural convec-
tive heat transfer dominates the forced convection at a higher
Grashof number [58].

Optimization and Validation

Following the development of a predictive model, the
optimization method was used to identify the optimal
input parameters. In MORSM, the desirability technique
was used to ascertain the optimal operating parameters. In
this investigation, the Nu parameters were set to their max-
imum levels [58]. The desired degree of attractiveness is
when the output and ideal operating conditions are reached
[59, 60]. Figure 10 illustrates the desirable parameters for
Nu horizontal and vertical blocks. The optimal values in
case of Nuy ..o are at Gr (27888.1), Re (400) and W/L
(0.2) is observed. The optimal values in case of Nu,,,;., are
at Gr (44753), Re (394.89) and W/L (0.298) is observed.

A confirmation test uses the optimal conditions iden-
tified via desirability analysis. The confirmation outcomes
for Nu. The study»s findings align with the optimal condi-
tions, and the margin of error in the confirmation tests is
within an acceptable range [61].
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Figure 9. 2 D contours for different operating parameters.
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CONCLUSION

The present research work used numerical methods to
examine the convection process in a cavity with a lid-driven
motion, which has two rectangular blocks within. To study
the heat transfer in mixed convection with the variation of
Grashof number. To study the heat transfer in mixed convec-
tion with the variation of Reynolds number. Optimization
of obtained numerical results by using multi-objective opti-
mization tool (Response Surface Methodology Approach).
Following are the conclusions drawn:

1. The W/L ratio in the validation case is 0.25. In this case
the walls of obstacles are kept at high temperatures
whereas the boundary walls of the outer square cavity
are at low temperature. However, the upper lid is in
motion in positive x direction.

2. The streamlines form a vortex on the top whose size
decreases as we move from left to right in case of Ri
value 0.1. For Ri is equal to 1, another vortex besides the
upper one is formed at the left corner.

3. The pattern of the vortex intensifies with the increase
in Grashof and Reynolds numbers. It increases with the
increase of the Grashof number. In the middle channel,
there are not many formations of the vortices as there is
less gap between the two obstacles.

4. The secondary vortex is formed due to the detached
flow of the fluid. One vortex is due to forced convection
which is due to the moving lid at the top and the other
one is due to the natural convection at the lower end of
the block.

5. As the Re is increased in all the cases, the intensity of
the top vortex is increased due to the forced convection.
With the decrease in the Grashof number from 10° to
15000, the second vortex completely disappears due to
the decrease of the natural convection coefficient.

6. The motion of the particles occurs due to the cold
flow and the hot fluid which is present at the bottom
is pushed into the middle which helps to achieve the
greater Grashof number due to unbalanced cohesive
forces.

7. Nusselt numbers indicate that there is a minute reduc-
tion in the values. The Nusselt number values are high
for Re = 500 for W/L equal to 0.2 and 0.8. And Nu value
is high for Re = 250 for W/L = 0.2. Compared to all the
orientation cases the highest Nu is in case of the closest
arrangement of rectangular blocks that are for W/L =
0.2.

8. The R? values for the output variables Nuy 00 a0d
N, ica are 0.96 and 0.94, respectively. The R? values
for the projected models show a remarkable proximity
to 1, indicating a significant degree of accuracy com-
pared to the analytical outcomes. It has been noted that
the effectiveness of the constructed prediction model is
better when the values of comparative analysis and R?
are low.

NOMENCLATURE

PBLHTES system  Packed bed Thermal energy storage
system

EPCM Encapsulated Phase Change Materials

TES Thermal Energy Storage

npcm Nano PCM

HTF High Temperature Fluid

MWCNT Multi Walled Carbon Nano Tubes

Pefy Effective thermal conductivity of
nano PCM

Hefr Effective viscosity of the nano PCM

B Liquid Fraction

kegr Effective thermal conductivity of the
nano PCM

Cper Effective specific heat of the nano
PCM

u, v Velocity of fluid in X and Y directions
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