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Abstract: The computational analysis of laminar mixed convection nanofluid flow has been conducted in a two-
dimensional rhombus-shaped enclosure featuring a protective cover and a centrally heated cool obstacle. This study
primarily focused on assessing the effects of copper nanoparticles dispersed in water as the base fluid, specifically
addressing the topic of nanofluids. The temperature discrepancy produced on by the opposing motion of the enclosure's top
and bottom walls the top wall being cold and the bottom wall being cold as well will be essentially propels this mixed
convection. The opposing wall is heated, whereas the opposite wall is unheated. The study evaluates whether streamlines,
isotherms, velocity profiles, dimensionless temperature, average Nusselt numbers, and average fluid temperature have been
affected by the Richardson and Darcy numbers, among other variables. The results indicate that both the Richardson and
Darcy numbers exhibit an important effect on the system's flow patterns and the distribution of temperatures. Furthermore,
regulating heat transfer in fluid flow via the porous material inside an enclosure hinge entirely on the Darcy number. The
study provides a heat transfer correlation for the average Nusselt number while also taking into consideration various Darcy
& Richardson parameters.
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Introduction: Analyzing the influence of thermal radiation on the simultaneous conduction circulation of heat
in a porous environment is crucial for space technology and high-temperature operations, and it has many
essential applications. Additionally, fluid flow and heat transmission in porous materials have attracted a lot of
attention over the past few decades. This is primarily due to the numerous applications of flow through porous
media, such as filtration, separation processes in chemical manufacturing, geothermal extraction, groundwater
pollution, transpiration cooling, and storage of radioactive nuclear waste, purification, aquifer transport
processes, and fiber insulation.

Escalators, buildings with elevators, air conditioning systems, air conditioning and heating technologies,
building climate administration, heat exchangers, solar collectors, as well as astrophysics and biology, represent
only a few of the real-world applications regarding the results of the study. The thorough evaluations by Nield
and Bejan [1] and Ingham and Pop [2] provide comprehensive clarifications on various application areas.
Enhancing the transportation of heat in cavities has emerged as an important challenge for the power generation
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and industrial sectors. To improve heat transport within cavities, researchers have conducted out in-depth studies
in recent years utilizing experimental, analytical, and computer science methods. The uses of nanofluids for
enhanced heat transfer were the primary focus of one prominent study by Xuan and Li [3]. They discovered that
these nanofluids have an immense number of possibilities in improving the heat transfer procedure via the
addition of CuO nanoparticles to the starting point fluids. The development of fluids that are adept at
economically supporting heat exchange is essential in order to fulfill the increasing needs of contemporary
technology, particularly nuclear power generation, microelectronics, and chemical production. Nanofluids were
a class of fluids that display promise in this respect. These heat-transfer fluids have been referred to as
nanofluids because they have a tiny concentration of nanoparticles embedded within a base fluid. Incorporating
nanoparticles to the base fluid, even at humble volume fractions (1-5%), can significantly boost the thermal
conductivity by about 20%, as demonstrated by a large body of research [4], [5], and [6]. The influence of
natural convection on heat and mass transmission in a curved triangular cavity has been investigated through
Rahman et al. [7] in a related study. Furthermore, double-diffusive convection in an inclined porous enclosure
with opposing temperature and concentration gradients has been researched by Chamkha and Naser [8]. Teamah
[9] performed numerical simulations of double-diffusive convection that is natural flow in a rectangular box
using the finite volume direction. Their investigation took into account how a heat source and magnetic field
affected the flow. The computational modeling of transfer of heat in a wavy enclosure with and without fins has
been examined by Al Mahmud et al. [10]. The simulation of nanofluid flow in porous square enclosures has
been looked at by Munshi et al. [11]. A study on the mathematical modeling of airborne convection flow
employing magneto-hydrodynamics in a semi-circular heater with an undulating upper enclosure was
additionally carried out by Islam et al. [12]. MHD mixed convection has been investigated by Oztop et al. [13]
in a lid-driven cavity with a heater at one of the corners. In an identical work, Munshi et al. [14] investigated
whether a nanofluid impacted the transportation of heat in a U-shaped enclosure that was constructed from
porous material. Using nanofluids in a lid-driven squares container filled with a media that is porous, Munshi et
al. [15] further investigated the numerical simulation of both convection and conduction heat transfer.
Furthermore, hydrodynamic convection and conduction in a lid-driven square chamber with an elliptic-shaped
heated block with a corner heater has been investigated by Munshi et al. [16]. A computational study has been
carried out by Khandaker et al. [17] in order to examine the effects of nanofluid flow within a porous enclosure
with a rhombus-shaped geometry. The interaction with a continually heated obstacle throughout the enclosure
constituted the main focus of the experiment. Khandaker et al. [18] analyzed heat-generating obstacle of
nanofluid flow in a rhombus shaped enclosure filled with porous medium. Maxwell-Garnett [19] employs
metallic films and glasses to produce colures. The viscosity of concentrated suspensions and solutions was
examined by H. C. Brinkman [21]. The finite element method has been investigated by Zienktewicz et al. [22].

The literature recently in publishing has given not enough attention to the issue of convection and conduction
heat transfer problem in a lid-driven enclosure with several features. Thus, this study proposes the effect of
nanofluid flow in a rhombus-shaped porous material on a continuous heated and cold obstacle in order to fill this
research gap. This particular study's main goal is to model and examine the previously indicated circumstances.

Physical Configuration: The modeling of the flow of nanofluid in a rhombus-shaped container with heating
boundaries and porous media is demonstrated in Fig. 1. The top and bottom lids containing the cold-temperature
obstacle move from left to right and left to right, correspondingly. While the left wall remained unheated, the
right wall has been heated. Additionally, the internal temperature of the building serves as a constant source of
both heat and cold.
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Fig. 1: Conceptual arrangements of the measurement system, boundary, as well as physical representation.

Mathematical Formulations: Following is a possible expression for the fundamental non-linear partial
differential equations, which are:
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The nanofluid properties expressed as:
Prg=(1—@)ps + @p;
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The dimensional constraints on boundaries: No-slip boundary specifications regarding velocity
(u'=0.,v"=0) is used on every wall, with the exception of the top and bottom lids. On the top of the lid
(u'=U'v" = 0) with cold temperature is applied, while on the bottom of the lid (u" = —U’,¥" = 0) with cold
temperature is applied. The right wall is heating and left wall is adiabatic.
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The next few dimensionless quantities are at present being implemented.
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The subsequent dimensionless equations that govern are generated by the replacement of the dimensional
variable:
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Where Re, Pr.Ri.Da, Ha and Gr are Reynolds number, Prandtl number, Richardson number, Darcy number,
Hartmann number and Grashof number respectively.

The dimensionless constraints on boundaries: No-slip boundary specifications regarding velocity
(U'=0.V' =0) is used on every wall, with the exception of the top and bottom lids. On the top of the lid
(U" = 1.V' = 0) with cold temperature (8" = 0} is applied, while on the bottom of the lid (U" = —1.V' = 0) with
cold temperature (8" = 0) is applied. The right wall is heating (8" = 1)and left wall is adiabatic.

In this work, the fluid and heat transportation mechanisms are shown employing streamlines and isotherms. The
formula for continuity expresses the stream of function ('} as:

oyt
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Isotherms (#") according to the energy equation, they have been defined as:
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Where L is the heated wall's length. In process engineering design calculations, the mean Nusselt number can be

performed for determining the velocity of heat transfer from the heated surface. The literal meaning of the

regional Nusselt number that appears on the left wall provides
N Knp 06°
N pear = Ef ax'

Nanofluid properties: Properties of thermo-physical of nanofluid (H. 0. {1} for the capacitance of heat (4179,
385) Density (997.1, 8933), Thermal conductivity (0.613, 401), Thermal coefficient expansion (2.1 1074,
1.6 % 107°) and dynamic viscosity (0.001003).

Xr=0

Numerical Technique: The Galerkin weighted residual finite-element examine is employed for transforming
the nonlinear conditions regulating partial differential coefficients that has been the mass, momentum, and
energy coefficients into a system of equations governing integrals. The Gauss quadrature methodology is
employed for carrying perform the integration expected in each of these equations' components. By
implementing boundary constraints, the consequences of nonlinear algebraic equations are adjusted. Newton's
modified nonlinear equations into linear algebraic equations. Subsequently the linear equations have been
resolved using the triangular factorization procedure.

Table 1: Grid sensitivity Pr = 0.71,Ri = 1 and Ha = 50.

Nodes 832 1114 1725 6743 24136
Elements 1601 2146 3328 12270 48468

Nu,, 8.64276 8.66746 8.67727 8.70372 | 8.70841
Time (5) 8 11 14 20 35

The mean of the Nusselt numbers across the grid is displayed within Table 1. The grid size of 6743 nodes and
12270 elements, as illustrated in the table, presented an acceptable arrangement for this particular numerical
investigation.
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Validation regarding the Program: Fig. 2 demonstrates a comparison between streamlines and equilibrium
temperatures for the graphical approach. Their combined total is what makes very apparent that both parties are
in complete agreement. A substantial amount of concurrence between the two outcomes can be determined from
the statistical analysis. It is the present state of my numerical place of employment, whose will be reviewed
briefly in this research paragraph. This program has been modified into a rhombus-shaped enclosure in media
that is porous.

StreamlineS Isotherms Streamline

= >

(a) (b)
Fig. 2: Evaluation of streamlines and the isotherms for the computational solution of (a) Oztop et al. [13] (b)
Latest study, Ra = 10°, Re = 100, and Ha = 50.

Findings and discussion: The processes, fluid dynamics, and heat transfer discussed earlier have been obtained
from the simulation software COMSOL Multiphysics. The original graphical outputs from COMSOL
Multiphysics have been modified to present a more streamlined presentation, including isotherms, velocity
profiles, local Nusselt numbers, and temperature measurements without dimensions. The Grashof
number(Gr = 10*), Reynolds number (Re = 100}, Prandtl number (Pr = 6.2), Hartmann number (Ha = 50},
and solid volume of the nanoparticle in a range of @ = 5% were all fixed during the computations. Fortunately
the Darcy number (Da) fluctuates between 1~ to 1e ~“and the Richardson number (Ri) fluctuates from 0.1 to
10. Experiments are carried out into the consequences of different arrangements of the constant heating cold
obstacle.

Effect of Darcy number: With established parameters Ri = 1, Ha = 50, Pr = 6.2 and @ = 5%, the streamline as
well as isotherm movements under the consequences of a heated as well as cold obstruction are displayed in Fig.
3 and Fig. 4, correspondingly.
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Fig. 3: Streamlines with different Darcy values of numbers Da = 1e~* — 1e~= when
Ri=1.Ha=50,Pr=6.2 and g = 5%.

Ri=1Ha="50Pr=62 andyp="5%.

The Darcy number varies between le™ to le. A substantial change in the swirling center carried on by the
continuously heating obstruction can be observed in Fig. 3. Due to shear forces, a clockwise vortex forms within
the object's body. Specifically, when the obstruction is placed in the central area of the enclosure, the
counterclockwise spinning vortex flows partially toward the direction of movement of the taller wall.
Furthermore, a counterclockwise rotating vortex gradually changes towards the center and rightmost walls
whenever the number assigned to Darcy gets raised to le. Undoubtedly, the fluid flow underneath the
continually heating barriers is significantly more intense than the region on the top, which is affected by the lid's
motion. The isotherms of temperature in Fig. 4 demonstrate that conduction dominating heat transfer when Ri =
1, Ha = 50, Pr = 6.2 and @ = 5% . Conduction-dominated transmission of heat is demonstrated by the
equilibrium temperatures appearing parallel to the top wall at the lowest possible Darcy value. The isotherm
lines become more twisted as Darcy increases. Especially along the left and right walls, demonstrating enhanced
heat transfer through convection transport.
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Fig. 5: Local Nusselt number variation along the enclosure's X-axis corresponding to different Darcy values for
numbers Da = 1e=® —le~“ when Ri =1, Ha = 50.Pr = 6.2 and p = 5%
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Fig. 6: Velocity profiles variation along the enclosure's X-axis corresponding to different Darcy values for

numbers Da = 1e™® — 1le~= when Ri=1, Ha = 50,Pr = 6.2 and ¢ = 5%.
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Fig. 7: Dimensionless temperature variation along the enclosure's X-axis corresponding to different Darcy
values for numbers Da = 1le~® — 1lg~= when Ri = 1, Ha = 50,Pr = 6.2 and ¢ = 5%.

Fig. 5 exhibits the local number of Nusselt along the X-axis based on different Darcy numbers having
Ri =1 Ha =50.Pr=06.2 and ¢ = 5% of the enclosures. The local number of Nusselt is uniform when
compared to the enclosure's corresponding vertical line in recognition of the symmetry in the heating boundary
circumstances. The figure demonstrates that in almost every instance of the perpendicular wall, the Nusselt
number that is local increases as the number given by Darcy increases. In this particular instance, the local
number for Nusselt increases more gradually as the Darcy number approaches. Fig. 6 illustrates changes of the
velocity vertical component corresponding to the Darcy numbers along the enclosure's horizontal the center of
the body As the number Darcy increases, the figure demonstrates that the absolute magnitudes of the maximum
and minimum velocity numbers increase additionally. Maximum shaped curves are found for X < 0.5, whereas
minimum constitute curves are found for X > 0.5, when X = 0.7 velocity profiles are the same as zero. The
without dimensions temperature profiles for various Darcy numbers along the bottom wall are displayed in Fig.
7. Both the highest and lowest temperatures are shown in this figure. The structure in the very center enables the
intersecting lines to extend upwards.

Effect of Richardson Numbers: In the numerical computations, the Richardson number increases throughout
the laminar range Ri = 0.1-10, whereas the Darcy, Hartmann, and Prandtl numbers remain constant. Fig. 8 and
Fig. 9 demonstrate modifications in streamlines and equilibrium temperatures whereas a constant both hot and
cold obstructions appear for different values of Ri = 0.1-10. There are two eddies in the enclosed space because
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both the hot and cold obstacles are separated from within it and their buoyancies are combined. Another time,
the clockwise rotating vortex filtered the left and bottom right sidewalls little by little as the Richardson number
approached. The fluid flow beneath the constant source and sink obstacle is obviously much lower than that of
the highest point, which has been affected by the motion moving the lid. The isotherms in Fig. 9 demonstrate
that conduction dominating the transmission of heat when Ri = 0.1-10. For the lowest possible amount of Ri, the
isotherms appears parallel to the top wall, as demonstrated in the illustration. The isotherm lines are more
bending on the left and right walls, showing increased heat transfer through convection transportation.

Fig. 8: Streamlines for different Richardson values for numbers Ri = 0.1,1,5, 10 when
Da=1e % Ha =50,Pr=56.2 and ¢ = 5%.
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Fig. 9: Isotherms for different Richardson values for numbers Ri = 0.1,1,5,10 when
Da=1e %, Ha =50,Pr= 6.2 and ¢ = 5%.
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Fig. 10: Modifications in the local number of Nusselt throughout the enclosure's X-axis according to different
Richardson numbers Ri = 0.1,1,5,10 when Da = 1le~® . Ha = 50,Pr = 6.2 and ¢ = 5%.
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Fig. 11: Modifications in the velocity profile throughout the enclosure's X-axis according to different
Richardson numbers Ri = 0.1,1,5,10 when Da = 1e~*,Ha =50,Pr = 6.2 and ¢ = 5%.
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Fig. 12: Modifications in the dimensionless temperature throughout the enclosure's X-axis according to different
Richardson numberRi = 0.1,1,5,10 when Da = 1le~* Ha = 50.Pr= 6.2 and 6 = 5%.

In Fig. 10, the local number of Nusselt along the X-axis appears for the different Richardson numbers
Ri =0.1,1,5.10 when Da =1e~° ,Ha =50.Pr = 6.2 and@ = 5% of the enclosure. Parallel to the x-axis, a
lower Richardson number local number of Nusselt value represents a more minor change; although a higher
Richardson number local Nusselt number value represents less significant change. Fig. 11 demonstrates the
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variation of the profile of velocity along the X-axis according to different Richardson numbers Ri = 0.1.1,5,10
when Da = 1e7%,Ha = 50,Pr = 6.2 and @ = 5% of the enclosure. The visualization demonstrates that as the
Richardson number decreases and the absolute magnitudes of the maximum and minimum velocity values
simultaneously decrease. When Da =1e* Ha =50,Pr=6.2 andg = 5%, Fig. 12 demonstrates the
temperature distributions along the bottom wall according to different Richardson numbers, Ri = 0.1,1,5,10.
This figure illustrates the smallest value, maximum, and temperature. When considering that both the warm and
cold obstructions have been placed in the middle, the lines are directed downward.

Conclusion: The numerical outcomes have been provided for mixed convection flow patterns implementing
nanofluid in a porous the enclosure. For numerous significant dimensionless groups, particularly Richardson
number and the number of Darcy, outcomes have been achieved. The flow and temperature gradients throughout
the enclosure have been significantly affected by both Darcy and the moving lid ordinations. Features of heat
transfer and fluid movement within the enclosure were highly dependent on the heated obstacle. Lower heater
length values, as measured according to the Darcy number, result in an increased average number calculated by
Nusselt at the heated wall and lower average temperatures of the fluid in the enclosures. The flow and the
temperature fields, in addition to the average number of Nusselt results, have been greatly affected by the heated
an obstruction. Whenever a liquid moves through a material with porous enclosure, using Richardson number is
a significant control parameter for the transfer of heat.
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