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[T I N R

Abstract: Investigating natural convection heat transfer of nanofluids in various geometries has
garnered significant attention due to its potential applications across several disciplines. This study
presents a numerical simulation of the natural convection heat transfer and entropy generation
process in an E-shaped porous cavity filled with nanofluids, implementing Buongiorno’s simulation
model. Analyzing the behavior of individual nanoparticles, or even the entire nanofluid system at
the molecular level, can be extremely computationally intensive. Symmetry is a fundamental concept
in science that can help reduce this computational burden considerably. In this study, nanofluids are
frequently conceived of as a combination of water and Al,O3 nanoparticles at a concentration of up
to 4% by volume. A unique correlation was proposed to model the effective thermal conductivity
of nanofluids. The average Nusselt number, entropy production, and Rayleigh number have been
illustrated to exhibit a decreasing trend when the volume concentration of nanoparticles inside the
porous cavity rises; the 4% vol. water-alumina NFs yield 17.35% less average Nu number compared
to the base water.

Keywords: nanofluids; natural convection; cavity; entropy generation; correlation; thermal conductivity

1. Introduction

Thermal researchers and scientists have found nanofluids (NFs) interesting in the
way of looking for new cooling methods to address the heat removal necessity in different
industries and applications. Choi and Eastman [1] pioneered the utilization of NFs as a
novel means to augment heat transfer (HT) efficiency in cooling processes, marking an
unprecedented milestone in the history of thermal science. The notion of suspending
small particles inside a conventional fluid to enhance its physical characteristics was
first presented by Maxwell [2] during the nineteenth century. Maxwell’s concept was to
improve the physical characteristics of water by dispersing metal particles in it, but the
rapid sedimentation of micro-particles hindered this vision. Over the past two decades,
NFs have garnered significant attention from the scientific community, corporate entities,
and funding organizations.

NFs are characterized as colloidal suspensions consisting of nanoparticles at the
nanoscale dispersed within common HT fluids, which commonly include oil, ethylene
glycol, and water.

Symmetry is a vital concept in the analysis of NFs. Symmetry in fluid dynamics
refers to the existence of geometric or physical features that are preserved under certain
transformations or operations. These symmetries can be broadly categorized into two types:
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geometric symmetry and flow symmetry. Generally speaking, symmetry can significantly
simplify the analysis and computation of fluid flow problems. This simplification has
several important applications, including Reduction of Computational Time, Simplification
of Boundary Conditions, and Enhanced Visualization and Insight. Furthermore, Symmetry
remains vital in the analysis of NFs, as it can help simplify the computational modeling and
understanding of fluid behavior at the nanoscale. Application of the symmetry concept
can lead to significant computational efficiency gains, simplified boundary conditions,
and a better understanding of the behavior of nanoparticles in NFs, ultimately contribut-
ing to the advancement of NF-based technologies and applications. Enhancing several
thermophysical properties, such as density, viscosity, specific HT capacity, and thermal
conductivity, is the main goal. Usually, metals or oxides and carbon nanotubes are utilized
for developing nanoparticles. NFs have been utilized in various industries, especially heat
exchangers [3-5], impingement jets [6-8], automotive [9], renewable energies [10-13], heat-
ing and tempering processes [14], nuclear reactors [15,16], electronic chip cooling [17,18],
lubrication [19-22], and combustion [23], among others [24,25].

On the other side, cavities are heavily used in a variety of applications and machinery
like HVACs [26,27], heat exchangers [28,29], renewable energies [30,31], etc. It appears
that one of the early investigations pertaining to fluid flow within enclosed spaces was
conducted by Patterson and Imberger [32]. Their study delved into the dynamics of
unsteady natural convection within a rectangular cavity that possessed end walls with
varying temperatures. They concluded that the Prandtl number heavily affects the transient
flows. However, the steady-state flows are not impacted by the Prandtl number variation.

Chambkha et al. [33] studied the HT characteristics of single and hybrid nanoparticles
suspended in phase-change materials around a heated horizontal cylinder within a square
cavity numerically. Parameters such as the Fourier number, NF viscosity, thermal conduc-
tivity, and nanoparticle concentration were systematically varied. Their findings revealed
that the rate of phase-change melting rises as the Fourier number rises up to a threshold
value of 0.5. Beyond this threshold, a decrease in the melting rate was observed.

Selimefendigil and Oztop [34] carried out a numerical exploration of the effect of an
inclined magnetic field on natural convection within a triangular enclosure characterized
by internal heat generation. The Galerkin weighted residual finite element technique was
utilized to solve the governing equations. Important parameters investigated in detail were
the internal and exterior Rayleigh numbers, the elastic modulus of flexible wall tilt, the
magnetic field strength (represented by the Hartmann number), and their combined effect
on HT. Their analysis revealed that a rise in both the internal Rayleigh number and the
Hartmann number corresponded to a reduction in the average HT rate.

The study carried out by Selimefendigil et al. [35] examined the interaction among fluid
dynamics, structural elements, and a magnetic field within a lid-driven cavity containing
NFs equipped with a flexible sidewall. Their analysis suggested that the mean Nusselt
number significantly dropped as the Hartmann number boosted.

The present research relies on the finite volume approach to numerically analyze
the HT by natural convection within an E-shaped porous enclosure filled with NFs. The
NFs consist of water with an Al;O3; nanoparticle volume concentration of up to 4%. The
analysis is carried out based on Buongiorno’s model, assuming incompressible, laminar,
steady-state, homogenous, Newtonian behavior of the NFs, and lastly, the thermal equilib-
rium between the nanoparticles and the molecules of the base fluid. The research paper
uses experimental data from the literature to demonstrate a unique prediction correlation
for effective thermal conductivity, given that HT in NFs is strongly connected to their
thermophysical characteristics.

2. Materials and Methods
2.1. The Geometry of the Problem

The computational domain in this study is presented in Figure 1. This is an E-shaped
porous enclosure saturated with NFs. All walls are stationary. The vertical walls located
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on the right side of the enclosure exhibit low temperatures, whereas high temperatures
characterize the left wall. The temperature of the hot and cold walls is adjusted to 327 and
325 degrees of kelvin, respectively. The insulation is on the remaining walls. The problem
is meshed into 19,200 cells in total, or two cells per millimeter. The geometry is divided
into eight distinct sections, including five sections for the column. The shown dimensions
are in millimeter units.

60
30
i ? /4
q

D 20
20
20
20
20

Figure 1. The problem geometry. The blue and red lines show the cold and hot walls.

2.2. Material

The NFs being examined in the present investigation are composed of alumina
nanoparticles distributed in water, serving as the base fluid. The concentration of nanopar-
ticles in the NFs varies from 0 to 4% by volume. The alumina nanoparticles are assumed to
possess a mean diameter of approximately 33 nm, and it is noteworthy that no surfactants
have been incorporated into the formulations. Table 1 contains reference values for a range
of thermo-physical parameters about the water and alumina nanoparticles in ambient
settings. Additionally, the porous media used in this study comprises two distinct compo-
sitions: sand and metallic powder. These materials exhibit distinct thermal conductivities
with values of 3 W/m-K and 60 W/m-K, correspondingly. For analytical purposes, each
of these two cases will be addressed separately. The porous media are characterized by a
porosity of 0.4 and a permeability of 1078 m?.

Table 1. Thermo-physical properties of alumina nanoparticles and water at the ambient conditions [36,37].

Material Thermal Expansion Dynamic Thermal Conductivity Density Specific Heat
Coefficient (1/K) Viscosity (N.S/m?) Coefficient (W/m.K) (kg/m3) Capacity (J/kg.K)
Al O3 0.00000846 - 40 3600 765
Water 0.000207 0.0001002 0.598 998.3 4179

2.3. Governing Equations

The assumptions in this problem are as follows:
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Incompressible fluid;

Steady, laminar flow;

Homogenous NFs;

Two-dimensional flow;

No chemical reactions;

No viscous dissipation;

No radiative HT;

Homogenous porous media;

Isentropic porous media;

The primary mechanisms for nanoparticles’ slip are Brownian diffusion and ther-
mophoresis.

In all prestigious books, one says that a fluid can be compressible or incompressible,
while a motion or flow can be steady or unsteady (non-steady). In order to scrutinize
the efficacy of nanoparticle slip in relation to the molecules of the base fluid, the
equations that describe the conservation of mass and momentum are represented in
the following manner:

The mass conservation:

— —

V. (pan) =0 1)
The momentum conservation:

— — = — — i ﬁT
V.(pan.V> = —V(P) + V.(us(V.V+V.V7)) + Sy (2)

where the source term for porous media is denoted by S, which is specified as follows:

N
s Pnf|V|fV

Sy = — | pagdV + = 3)

The Darcy coefficient and the Forchheimer coefficient are indicated by the variables

d and f in this context, correspondingly. The following is the formal definition of these
coefficients [38]:

d = @)

£

K

f= 3.5
V/1501/Ke0-5

The principle of energy conservation for NFs in a porous medium is described as [38]:

©)

= =
VT.VT

- = — — - =
PufChug* V.VT = V. (keffVT) + €0upCpnp | DeVOV T + Dr ©)

The volume concentration of nanoparticles in NFs must adhere to the following

equation [39], in which T,, keﬂ, ¢, v, and B represent the mean temperature of the NFs,
the effective thermal conductivity of the porous medium, porosity, the vectors of Darcy
velocity, and thermal expansion coefficient, correspondingly. Furthermore, o, Cpnp, Cp,
#, ¢, D, and Dg denote the density of NF, the specific heat of nanoparticles at constant
pressure, the specific heat of NFs at constant pressure, the dynamic viscosity of NFs, the
nanoparticle volume concentration, the thermophoresis coefficient, and the Brownian
diffusion coefficient, respectively.

—

- = — Dtz
V-Vg =V-|DpVe+ VT @)
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Sgen = (

) X (52 + (

Equations (8) and (9), as defined in reference [40], provide a mathematical description
of the thermophoresis coefficient and Brownian diffusion coefficient. The Boltzmann
constant, the bulk temperature of the NFs, the mean diameter of the nanoparticles, the
thermal conductivity of the base fluid, and the thermal conductivity of the nanoparticles
are expressed by the symbols Ky, T, dyyp, kbf, and ky), in these equations, correspondingly.

K, T
Dp=__"°9" 8
B 37T sy 8)
0-26khf ynf
Dr=|——~—~2 |2 | — 9
T <2kbf+knp> (Pnf ® )

The overall entropy generation can be determined by applying Equation (10) [41].

oT oT

ay

du
dy

ou  0v
PN+ (5 +35,) (10)

Hnf Hnf ou
)) + g X (4 0%) + 2 x (2((5 )7+ ( 3

KT, T,

The mean Nusselt number can be calculated by integrating the ratio of the thermal
conductivity of NFs to that of the base fluid, as follows [41]:

ke ff a0
Nu = /_<kbf X (an>dn (11)
In Equation (11), n is the direction that is orthogonal to the surface. The definition of
dimensionless temperature is:

T— Tcold

_— (12)
Thot — Teotd

The proportional equation could be employed to calculate the porous media’s effective
thermal conductivity.

ke f = Sknf + (1 - E)ksolid (13)

The thermal conductivity of porous materials and the thermal conductivity of NFs
are depicted by the variables kq,j;; and ks in Equation (13). The method for calculating NF
density is as follows:

Puf = Ponp + (1 —P)ppp (14)

where ppr and ppp denote, accordingly, the base fluid’s density and the density of the
nanoparticles. To determine the effective dynamic viscosity of NFs, an empirical correla-
tion [37] was utilized:

Bnf — 14+ 4.93¢ +222.4¢7 (15)

Hof

The determination of the thermal expansion coefficient of NFs could be achieved by
employing Equation (16).

PufBur = (1= @)pps + PupBnp (16)

2.4. A Novel Correlation for Thermal Conductivity

An innovative prediction correlation was formulated. Relying on empirical data
reported in the literature, it was developed to determine the thermal effectivity of NFs. To
this end, 40,182 data points about the thermal conductivity of alumina-based NFs were
obtained from experimental research for developing a novel correlation model. Afterward,
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the technique of Gauss—INewton multiple regression was employed. After performing
46 iterations, the equation suggested is expressed as follows (Equation (17)):

0.0363

kg = kyp x (1+ (1.48185 x ¢)* x ) (17)

where k,, s kp P and d,;, denote, accordingly, the effective thermal conductivity of the NFs
(W/m.K), the base fluid’s thermal conductivity (W/m.K), the volume concentration of the
nanoparticles (%), and the mean diameter of the nanoparticles (nm). Additional statistical
information on the proposed correlation is provided in Table 2. Compared to the empirical
information, the mean absolute error of the intended correlation is 4.42%. Patel et al. [42],
to validate the claimed correlation, carried a comparison analysis out utilizing data from
an empirical investigation. The difference between the thermal conductivity predicted
by the suggested correlation and the empirical results as a function of temperature is
seen in Figure 2. The graphical representation shows that the experimental and predicted
data exhibit a growing trend in effective thermal conductivity as the mean operating
temperature increases.

Table 2. The statistical parameters.

Parameter Value
1 Tolerance 0.00001
2 Iterations 17
3 Final SSE 213.429
4 DFE 35338
5 MSE 0.00603
6 S 0.07771
—e—Correlation
2 Experimentsl
s s st

Thermal Cx

Nanofluids

3 1 1.5 7 15 3 15

MNanoparticle Volume Concentration

Figure 2. The experimental versus forecasted effective thermal conductivity by the presented correlation [42].

2.5. Numerical Method and Validation

We used the finite volume method for discretizing the governing equations in the
OpenFOAM software package v1906, with some additional programmed code in C++ for
considering thermophoresis, Brownian diffusion, and entropy generation. The solution
mode is steady, employing a straightforward algorithm for solving the velocity and pres-
sure coupling equations. To incorporate the pertinent relationships within the OpenFOAM
software v1906, properties dependent on temperature, including density, viscosity, and
conductivity coefficient, are initially specified in the createFields file. Subsequently, these
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relationships undergo updates at the conclusion of the files associated with energy equa-
tions and volume fractions. To account for porosity effects, the fvOptions file is taken into
consideration, and the fvOptions statement is integrated into the momentum equation.
Darcy-Forchheimer coefficients are adjusted based on the sand’s porosity and permeability
in the aforementioned file. A convergence threshold of 10-6 is set for all parameters. Lastly,
the groovy bc tool is utilized to implement the boundary condition in the OpenFOAM
software v1906, addressing the absence of flux-related boundary conditions.

The validation process of the numerical methodology employed in this study was car-
ried out in two phases, utilizing established reference data. Initially, the outcomes obtained
for airflow within the cavity were juxtaposed with the findings presented by Davis [43].
The graphical representation in Figure 3 portrays the relationship between the Nusselt
number and the Rayleigh number. The analysis of these results indicates that the maxi-
mum deviation from the reference data is 1.066%. Consequently, the numerical solution
employed in this study can be considered highly accurate in the initial phase of validation.

MNusselt number

Rayleigh number
Figure 3. The comparison of the obtained results with reference [43].

The outcomes of the natural convection of NFs in a porous enclosure were compared
with those obtained by Nithiarasu et al. [38] in the second step. The findings of the
suggested numerical solution are displayed in Table 3, along with a comparison with the
reference. As it can be concluded, the largest deviation from the reference value in the
current study is 1.069%, producing extremely accurate findings. As a result, the inaccuracy
diminishes as porosity and Rayleigh number rise.

Table 3. The comparison between the obtained results with the reference.

Reference Nusselt

Rayleigh Number Darcy Number Porosity Number [38] Nusselt Number Error
1 103 0.01 04 1.008 1.0208 1.069%
2 10° 0.0001 0.6 2.725 2.7410 0.589%
3 10* 0.01 0.9 1.640 1.6550 0.920%

2.6. Grid Independency Study

Seven alternative meshes were used in an extensive mesh testing approach to deter-
mine the right grid size for solving the present problem while taking into account constant
variables like the Rayleigh number and nanoparticle volume concentration. Table 4 presents
the results acquired using various mesh sizes. A comparison analysis of the computed
average Nusselt numbers reveals that the average Nusselt number for a mesh configuration
with 67,600 elements (260 x 260) differs by 0.32% from the conclusions drawn from the
other element counts. As a result, it has been determined that, in the context of this research,
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the mesh design with 6218 nodes and 67,600 elements satisfies the requirements for an
accurate solution with appropriate grid independence.

Table 4. Test of the grid independence in the current investigation.

Nanopaticle Volume  Rayleigh  “QUUA® g, ClodkTime QRO o)
Number [38] Number
1 3 5.6 x 107 29.0769 140 x 140 334 29.2141 0.47
2 3 5.6 x 107 29.0769 160 x 160 651 28.8535 1.23
3 3 5.6 x 107 29.0769 180 x 180 940 28.5944 0.89
4 3 5.6 x 107 29.0769 200 x 200 1457 28.4005 0.67
5 3 5.6 x 107 29.0769 220 x 220 2209 28.2551 0.51
6 3 5.6 x 107 29.0769 240 x 240 3781 28.1401 0.40
7 3 5.6 x 107 29.0769 260 x 260 4247 28.0485 0.32

3. Results and Discussion

In this section, the acquired findings will be displayed and discussed. The mean
nanoparticle diameter is assumed to be 33 nm, and the problem is solved five times for
nanoparticle volume concentrations of 0%, 1%, 2%, 3%, and 4%, and the streamlines,
isotherms, and entropy generation contours are obtained. Figure 4 shows the temperature
distribution of the base fluid in natural convection. The isotherms also are shown, and all
of them are perpendicular to the insulated walls. On the cavity’s right side, the isotherms
are denser. This demonstrates a developing temperature differential from the left to the
right. Natural convection HT in NFs occurs at very slow velocities. In this context, the fluid
flow and temperature distribution would show a layer profile, as it is shown in Figure 4.

Figure 4. The temperature distribution of the 0% vol. NFs (base fluid).

Figure 5 also represents the streamlines of the base fluid under natural convection HT.
As it is shown, there are three distinct cells in the column. The number of streamlines is
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greater around the cells. This means that the fluid velocity is a considerable amount in
these regions. The streamlines are also rare at the horizontal ends. The vorticities lead to
higher velocities at the sharp corners of the E-shaped cavity.

16 x 10°
[0
ie)
— 10x10° £
c
()
O
50x106 =
=
0.00

Figure 5. The streamlines of the 0% vol. NFs (base fluid).

The contours of entropy generation are shown in Figure 6 for the base fluid under
natural convection. The internal corners of the geometry are where most entropy generation
takes place. The number of constant entropy lines in these regions is greater than in the
other regions. The entropy generation is also negligible in most areas of the column and is
dominant in the horizontal ends of the geometry. As it was explained earlier, the higher
velocities near the walls lead to an increase in fluid friction irreversibility. Furthermore, the
temperature gradient is larger near the sharp corners. Therefore, irreversibility due to HT
increases. In this context, total entropy grows in these regions, consequently.

Figure 7 shows the streamlines of the water-alumina NFs in natural convection for
different nanoparticle volume concentrations. Increasing the nanoparticle volume concen-
tration leads to separating the lower cell from the central cell. This is happening because of
the increasing buoyancy force due to the more natural convection HT in a greater amount
of the nanoparticle volume concentrations. The streamlines are also rotating clockwise
within the cavity.
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entropy

0.6
0.4
0.2

i: 4.1x10°

Figure 6. Entropy generation contour of the base fluid.

(b) (c)

[ 1.1x10°

i~ 5.0 x10°
0.00

U Magnitude

Figure 7. Streamlines of the water-alumina NFs in natural convection for different nanoparticle
volume concentrations (a) 0%, (b) 1%, (c) 2%, (d) 3%, and (e) 4%.
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The water-alumina NFs’ entropy generation contours for varying nanoparticle volume
concentrations are displayed in Figure 8. As it is shown, entropy generation increases
with any rise in the volume concentration of the nanoparticle due to the reduction of
irreversibility of the process and natural convection. More friction, more irreversibility, and
therefore, more entropy generation is observed in the internal corners of the cavity. As
Figure 7 suggests, the velocity gradient reduces as the nanoparticle volume concentration
rises. Therefore, lower total entropy levels are expected near the walls.

(a) (b) (©)
| 0.69
[ 0.60
>
— 0.40 g
£
(0]
0.20
0.00
(d) (e)

Figure 8. The entropy generation contours of the water-alumina NFs for different nanoparticle
volume concentrations (a) 0%, (b) 1%, (c) 2%, (d) 3%, and (e) 4%.

Figure 9 shows the entropy generation of water—alumina/NFs with a mean diameter
of 33 nm versus the nanoparticle volume concentration. The overall entropy generation
decreases with increasing nanoparticle volume concentrations. For example, 4% vol. NFs
give 1.4% less entropy generated than the base fluid.
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2195
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Figure 9. Entropy generation of water-alumina NFs with a mean diameter of 33 nm versus the
nanoparticle volume concentration.

We also assessed how porosity influences the transfer of heat. Beforehand, we antici-
pated that the porosity of a low-conductivity material like glass would leave a considerable
effect on the HT of NFs in natural convection. We solved the problem again with a porosity
of 0 and 0.4. Therefore, we have two different media: a non-porous and a porous media with
a high permeability. Figure 10 demonstrates the findings obtained for various nanoparticle
volume concentrations. The findings indicated that the HT in the non-porous cavity boosts
with any rise in the volume concentration of the nanoparticle. In contrast, in the non-porous
cavity, 4% vol. NFs result in a 17.35% higher average Nusselt number than the base fluid.

==@==Non Porous

18 @ Porous

Average Nusselt Number

0 1 2 3 4
Nanoparticle Volume Concentration
Figure 10. Average Nusselt number versus nanoparticle volume concentration for two different cases.

Any rise in the volume concentration of nanoparticles in the porous cavity additionally
results in a reduction in the rate of HT. However, the decrement is considerably slower
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in comparison to the non-porous cavity. The average Nusselt number for 4% vol. NFs in
the porous cavity is 2.05% lower than in the non-porous cavity, according to the findings.
Therefore, it could be concluded that porosity is the best option to control the natural
convection HT.

4. Conclusions

This numerical study explores the natural convection HT characteristics of NFs within
a porous E-shaped cavity. The NFs considered are assumed to be composed of water and
Al>,O3 nanoparticles, with volume concentrations ranging up to 4%. The problem is figured
out by utilizing a finite volume method, implementing Buongiorno’s approach, and making
specific assumptions consisting of laminar flow, incompressibility, steady-state conditions,
homogeneity, Newtonian behavior of NFs, and thermal equilibrium between nanoparticles
and the molecules of the base fluid. To enhance accuracy, a correlation has been developed
to predict the effective thermal conductivity of NFs utilizing a multi-variable regression
technique. The principal findings of this investigation are summarized as follows:

1.  Anaugmentation in the nanoparticle volume concentration could result in a reduction
in entropy generation, average Nusselt number, and Rayleigh number of the porous
cavity. In natural Convection, 4% vol. NFs are shown to give a 2.1% less average
Nusselt value than the base fluid.

2. The HT performance of the non-porous cavity is highly dependent on the nanoparticle
volume concentration. The 4% vol. water-alumina NFs yield is a 17.35% less average
Nusselt number than the base water.

3. Porosity is an applicable method to control the natural convection HT.

4. The addition of nanoparticles to the base fluid results in a non-linear augmentation
in the effective thermal conductivity of the NFs. The 4% vol. NFs give around 21%
augmentation in effective thermal conductivity in comparison with the base fluid.
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Nomenclature

—
Vv Velocity vector

pnr  Density of nanofluids
#ns  Dynamic viscosity of nanofluids

S Source term for porosity
P Pressure
d Darcy coefficient

Dt Coefficient of thermophoresis diffusion
Dp  Coefficient of Brownian diffusion

K,  Boltzmann constant

dyp  Nanoparticle mean diameter
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ky s Thermal conductivity of base fluid

knp Thermal conductivity of nanoparticle

S¢en  Entropy generation

€ Porosity

u Velocity component in X-direction

v Velocity component in Y-direction

f Forchheimer coefficient

K Permeability

n Normal vector

Bus  Thermal expansion coefficient of nanofluids
Bor Thermal expansion coefficient of base fluid
Bnp  Thermal expansion coefficient of nanoparticle

Nu Nusselt number

T Temperature

0 Dimensionless temperature

Ty Reference temperature (Mean temperature)

T,y  Temperature at cold surface

Thot  Temperature at hot surface

Cpns  Heat capacity of nanofluids at constant pressure
kess  Effective thermal conductivity of nanofluids
ksorig Thermal conductivity of porous media

Pnp Density of nanoparticle

Pof Density of base fluid

@ Nanoparticle volume concentration

Hof Dynamic viscosity of base fluid

Cpnp Heat capacity of nanoparticle at constant pressure
Cppr  Heat capacity of base fluid at constant pressure
HT heat transfer

NF Nanofluid
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