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This paper investigates the natural convection of Ag-MgO/water nanofluids within a porous enclosure using a
Local Thermal Non-Equilibrium (LTNE) model. The Darcy model is applied to simulate the flow dynamics
throughout the porous medium. Using non-dimensional parameters, the dimensionless form of the prevailing
equations has been derived. Finally, the Galerkin finite element method is utilized to solve governing equations
using a non-uniform structured grid, numerically. The key parameters of this study are Rayleigh number (10 ≤ Ra
≤ 1000), porosity (0.1 ≤ ε ≤ 0.9), nanoparticles volume fraction (0 ≤ φ ≤ 0.02), interface convective heat transfer
coefficient (1 ≤H ≤ 1000), and the thermal conductivity ratio of two porous phases (1 ≤ γ ≤ 10). It is indicated that
dispersing Ag–MgO hybrid nanoparticles in the water strongly decreases the transport of heat through two
phases of the porous enclosure. For glass ball and aluminum foam, by increasing the H from 1 to 1000, Qhnf

would be 1.33 and 5.85 times, respectively, at φ = 2%.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The phenomenon of natural convection through porous materials
has recently been an important topic owing to its wide applications, in-
cluding solar collectors, building insulation, cooling of radioactivewaste
containers, nuclear engineering, fire control, energy systems storage,
geothermal energy, and compact heat exchangers [1–8]. There are
wide theoretical and practical studies dealing with natural convective
inside enclosures [9–14].

Using nanofluid is a key strategy to achieve higher performance of
thermal storage, solar collectors, heat exchangers, cooling of electronic
ingredients, nuclear reactors. Commonly, nanofluids are produced by
adding small nanoparticles of size between 1 and 100 nm. The thermal
conductivity of such mixtures increases by applying the high thermal
conductivity of metallic nanoparticles, which results in the total
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augmentation of energy transport through the thermal systems. There-
fore, extensive research is being performed to apply nanofluids in situ-
ations where high heat flux should be rejected. Natural convection in
cavities has its applications in engineering but has poor heat transfer
performance when pure fluids are tested. Choi [15] reported improving
the efficiency of various thermal systems using the nanofluids. How-
ever, several review investigations have been published updating devel-
opments in nanofluids [16–29]. Esfe et al. analyzed the thermal
conductivity of CNTs-water [30], Al2O3 dispersed in ethylene glycol
and water [31] as single nanofluid and SiO2-MWCNT/ethylene glycol
[32], ZnO-MWCNT/EG-water [33], SWCNT–Al2O3/ethylene glycol [34],
CuO-SWCNTs-EG water [35] as hybrid nanofluid.

Ghasemi and Aminossadati [36] studied the natural convective in-
side an enclosure occupied with nanofluids with the contribution of
Brownianmotion and thermophoretic effects. Sun and Pop [37] investi-
gated the flow and heat transfer of nanofluids in an enclosure.
Aminossadati and Ghasemi [38] perused the enhanced natural convec-
tion inside an enclosure, which was saturated by a nanofluid. Chamkha
and Abu-Nada [39] have perused the natural convection of water-based
Al2O3 nanofluids for a different model of viscosity. Mahian et al. [40,41]
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Fig. 1. A simple view of the geometry of the physical model.
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performed an excellence review on the heat transfer mechanism of
nanofluids.

Further study of nanofluids suggested a new class of nanofluids com-
posed of different suspended nanoparticles called hybrid nanofluid. This
is a slowly rising area of investigation,which is fabricated by dispersed a
composite or mixture form of nanoparticles inside a host fluid. Using
this class of nanofluids can cause the final price reduction, in addition
to creating acceptable stability of nanofluids with high thermal conduc-
tivity; moreover, it provides the groundwork for massive industrializa-
tion. The goal of utilizing hybrid nanofluids is to further augment heat
transfer by a comparison between features and drawbacks of single
nanofluids, attributed to the stable aspect ratio, better thermal charac-
teristics, and nanomaterials synergistic effect (see [42]).

In general, there are two methods for modeling heat transfer within
a porous medium. The first model solves an energy equation in the po-
rous medium by considering the Local Thermal Equilibrium (LTE) be-
tween the solid structure and fluid. Extensive studies have been
carried out using this model on porous media [43–46]. The second
model ignores the local thermal equilibriumbetween the solid structure
and fluid. Therefore, the porous medium is modeled utilizing two sepa-
rate energy equations for the solid and fluid to model the convective
heat transfer. Some studies used LTNE model to simulate heat transfer
through porous media are Alsabery et al. [47], Izadi et al. [48,49],
Mehryan et al. [50,51], and Sivasankaran et al. [52]. Ghalambaz et al.
[53] investigated the conjugate natural convection flow and heat trans-
fer of hybrid nanofluids in a rectangular enclosure. The effect of the
presence of a thermally conductive wall on the thermal behavior of
the enclosure was investigated in the presence of Ag-MgO hybrid nano-
particles. The results showed that the presence of a conjugate wall sig-
nificantly influences the practice of hybrid nanofluids in a porous
medium. Although the study of Ghalambaz et al. [53] investigated the
heat transfer of hybrid nanofluids in an enclosure, the results were not
investigated for various types of porous mediums.

Takingnote of the above-publishedworks and following the study of
Ghalambaz et al. [53], the presentwork aims to note the effectiveness of
using hybrid nanofluids in various types of porous spaces, considering a
two-temperature equation model. As a case study, and because the
thermophysical data of nanofluid are available in the literature, it is
accorded as a synthesized hybrid nanofluid. Does using a hybrid
nanofluid improve the heat transfer? The glass balls porous matrix is
considered as a low thermal conductive porous matrix, and the copper
foam is also adopted as a porousmatrix with high thermal conductivity.
The applying of hybrid nanofluids in porousmedia is new, and it has not
been analyzed yet. Base on “What advantages does the using hybrid
nanofluid have over regular nanofluids?” and “How do LTNE model
and the phase interaction affect the effectiveness of exerting hybrid
nanofluids as heat transfer agents?”, the present study aims to address
the effect of using hybrid nanofluids in porous media by considering
local thermal non-equilibrium effects for the first time.

We now progress to the next section to formulate the natural con-
vective of Ag–MgO/Water nanofluids in a porous-filled enclosure.
Table 1
Thermal conductivity and dynamic viscosity of the suspension [54].

φhnp (%) khnf/kbf μhnf/μbf M αr

0 1 1 1 1
0.56 1.05376 1.063619 0.93789 1.0555
1.12 1.08296 1.160534 0.85746 1.0866
1.5 1.13208 1.300207 0.76407 1.1371
2 1.1573 1.3815 0.71753 1.1642
2. Basic equations

2.1. Governing equtions

In Fig. 1, a simple schematic view of the nanofluid-saturated porous
enclosure with a size of L has been shown. Ag-MgO/ water hybrid
nanofluid occupies the void spaces of the medium. The horizontal
bounds of the cavity have been fully insulated, whereas, the left and
right of the enclosure have the high and low temperatures of Th∗ and
Tc
∗ so that Th∗ N Tc

∗. The hybrid nanoparticles have continuously been
suspended with the help of surface charge technology or surfactant.
The use of these strategies does not allow hybrid nanoparticles to be de-
posited and/or agglomerated. A homogeneous and isotropic structure is
considered for the porous medium. The convicting nanofluid and the
solid matrix are not thermally equilibrated.

The suspension is considered to be Newtonian and viscous. Besides,
flow arising from natural convection is laminar. No thermal and dy-
namic slips are found between the suspended hybrid nanoparticles
and the host fluid. It is assumed that the surface of the porous matrix
is treated to avoid filtration of nanoparticles. Although the flow is in-
compressible, the convection is attributed to the variations of the den-
sity modeled by the Boussinesq approximation. The usage of Darcy
law to tracking dynamic behavior of the suspension and applying the as-
sumptions lead to the following equations (Nield and Bejan [4]):
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where uhnf∗ and vhnf
∗ are the components of the Darcian velocity vector. k,

K, p, T⁎ and g represent the thermal conductivity, permeability, pressure,
temperature, and gravitational acceleration, respectively. β, μ, Cp, and ρ
indicate the coefficient of the thermal expansion, dynamic viscosity,
specific heat at constant pressure, and density, respectively. The ε is
the porosity and h is the heat transfer coefficient of the interface
convective.



Table 2
The relations describing the thermo-physical properties [55].

Thermo-physical
property

Relation

Density ρhnf = ρf(1 − φhnp) + ρAgφAg + ρMgOφMgO

heat capacity (ρCp)hnf = (1 − φhnp)(ρCp)bf + φAg(ρCp)Ag + φMgO(ρCp)MgO

buoyancy coefficient (ρβ)hnf = (1 − φhnp)(ρβ)bf + φAg(ρβ)Ag + φMgO(ρβ)MgO

Thermal diffusivity αhnf = khnf/(ρCp)hnf
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Utilizing the experimental data, Table 1 represents thermal conduc-
tivity and dynamic viscosity of Ag-MgO hybrid/water nanofluid for dif-
ferent values of the nanoparticles concentration [54]. In this table, two
dimensionless parameters M and αr are functions of the total volume
fraction and will be explained later. The relations summarized in
Table 2 along with data of Table 3 are used to obtain the values of
other thermophysical properties.

The relations represented in [54], obtained by curve-fitting on the
experimental data, have been listed below.

khnf ¼
0:1747� 105 þ φhnp

0:1747� 105−0:1498� 106φhnp þ 0:1117� 107φ2
hnp þ 0:1997� 108φ3

hnp

0
@

1
Akbf

0 ≤ φhnp≤0:03

ð6Þ

μhnf ¼ 1þ 32:795φhnp−7214φ2
hnp þ 714600φ3

hnp−0:1941� 108φ4
hnp

� �
μbf

0 ≤ φhnp ≤ 0:02
ð7Þ

Using the cross-differentiating between the Eqs. (2) and (3), the
pressure can be eliminated. Hence, the continuity and the momentum
equations are rewritten as:
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Two above equations can be merged using a new variable, namely

stream function so that u�
hnf ¼
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The equations are rewritten in a non-dimensionlessway by applying
the above variables:
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Table 3
The thermophysical properties of nanofluid components [37,55].

Properties MgO Ag Water

Cp (J/kg. K) 955 235 4179
k (W/m. K) 45 429 0.613
ρ (kg/m3) 3560 10,500 997.1
β × 10−5 (K−1) 1.05 1.89 21
μ × 10−4 (kg/m. s) – – 8.9
α × 10−7 (m2/s) – 1738.6 1.47
Where
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H and γ of the above-written relation are respectively, the interface
heat transfer coefficient and modified thermal conductivity ratio. In-
deed, γ denotes the porosity-scaled thermal conductivity ratio for the
porous medium. It should be noted that the Darcy model is adopted in
the present study, and the Rayleigh number, in Eq. (12), denotes the
Darcy-Rayleigh number. Hence, it is not the same as the regular Ray-
leigh number in a clear flow of the Darcy-Brinkman model. The mathe-
matical forms of the boundary conditions are presented below:

ψ ¼ 0; Ts ¼ Thnf ¼ 1 at x ¼ 0
ψ ¼ 0; Ts ¼ Thnf ¼ 0 at x ¼ 1

ψ ¼ 0;
∂Ts

∂y
¼ ∂Thnf

∂y
¼ 0 at y ¼ 0

ψ ¼ 0;
∂Ts

∂y
¼ ∂Thnf

∂y
¼ 0 at y ¼ 1

ð16Þ

2.2. Heat transfer rates

The rate of transferred heat through the fluid and solid components
of the porous medium are determined by using the following relations:
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1
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where Nuhnf = h.L/khnf. The combination of two above relations gives
the total heat transfer, i.e., Qhnf:
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Finally, Qr, the ratio of the total heat transfer rate of nanofluid to the
pure fluid is:

Qr ¼
Qhnf

Qhnf

��
φ¼0

¼
ε
khnf
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Nuhnf þ 1−εð ÞNus
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It should be noted that there are two channels of heat transfer from
the surface. The heat can go through the solid matrix and enter the cav-
ity, or it can go through the liquid and enter the cavity. The Nusselt



Table 4
Grid study; Ra = 103, H = 100, γ = 10, ε = 0.9 and φ = 0.0.

Case number (i) Grid size Nuhnf Error (%) Nus Error (%) |ψ|max Error (%)

1 50 × 50 14.200 – 6.958 – 20.219 –
2 100 × 100 14.188 0.084 6.973 0.216 20.170 0.242
3 150 × 150 14.185 0.021 6.975 0.028 20.161 0.045
4 200 × 200 14.185 0.000 6.976 0.014 20.158 0.015
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numbers in solid and liquid phases denote the non-dimensional heat
transfer rate for each of these two possible channels. Here, Qr shows
the overall heat transfer through both solid and liquid channels. Qr dis-
plays the enhancement or reduction of the total heat transfer rate due to
dispersing the hybrid nanoparticles in the host fluid. The solidmatrix of
the porousmedium can be glass balls (ks =1.05W.m−1 K−1) or alumi-
num foam (ks = 205 W.m−1 K−1).

3. Numerical methodology

To solve the partial differential three-equation set and the boundary
conditions given in Eq. (14) the Galerkin finite element method is
exerted. First, the partial equations are presented in equivalent weak
forms. To investigate the residuals, the bi-quadratic functions along
with the three-pointGaussian quadrature are used.Moreover, the resid-
ual equations are solved by applying the Newton–Raphson iterative ap-
proach. A detailed discretization of the equations and the numerical
methodology was completely described in [56].

The outcomes of the simulation need to be independent of the num-
ber of elements discretizing the computational domain. Hence, the grid
study is performed before validating. A non-uniform structured grid
with quadratic elements is applied to discretizing the domain to
subdomains. As indicated in Table 4, the results indicate a negligible dif-
ference between the 100 × 100 and 150 × 150. Therefore, the grid size
of 100 × 100 is confidently utilized in all calculations. It is worth men-
tioning that the Errors (%) in this table are calculated as follows:

Error %ð Þ ¼ δiþ1−δij j
δij j � 100 ð21Þ

Where δi can be Nuhnf, Nus or |ψ|max. i index also denotes to the grid
case number as depicted in Table 4.

Comparing the current outcomes and those reported in the litera-
ture, the validity of the utilized code is evaluated [37,57,58]. The values
reported in Table 5 belong to a porous triangular-shaped enclosure con-
taining Cu-water nano-fluid. In the other validation, the heat transfer
rates through a porous medium of the current solution and Baytas and
pop’ solution [58] are compared(depicted in Fig. 2). In both validations,
an excellent agreement exists between the present results and the re-
sults of the published studies. Hence, to use the current code, a strong
certainty exists.

4. Results and discussion

In this portion, the consequences of the numerical solution of
Eqs. (11)–(13) subject to the boundary conditions (14) are given and
discussed for the streamlines, isotherms of fluid and solid phases, and
Table 5
The average Nusselt number for the present work and others [37,57].

Ra φ Sheremet et al. [57] Sun and Pop [37] Present work

500 0 9.65 9.66 9.64
1000 0.1 9.41 9.42 9.42
500 0 14.05 13.9 13.96
1000 0.2 12.84 12.85 12.85
the heat transfer rates. To represent the consequences, the key parame-
ters vary in these ranges; Rayleigh number: 10 ≤ Ra ≤ 1000, porosity: 0.1
≤ ε ≤ 0.9, the volume fraction of the nanoparticles: 0 ≤φ ≤ 0.02, interface
heat transfer coefficient: 1 ≤ H ≤ 1000 and modified thermal conductiv-
ity ratio: 0.1 ≤ γ ≤ 10. At the end of the section, the impacts of Ag, MgO,
and Ag-MgO nanoparticles on the heat transfer rates will be compared
with each other.

In Fig. 3, the influences of Ra on the flow patterns and the isotherms
of the fluid and solid phases are presented. An increment in Ra, which
means the augmentation of the buoyancy force, leads to amplification
of the flow strength. The negative values of the streamlines display
the anti-clockwise rotations of the vortices. In fact, the temperature gra-
dient of the left hot bound and the adjacent cold fluid creates a lifting
force. In contrast, a lowering force is created as a result of the tempera-
ture difference of the right cold bound and the adjacent hybrid
nanofluid. In these patterns, the solid and dashed lines are related to
thepurefluid andhybrid nanofluidwithφ=0.02. The increase in buoy-
ancy force also occasions that the circular-shaped streamlines are hori-
zontally stretched. Also, it is concluded that the existence of suspended
hybrid nanoparticles declines the flow strength. Indeed, the resistance
of the fluid against the buoyancy forces is augmented as a result of the
larger dynamic viscosity of the Ag-MgO hybrid nanofluid.

It is evident that the isotherms of the fluid phase are almost parallel
to the vertical boundaries. The distortions of isotherms increase as Ra
boosts so that the isothermal is stratified when Ra = 1000. These hori-
zontal classifications indicate the convection is the principalmechanism
for the heat transfer. Moreover, at the low value of the Rayleigh number
(i.e., Ra=10), the temperature in the solid and fluid phases are near to
each other. As Rayleigh number increase, the difference between the
temperature fields of the fluid and solid phases is more obvious. At
low Ra values (i.e. Ra = 10 and 100), the conduction is the principal
mechanism of heat transfer, the influences of Ag-MgO hybrid nanopar-
ticles on the thermal field of the solid phase are partly visible. While,
when Ra=1000, the thermal field of the solid phases is not influenced
by the Ag-MgO hybrid nanoparticles. Moreover, the usage of the Ag-
Fig. 2. the results of present work and represented in [58].



Fig. 3. Independency of the flowpatterns and temperature fields of the purefluid (solid lines) and hybrid nanofluid (dash lines) on Ra; A:Ra=10, B: Ra=100, C: Ra=1000, ε=0.5,H=
10 and γ = 1.
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MgO hybrid nanoparticles declines the local thermal non-equilibrium
condition between two phases of the porous medium. This result is
clearly observed for Ra = 1000.

The independence of the flow patterns and the temperature fields of
the fluid and solid phases on the modified thermal conductivity ratio γ
is presented in Fig. 4.When γ increases, the strength of the recirculation
in the porous medium slightly declines. The low value of γ implies that
the fluid phase thermal conductivity is low compared to the solid phase.
Therefore, most of the heat is transferred through the solid phase.

In low values of γ, the solid phase isotherms are parallel to the
vertical bounds, and an increment in γ causes the distortions of the iso-
therms to increase. Indeed, when γ is low, a drastic local thermal non-
equilibrium effects are observed between the fluid and solid phases
and this non-equilibrium state gradually approaches the thermal equi-
librium state by increasing the γ. It is can be seen that dispersing the
Ag-MgO hybrid nanoparticles causes the elongation of the fluid phase
isotherms to decrease. On the other hand, the location of the solid
phase isotherms remains fixed. Hence, it is concluded that the usage
of the Ag-MgO hybrid nanoparticles directs the isotherms of the two
phases to a unit isotherm.

The independence of the flow patterns and temperature fields of the
fluid and solid phases on the interface heat transfer parameterH is dem-
onstrated in Fig. 5. The size and power of the recirculation increase with
an augmentation of H. The interface parameter H is a test of the heat
transfer rate microscopically between the solid and fluid phases. There-
fore, the augmentation of H leads to more significant heat transfer be-
tween these two phases. Consequently, the thermal boundary layer
thickness increases with H. Additionally, increasing the H causes the
solid phase isotherms to become more stretched. Indeed, the increase
in theH conducts both temperature fields to a unique one. It is apparent



Fig. 4. Independency of theflowpatterns and temperature fields of the purefluid (solid lines) and hybrid nanofluid (dash lines) on γ; A:γ=0.1, B:γ=1.0, C:γ=10, Ra=1000, ε=0.5,
H = 10.
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that the presence of hybrid nanoparticles significantly affects the solid
phase temperature field at high values of H (i.e., H = 100 and 1000).

As depicted in Fig. 6, an increment in porosity causes the strength
and recirculation size created inside the porous cavity to enhance. In-
deed, when porosity enhances, the hybrid nanofluid motion becomes
more convenient in the cavity. It is understood that the horizontal
stretch of the fluid phase isotherms diminisheswhile increasing ε. How-
ever, the solid phase temperature field is insignificantly influenced by
the increment of the ε.

The data presented in Table 6 indicate that growth in the Ra en-
hances the heat transfer rates through the fluid and solid phases. More-
over, it is concluded that the nanofluid flow strength is strongly
amplified by increasing Ra. Additionally, the usage of the hybrid nano-
particles reduces the heat transfer rates and fluid flow strength. The
decrease of Nuhnf because of applying the hybrid nanoparticles is more
when Ra is higher.

Fig. 7 depicts the dependency of the heat transfer rates on the H and
γ for both hybrid nanofluid and pure fluid. The increment of theH leads
to a decline in Nuhnf. the thermal boundary layer thickens with growing
the H, resulting in the reduction of Nuhnf. It can visibly be observed that
the decreasing effects of H on the Nuhnf diminish with increasing γ. In
fact, the temperature fields of the solid and fluid phases are directed
in a unified field as γ is heightened.

As mentioned, γ is the thermal resistance ratio of the solid phase to
thefluid phase.When γ is high, i.e., εkbf ≥ (1− ε)ks, the thermal conduc-
tivity of thefluid phase is significant. In such a case,most of the heatwill
be carried out by the fluid convection and partly by conduction through
the solid phase. In fact, at the high values of γ the temperature fields of



Fig. 5. Independency of the flow patterns and temperature fields of the pure fluid (solid lines) and hybrid nanofluid (dash lines) on the H; A:H=1, B:H=10, C:H=100, D:H=1000,
Ra= 1000, ε = 0.5 and γ = 1.
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Fig. 6. Independency of theflow patterns and temperature fields of the pure fluid (solid lines) and hybrid nanofluid (dash lines) on the ε; A: ε=0.1, B: ε=0.5, C: ε=0.9, Ra=1000,H=
10 and γ = 1.

Table 6
Dependency of the heat transfer rates on the Ra and φ at ε = 0.5, H = 10 and γ = 1.

Ra φ (%) Nuhnf Nus |ψ|max

10 0.0 1.1848 1.0323 0.69690
1.12 1.1245 1.0223 0.60801
2 1.0814 1.0150 0.51550

100 0.0 4.5784 1.2950 4.0194
1.12 3.8962 1.2654 3.7198
2 3.2865 1.2335 3.3604

1000 0.0 19.779 1.5313 15.710
1.12 17.280 1.5140 14.947
2 14.970 1.4945 13.918
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solid and fluid phases are locally near to each other. Hence, the heat
transfer rate is low between these two phases. On the other hand, as
presented in Fig. 7 (b), it can be determined that Nus increase when H
grows.Moreover, it is obvious that the variations ofNuhnf andNus are in-
significantwhen theH parameter is higher than 50 × 103. In fact, for the
high values of the H parameter, the fluid and solid phases of the porous
medium have locally the same temperature, resulting in the local ther-
mal equilibrium condition.

Fig. 8 demonstrates the dependency of the Nuhnf and Nus on the
nanoparticles volume fraction at the various values of ε. An increment
in the hybrid nanoparticle concentration reduces the heat transfer



Fig. 7. The dependency of (a): Nuhnf and (b): Nus on the H and γ for pure fluid and hybrid nanofluid when Ra= 1000, φ = 0.02 and ε = 0.5.

Fig. 8. Dependency of (a): Nuhnf and (b): Nus on the φ and ε when Ra= 1000 and H = γ = 10.
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rates for all the values of ε. As shown in Fig. 8 (a), the reduction of Nuhnf
with increasingφ is lesswhen ε is higher. FromFig. 8 (b), a reverse trend
can be seen for the solid phase. Moreover, as presented in Fig. 8, an in-
crease in the ε diminishes the rates of heat transfer.

The data given in Table 7 presents the total heat transfer rate, Qhnf,
for different values ofφ and ε for the solidmatrices of glass balls and alu-
minum foam. The results illustrate that when the solid matrix is glass
Table 7
dependency ofQhnf on theφ and ε for the porousmediumwith solidmatrices of glass balls
and aluminum foam; Ra= 1000, H = 10 and γ = 1.

φ (%) Glass balls Aluminum foam

ε = 0.1 ε = 0.5 ε = 0.9 ε = 0.1 ε = 0.5 ε = 0.9

0 4.493685 6.86616 7.8834 301.8625 163.016 38.15255
0.56 4.45578 6.7746 7.75152 300.9605 162.073 37.8184
1.12 4.344795 6.52827 7.424235 299.9355 160.9086 37.2731
1.5 4.21974 6.25002 7.047705 298.521 159.3547 36.59455
2 4.14939 6.093675 6.83739 297.701 158.4855 36.2153
balls, an increase in ε leads to an increment in theQhnf. While increasing
ε of the porous medium with aluminum foam reduces Qhnf.

The total heat transfer rate, Qhnf, for different values of H is given in
Table 8 for both materials of the solid matrix. The obtained results indi-
cate that the Qhnf amplifies with increasing the H. As previously shown,
increasing the H results in a decrease and increase in the heat transfer
rates through thefluid and solid phase, respectively. Since the reduction
of heat transfer of the fluid phase is less compared to the augmentation
of heat transfer of the other phase, Qhnf enhances with boosting H.

In order to carry out a more detailed study, the independence of the
total heat transfer ratio Qr on the hybrid nanoparticles concentration φ
is studied as Ra, H, ε, and γ vary (Figs. 9-12). As observed in Fig. 9, ex-
cluding Ra = 10 for the glass balls, the Qr decreases with growing the
nanoparticles volume fraction φ. As the experimental data show, dis-
persing the hybrid nanoparticles inside the hostfluid increases the ther-
mal conductivity and dynamic viscosity, which these phenomena lead
to the increase and decrease in the heat transfer rate, respectively. For
the solid matrix of glass balls, dispersing the hybrid nanoparticles with
φ = 0.56% decreases the Nusselt number at Ra = 10. In fact, the heat
transfer reduction by the increase in dynamic viscosity is dominant



Table 8
dependency of Qhnf on the φ and H for the porous mediumwith solid matrices of glass balls and aluminum foam; Ra= 1000, ε = 0.5 and γ = 1.

φ (%) Glass balls Aluminum foam

H = 1 H = 10 H = 100 H = 1000 H = 1 H = 10 H = 100 H = 1000

0 6.75528 6.86511 7.61964 9.21186 115.0706 163.0058 370.1275 761.124
0.56 6.667395 6.773865 7.504875 9.016875 114.8923 162.0628 364.4285 739.2095
1.12 6.42705 6.530055 7.236495 8.663235 114.5561 160.9127 358.0735 715.163
1.5 6.153 6.250965 6.923385 8.2383 114.144 159.3588 349.402 683.183
2 6.01965 6.11499 6.770295 8.03061 113.9411 158.5655 344.9945 667.2955

Fig. 9. Dependency of the Qr on the φ when Ra varies; H = 10, γ= 1 and ε = 0.5.

Fig. 10. Dependency of the Qr on φ when H varies; Ra = 1000, γ = 1 and ε = 0.5.

Fig. 11. Dependency of the Qr on the φ when ε varies; Ra= 1000, H = 10 and γ = 1.

Fig. 12. The dependency of the Qr on φ when γ varies; Ra= 1000, H = 10 and ε = 0.5.
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compared with its increment by the thermal conductivity. On the other
hand, this trend is reversed when the volume fraction is φ N 0.56.

It may also be observed that the maximum reduction of Qhnf due to
the presence of the Ag–MgO hybrid nanoparticles occurs at Ra = 100.
Fig. 10 demonstrates that the reduction value of Qhnf, as a result of dis-
persing Ag–MgO hybrid nanoparticles, is more when the H is higher.
Generally, this reduction for glass balls is much more than that of the
aluminum foam. As shown in Fig. 11, the decrement of the total heat
transfer rate due to the dispersion of the Ag-MgO hybrid nanoparticles
is more when ε is higher. A porous medium with a higher magnitude
of porosity has more void spaces to be filled with the hybrid nanofluid.
Hence, the increase of porosity boosts the effect of the presence of nano-
particles on the heat transfer. Based on Fig. 12, as γ increases, the Qr of
glass balls and aluminum foam augments and declines, respectively.
When the solid matrix is made by glass balls, the magnitude order of
the thermal conductivity of the solid matrix and the host fluid is the
same. Hence, the variations of the γ parameter slightly affect the heat
transfer rate.

Fig. 13 displays a comparison of the heat transfer rates of three dif-
ferent nanofluids containing the Ag-MgO hybrid nanoparticles, regular
Ag, and MgO nanoparticles. The outcomes display that using all the
mentioned nanoparticles declines the heat transfer rates. The decreas-
ing functions of the heat transfer rates are linear for the regular Ag
and MgO nanoparticles. Also, the reduction of the heat transfer rates
due to dispersing Ag-MgO hybrid nanoparticles is much more than
that of two other nanoparticles. The dynamic viscosity and thermal



Fig. 13. Comparison between the average Nusselt numbers of Ag-MgO/ water hybrid nanofluid, Ag/ water, and regular MgO/ water nanofluids; Ra= 1000, ε = 0.6 and H = γ = 10.
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conductivity presented in [59–61] are used for the regular nanofluids.
Considering the variations of thermal conductivity and dynamic viscos-
ity of the regular and hybrid nanofluid with the volume fraction, the
non-linear behavior of the hybrid nanofluid, i.e., Ag-MgO/water, is de-
pendent on the non-linear variations of the viscosity while varying the
concentration as shown in Fig. 14.

5. Conclusion

Using LTNE model, the natural convection of Ag-MgO hybrid/water
nanofluid flow through a porous enclosure has been studied. The
Darcy model is utilized to analyze the flow dynamics through a porous
material. The prevailing equations are transferred to dimensionless co-
ordinates. Then, the Galerkin finite element method is applied to solve
the equations. The non-uniform structured quadratic grid is employed
to discretizing the physical domain. The summaries of the obtained re-
sults are listed below:

• An increment in Ra leads to a drastic augmentation in the vortex's
strength. As Ra increases, the LTNE condition is amplified. Addition-
ally, at low Ra values (Ra=10and 100), the influences of Ag-MgOhy-
brid nanoparticles on the thermal field of the solid phase are partly
visible. Meanwhile, when Ra = 1000, the thermal field of the solid is
not influenced by the Ag-MgO hybrid nanoparticles.

• Dispersing Ag-MgO hybrid nanoparticles leads to a reduction in the
Fig. 14. Behaviors of the thermal conductivity and dynamic viscosity of the regular
nanofluid (nf) and hybrid nanofluid (hnf) versus the volume fraction of nanoparticles.
fluid flow strength and the heat transfer rate through the solid and
fluid phases of the porous medium. Additionally, the use of hybrid
nanoparticles weakens the LTNE condition.

• An increase of H causes the strength of vortices to enhance. As H in-
creases, isotherms elongation of the fluid and solid phases decreases
and increases, respectively. The impacts of dispersing the hybrid
nanoparticles on the solid-phase temperature field are more signifi-
cant when the H is high (H= 100 and 1000). Besides, as H increases,
the effect of hybrid nanoparticles on the decrease of the local temper-
ature difference of liquid and porous matrix reduces.

• This non-equilibrium is conducted to the thermal equilibrium state
with the increase in γ. Also, the results indicate the heat transfer
rates through the fluid and solid phases enhance with an increment
in γ.

• The heat transfer rates through the nanofluid and solid matrix decline
as the prosody, ε, increases. The decreasing rate ofNuhnfwithφdecline
when ε rises. An opposite trend can be seen for the solid phase.

• The reduction of the heat transfer rates due to dispersing Ag-MgO hy-
brid nanoparticles is much more than that of Ag and MgO nanoparti-
cles.

• When ε increases, the total heat transfer rate Qhnf of glass balls and
aluminum foam increases and decreases. It may also be observed
that the total heat transfer ratio Qr declines as ε augments.

In the present study, the flow and heat transfer of Ag and MgO hy-
brid nanofluids in a porous enclosure is addressed using the local ther-
mal non-equilibrium model. The outcomes showed the significant
influence of hybrid nanoparticles on the heat transfer behavior. Investi-
gating the thermal performance of new types of hybrid nanoparticles
and encapsulated phase change particles can be subject to future
studies.
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