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Abstract

Current investigation aims to analyze the conjugate free convection inside a porous square cavity occupied with Ag-MgO
hybrid nanofluid using the local thermal non-equilibrium (LTNE) model. Hybrid nanofluids are a novel kind of enhanced
working fluids, engineered with enhanced thermo-physical and chemical properties. Two solid walls located between the
horizontal bounds in two sides of cavity play the role of a conductive interface between the hot and cold walls, and
moreover, the top and bottom bounds have been insulated. The governing differential equations are obtained by Darcy
model and then for better representation of the results, converted into a dimensionless form. The finite element method is
utilized to solve the governing equations. To evaluate the correctness and accuracy of the results, comparisons have been
performed between the outcomes of this work and the previously published results. The results indicate that using the
hybrid nanoparticles decreases the flow strength and the heat transfer rate. The heat transfer rate augments when Ry rises
and the flow strength augments when Ra grows. Enhancing the porosity increases strongly the size and strength of the
vortex composed inside the porous medium. When K, is low, the heat transfer rate is low and by increasing K, thermal
fields become closer to each other. The effect of hybrid nanoparticles on thermal fields with the thinner solid walls is more
than that the thicker ones. An increment in H eventuates the enhancement of heat transfer and hence, the thermal boundary
layer thickness. By increasing the volume fraction of the hybrid nanoparticles, Nuy,s and Nug decrease in constant Ra.
Besides, increase in Ra enhances the Nuy,s and Nug,. For a certain d, the reduction of Nug due to using the hybrid
nanoparticles is more than that for Nuy,¢. The increment of d lessens Nuy,,,¢ for all values of K, and has not specific trends for
Nug. Utilizing hybrid nanoparticles decreases Nu (except d = 0.4), rises Nug when K, < 18, while it can increase Nug for
K. > 42. In constant d, increment of H, respectively, decreases and boosts Nuy,s and Nug. For all values of d, increment of ¢
declines Nuy,e. In low value of d, the increase in ¢ reduces Nug, whereas at higher values, Nug has continuously enhancing
trend. For different values of d, the increase in ¢ scrimps Nup,. The increment of d and also ¢, and H are, respectively,
decreases and increases the heat transfer rate.
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Introduction

The conjugate heat exchange in porous media with
applying the thermal non-equilibrium (TNE) models is
extremely significant area in high-power heat transfer
usages [1]. Many researchers have focused on conjugate
free convective heat exchange in enclosures due to its
significance for a lot of engineering and industrial systems,
like heat exchangers, solar collector technology, cooling
and storage of radioactive waste containers, flows in
microchannels, material processing, electrical units, ther-
mal exchange circuits, and the building energy components
[1-3]. On the other hand, various engineering and practical
usages of local thermal non-equilibrium (LTNE) such as
fuel cells, heat pipes and sinks, dryers, computer chips, and
catalytic reactors motivate a lot of authors to investigate
this model with a goal of precise prediction in the thermal
treatment of porous medium [4-7]. The design of using
hybrid nanoparticles as nano-additives can be managed in
such usages for multi-objective advantages containing heat
transfer enhancement or inhibition. Accordingly, this
investigation aims to theoretically analyze the influence of
the presence of a hybrid nanofluid in cavity filled by porous
media.

Nanofluids are new kind of emended (reinforced) fluids
first presented by Choi [8] which contain well-dispersed
solid nanometer-sized particles [2, 9-11]. Experiments
proved that with addition of nanoparticles, physical char-
acteristics of ordinary host fluid including density, viscos-
ity, and thermal conductivity have increased [12, 13]. Thus,
nanoparticles existence affects the heat transfer rate and is
required in usages. Hybrid nanofluids are newfound cate-
gory of nanofluids that consist of a small amount of metal
nanoparticles (like Zn, Cu, Ag, and Al) and non-metallic
nanoparticles (like Al,O;, CuO, MgO, and Fe;0,).
Metallic nanoparticles have high thermal conductivities,
whereas they have limitations such as stability and reac-
tivity. On the contrary, non-metallic nanoparticles give
lower thermal conductivity compared to the metallic, while
they have great number of beneficial properties like sta-
bility and chemical inertness. Hence, there is expectation
that addition of metallic to non-metallic-based nanofluid
able to raise the thermo-physical properties of the final
mixture without lessening the stability [14, 15]. Newly, a
lot of experimental investigations [16—19] and numerical
studies [15, 20-22] have been carried out on hybrid
nanofluid as a new conception in technology. Suresh et al.
[14] examined the thermal conductivity and viscosity of the
alumina—copper/water hybrid nanofluid. Esfe et al. [18, 19]
measured and predicted the thermal conductivity of various
hybrid nanofluids. Sarkar et al. [23] and Sundar et al. [24]
published general reviews about the recent researches and
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the future challenges in the area of hybrid nanofluids. Heat
exchange in an annulus between two confocal elliptic
cylinders filled by Cu—Al,Os/water hybrid nanofluid con-
ducted numerically by Tayebi and Chamkha [15]. A
computational analysis of three various nanofluids (Al,O3,
TiO, and SiO,) and their hybrids was performed by Minea
[25]. Results indicated that thermal conductivity is rising
by minimum 12% with adding the nanoparticles.

Convective heat transfer within enclosures occupied
with nanofluid considering various conditions is a basic
problem and conducted by a lot of authors as an attractive
subject [16, 26-33]. Cavities are sometimes filled by por-
ous environment that is saturated with a fluid or nanofluid.
Kasaeian et al. [34] investigated recently the progresses in
the area of nanofluid flow and heat transfer in a porous
medium in format of a comprehensive review. Chamkha
and Ismael [29] checked out the free convective heat
transfer within a nanoliquid enclosure partially filled with a
porous medium. Ghalambaz et al. [32] have considered the
existence of viscous dissipation and radiation influences on
free convective heat transfer within the porous nanofluid
enclosure. Sheikholeslami et al. [35] investigated free
convection heat exchange in a region having sinusoidal
wall occupied by nanofluid affected by magnetic field. Free
and mixed convective heat transfer in a 2-D nanofluid
cavity considering multiple pairs of heat source—sinks with
simulating the two-phase flow is performed by
Garoosi et al. [36]. Most recently, investigation of utilizing
a hybrid nanofluid in issues related to cavity has examined
by some of the researchers [37-39]. Chamkha et al. [37]
conducted the melting process of a nanoparticles-enhanced
phase change material in a square cavity over a heated
horizontal cylinder located in the middle of the enclosure
under the influence of both single and hybrid nanoparticles.

Recently, a number of researchers have focused on
different thermal boundary conditions in enclosure. One of
the most challenging issues in this field is using the LTE
(when the fluid and solid temperature are equal) [40] and
LTNE (where the fluid and solid temperature are varied)
[41, 42] as two well-known models for porous media.
Many investigations have utilized the LTE model, whereas
LTNE model has not attracted great consideration. Baytas
and Pop [43], Kuznetsov and Nield [41], Agarwal and
Bhadauria [42] examined an influence of LTNE approach
on free convection in different case studies. Lately,
Alsabery et al. [1, 44, 45] and Zargartalebi et al. [6]
checked out an influence of the LTNE on natural convec-
tive heat transfer inside various enclosures filled by nano-
fluid. Other studies in this field can be found in the
literature [46, 47].

Some of researchers focused on conjugate natural con-
vections in enclosures [2, 3, 48-52] for its significant
usages in building energy components, electrical parts
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cooling, collectors of solar energy, material production,
etc. Kimura et al. [53] have explained in a review paper
that the fundamental hypothesizes about the mathematical
approaches of conjugate convection—conduction heat
exchange process in porous medium. Influence of natural
convective—conductive heat transfer in a cavity bounded by
a solid vertical wall of different thermal conductivity ratio
is investigated numerically by Kaminski and Prakash [50].
Chamkha and Ismael [2] checked out conjugate heat
exchange in a porous cavity saturated by nanoliquids and
heated with triangular-shaped thick wall. Mahmoudi et al.
[3] investigated the conjugate heat exchange in a cavity
with solid walls having Cu-water nanoliquid. It was
demonstrated that the divider’s placement affects the heat
transfer increment with Rayleigh numbers and solid parti-
cles concentration. Sheremet and Pop [48] perused the
conjugate free convection in porous nanoliquid cavity by
the finite difference method. Free convective—conductive
heat exchange in a nanoliquid enclosure having solid par-
tition on various walls is evaluated by Selimefendigil and
Oztop [51]. Good references on convective nanofluid flow
and heat transfer were presented in the books by Das et al.
[54], Nield and Bejan [55], and Shenoy et al. [56] and in
the review papers by Buongiorno [57], Kaka¢ and Pra-
muanjaroenkij [12], Wong and Leon [58], Wen et al. [59],
Mahian et al. [60], and many others.

Due to the presented literature survey and by our best of
knowledge, there are no investigations which analyzed
natural convective—conductive heat exchange within a
porous enclosure saturated with Ag—-MgO hybrid nanolig-
uid with LTNE approach. We believe that this work is
noteworthy, and its usefulness for different engineering
systems as discussed above motivated us. In hybrid nano-
fluid usage, it is the first effort to evaluate the conduction—
convection effects of natural heat transfer considering the
LTNE model within a cavity. The current investigation
studies the effects of the Darcy—Rayleigh number,
nanoparticles concentration, porosity, interface parameter,
modified thermal conductivity ratio, and the width of the
solid wall on the nanoliquid flow and thermal fields. The
governing differential equations are written using the
Darcy model and then transformed into a non-dimensional
form. Solution of the boundary-value problem has been
performed using the finite element method. Several
examinations are performed to find out the accuracy of the
present model. The numerical data are validated using the
results available in the literature.

s
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Fig. 1 A simple schematic of the problem
Description and formulation of the model

A simple schematic view of the under study conjugate free
convection problem is observed in Fig. 1. Two solid walls
which have the finite thickness of d* are located between
the horizontal bounds in two sides of a square cavity with
size L. Indeed, these solid walls play the role of a con-
ductive interface between the hot and cold walls with
constant temperatures of 7}, and T, respectively, and the
porous entity occupied by Ag—-MgO hybrid nanofluid. The
top and bottom bounds have been thermally insulated. It
should be mentioned that all of the walls are fully imper-
meable. Here, the volumetric heat exchange between the
hybrid nanofluid and porous matrix is finite and nonzero.
This specific type of the heat transfer is considered using
the LTNE model. The hybrid nanoparticles always remain
suspended in the pores of the cavity. There is no contact
resistance in the interface boundary between the solid walls
and porous medium. In addition, the dynamic and thermal
slips between nanoparticles and host liquid are negligible.
Only body force applied is gravity force that acts in reverse
direction of y-axis. During the process of the natural con-
vection, all the characteristics of the host liquid and
nanoparticles are unchangeable except for the density in
the buoyancy term in momentum equation where its vari-
ation will be modeled using Boussinesq approximation.

Using the aforementioned assumptions to derive the
equations leads to the following formulations

@ Springer
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agj:f @av;*]:f —0, (1)
0=— 2?: - 'ult?f Upn (2)
0=- 21;: - u}?f Voot = (OB )bt (Tone — T0) &y (3)
(pCP)hnf (u;nf % + Vhot 6('§ff)

st (ot + ST ) (7). @
o=(-on (S5 T E) rhlm-T).

The energy equation without considering convection
term and heat absorption or generation for the solid wall
will be summarized as follows

o*T: T
= Ox*2 ay*Z . <6)

The boundary conditions subjected in dimensional x*
and y* coordinates are

T, =T, on x"=0,0<y <L,

* * * * (7 - a)
T, =T; on x*=L0<y <L,
N . or: o1y
Unnt = Vit = 0, G_yi = ayh:f =0 on
y*zov d*SX*SLfdt
) ) (7-1)
* * aTs aThnf
Unnt = Vi = 0, dy* = Ty* =0 on
y*:La d*Sx*SL_d*7
oT*
W — 0
» (7-¢)

0<x"<d', L-d"<x"<L,y =0,y =L

At the solid wall-porous medium interface, we have the
following conditions:
u;nf = v;nf = 0’ T}Tnf = Ts* = T\Tv
oT;, oT; . oT* ¢on
— — gk, bnf 4 (1 — &)ks—
Y ox EXhnf Ox* + £)ks Ox
X' =d, x*=L—d and0<y" <L.

k (7—4)

At the present time, the model which can accurately give
the thermal conductivity and dynamic viscosity of the
hybrid nanoliquids has not been provided. Hence, this
study applies the experimental values of these two thermo-
physical properties in [18] to do a realistic analysis.
Esfe et al. [18] experimentally determined the thermal
conductivity and viscosity of the MgO-Ag hybrid nano-
liquid in which the diameters of Ag and MgO particles
were 25 and 40 nm, respectively. The volume fraction of
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each nanoparticle was evenly 50% of the total volume
fraction. They represented the new relations to calculate
the thermal conductivity (Eq. 8) and viscosity (Eq. 9) of
the MgO-Ag hybrid nanoliquid by curve fitting on the
empirical results. The empirical data of Table 1 are the
values that the curve fitting have been performed based on
them and are utilized to represent the results. Additionally,
in Table 1, M and o, are two dimensionless functions of the
volume fractions and will be introduced in the following.

There are excellent correspondences between empirical
data and models proposed by Esfe et al. [18]. The other
thermo-physical properties employed in this study (shown
in Table 2) are obtained using the classical models that are
mostly in good coincidence with the empirical results. Here
Qnnp 18 the total volume fraction which equals the sum-
mation of the volume fractions of Ag and MgO.

0.1747 X 10° + @y
kit = kb,
0.1747 x 105 — 0.1498 x 109¢y,, +0.1117 x 10797, +0.1997 x 103¢3,,

0< Py <0.03

(8)

fpne = (1 + 32795, — 721402, + 71460000,
—0.1941 x 108<pﬁnp) o O @y < 0.02

To eliminate the pressure terms from momentum
equations, the cross differencing can be applied for the
momentum equations along x and y directions:

Hhnf au;nf aV;nf aTlTnf
— = — , 10
it (Sne S ) — g (10)

Now, a function should be defined that corresponds to
the continuity equation and the velocity components u;,
and v;; can be obtained by partial differentials of that
function. In fact, this function is same as the stream
function that is written as:

Loy oy
uhnf:a’ Vinf = T3 (11)

To have a dimensional parametric analysis, the non-di-
mensional parameters are employed to transfer the

Table 1 Experimental data for thermal conductivity and viscosity of
hybrid MgO-Ag/water nanoliquid. Reproduced with permission from
(18]

Prnp/ %o kini/kor Hnnt/Hof M Oy

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
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Table 2 Applied relations for

hybrid nanofluid properties. Hybrid nanofiuid properties

Applied relation

Reproduced with permission

Density
from [61]

Buoyancy coefficient
Heat capacity

Thermal diffusivity

oot = pr (1 — (/’hnp) + PagPag T PMe0o PMeO

(OBt = (1 = @rup) (PB)s + @ag(PB)ag + Preo (PB)meo
(Pp) g = (1= @unp) (PCp) P (pCP)Ag+(ngO (pcP)MgO
Onn = kit / (PCp )

equations and boundary conditions from dimensional x*—
y* coordinates to dimensionless x—y coordinates:

y=Y/L, =" o,
l’le Iikbf
H=— K, = .
ekyt (1 — &)k

x=x"/L,

T=(17 - 1) /(15 - T2),

(12)

So, the final non-dimensional equations can be
rewritten:
o’y Y 0Tt
4" — _Ra-M- 13
Ox? + 0y? “ ox (13)

1 (OO O OTmr) _ azThnf+azThnf
e\dy ox ox oy / T\ ox? 0y?

C
+MH(TS — Thut),
(pcp)hnf
(14)
O*T, O°T,
0= (axz —+ ayz) +KrH(Thnf — TS), (15)
O’T,, T,
0=(— . 16
(6362 - 6y2> (16)

In Eq. (13), Ra is the abbreviation of the Darcy—Ray-
leigh number which is defined as

Ra = gK(p)ys (T — T)L/ (oot ftny)-

Two dimensionless numbers M and o, are also introduced
as

M= ((pﬁ)hnf/(pﬁ)bf) (Kot / Hint)

and o, = othnr /0. The thermal and dynamic boundary
conditions of the model have been listed below:
To =1 on x=0,0<y<1,

(17 —a)
T, =0 on x=1,0<y<1,

Tont = (Tyoue = T2) / (Tyy = T7),

oT, 0T,
y=0, —=—"0_0 on y=0,d<x<1-d,
dy Oy
0T, 0T,
=0, —=—"1_-0 on y=1,d<x<l1-d,
9y Oy
(17 —b)
oT,,
67_0 on OSX<d,1 d<x§17 :O’y:]7
y
(17 —=¢)
l//:()aThnf:Ts:TW
aThnf: kkbf %—K’l kps OT on (17— d)
Ox khnf Ox khnf Ox

x=d, x=1—-dand 0<y <.

Parameter appeared in the last boundary conditions, Ry,
is named as the thermal conductivity ratio and introduced
as:

ky
Ry =— 18
k ekoy ) ( )
To evaluate the heat transfer rate through the porous
cavity, the average Nusselt number of the solid and liquid
phases of the porous medium at the porous-wall interface
bounds is defined as follows:

1
0T
Nuhnf:/( a;f> dya (19)
x=d
0

1

oT,
Nug = / <ax)x0}dy7 (20)

0

Further, the rate of heat exchange across the walls can
be obtained using the weighted sum of the aforesaid
average Nusselt numbers such as the following:

Qv = Ry Nupos + R K" Nug, (21)
or
L [ (oT
qw w
Qwall kw / ( ox )xo Y, ( )
0

@ Springer
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Numerical approach, grid sensitivity test
and validation

The formulated Eqs. (12)—(15) are nonlinear and coupled;
therefore, the finite element method can be more effective
for the present study. The details of the used finite element
method can be found in [62]. To have an accurate solution
which is independent of the number of the elements, it
needs to do the grid independency test. The grid indepen-
dency examination is performed based on assessing the
variations of Nupyg, Nug and Yl with the grid size. From
Table 3, the maximum error because of the variations of
grid size, belonged to IYl,.x, is 0.3% when grid size
enhances from 50 x 50 to 100 x 100. This means that a
50 x 50 mesh can give very satisfactory outcomes. How-
ever, to receive the grid independence results at all cases,
the grid of 100 x 100 nodes is confidently employed to
discretize the computational domain. The accuracy of the
outcomes of the present work is evaluated via comparing
these results and those reported by Sun and Pop [30],
Sheremet et al. [28] and Saeid [63] in Tables 4 and 5. The
excellent agreements found between the data of the present
work and reported in the literature certify the accuracy of
present modeling and simulating.

Results and discussion

This part has focused on influences of parameters appeared
in the equations and boundary conditions such as Darcy—
Rayleigh number Ra = 10-1000, porosity ¢ = 0.1-0.9,
interface parameter H = 1-1000, K. =0.1-10, volume
fraction of the hybrid nanofluid ¢u,r = 0-0.02 and the
width of the solid wall d = 0.1-0.4 on the nanoliquid flow
and thermal fields as well as the rates of heat exchange
through the solid walls, the solid and liquid phases of the
porous medium.

The set of images shown in Fig. 2 illustrates the
dependency of streamlines, isotherms of the liquid and
solid phases of the porous medium on Ry at constant
parameters Ra = 103, e=0.5,d=0.1, K, = H=1. In the

Table 3 Grid independency test for Ra = 10°, H = 100, K, = 10,
Rc=1,d=0.1,6=0.6, gas = Pumgo = 0.0

Grid size Nupoe  Error/%  Nug Error/%  Wlnax  Error/%
50 x 50 12.662 - 2.689 - 12518 -

100 x 100 12.641 0.17 2.694 0.18 12.478 0.3

150 x 150 12.637 0.03 2.695 0.03 12.471 0.05
200 x 200 12.635 0.01 2.695 0.0 12.468 0.02

@ Springer

Table 4 Average Nusselt number in a porous triangular cavity for
different Rayleigh numbers and nanoparticles volume fraction

Ra ® Sun and Pop [30] Sheremet et al. [28] Present work
500 O 9.66 9.65 9.64
1000 0.1 9.42 9.41 9.42
500 O 13.9 14.05 13.96
1000 0.2 12.85 12.84 12.85

Table 5 Data of the present numerical solution and those performed
by Saeid [63] at Ra = 10°, d = 0.1, K, = H=1

1Y lmax [» Nug Nug Ry

3.614 4.559 0.112 0.344 0.1 Present results
8.053 3.348 0.425 2.923 1

16.409 1.105 1.007 10.04 10

3.536 4.357 0.110 0.326 0.1 Saeid [63]
7.898 3.232 0.418 2.814 1

16.219 1.090 1.010 9.887 10

figures, the solid and dash lines are indicants of the pure
fluids and Ag-MgO hybrid nanofluids, respectively. It is
visible that the use of the Ag—-MgO hybrid nanoparticles
decreases the strength of the fluid flow. Indeed, using the
Ag-MgO hybrid nanoparticles amplifies the dynamic vis-
cosity of the base fluid which acts as a resistant force
against the buoyancy effects. The increment of the density
of the isotherms attributed to each of the phases by
increasing Ry bodes that the heat transfer rate through the
porous region raises when Ry increases. Comparing the
isotherms of the fluid and solid phases at low and high
values of Ry indicates that when Ry is low, the influences of
the presence of the hybrid nanoparticles on the tempera-
tures fields are more than those compared to the high
values of Ry, while the relative decrease in the strength of
the flow for the high value of Ry is more than that for the
low value of Ry. These relative decreases are 4.8 and 8.0%
for R, = 0.1 and 10, respectively.

From Fig. 3, it is apperceived that a weak circular-
shaped vortex is appeared in the center of the porous cavity
when Ra = 10. In this case, the parallelism of the isotherms
attributed to the fluid phase of the porous medium with
vertical bounds reflects the heat conduction dominance on
the thermal convection mechanism during the heat transfer
process. As Ra enhances, the strength and the size of the
formed vortices becomes more as a result of increasing the
buoyancy effects. In addition, it is visible that the hybrid
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Fig. 2 Effects of Ry on the flow, fluid temperature 7, and solid temperature 7 fields at Ra = 10°, & =05,d =0.1, K.=H=1,aR =0.1,

bRc=1and c R, =10

nanoparticles more impress the thermal fields, when Ra is
low.

From Fig. 4, the increment of porosity & increases
strongly the size and the strength of the vortex created
within the porous media. Indeed, when the porosity ¢
increases, the dynamic resistance resulting from the solid
matrix, which was modeled by Darcy term in the
momentum equation, is reduced. It is found that the elon-
gation of isotherms along horizontal bounds decreases as ¢

increases; however, the effect of ¢ on the solid matrix
temperature field is not so perceptible.

Efficacies of modified thermal conductivity ratio K; on
the velocity and temperatures patterns have been illustrated
in Fig. 5. For this analysis, other characteristics are kept
constant so that Ra = 103, d =0.1, Rg =H =10 and
¢ =0.5. At first, when K, augments from 0.1 to 1, the
intensity of the recirculating flow formed in the porous
enclosure slightly increases. Then, the augmentation of K

@ Springer
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(a)

|‘/’|max. unf = 0.378

(b)

|W|max, Hnf =2.03

(0

|W|max, 1t = 4.64

Fig. 3 Effects of Ra on the flow, fluid temperature 7},,¢ and solid temperature T fields at Ry = 1, ¢ =0.5,d =0.1, K, = H= 10, a Ra = 10,

b Ra =100 and ¢ Ra = 1000

from 1 to 10 declines this characteristic of the flow. This
trend can literally be seen in Saied’s work [63]. According
to the definition of the K|, the ability of the fluid phase for
heat transfer enhances as K, increases. When K, is low, the
thermal resistance of the fluid occupying the pores of the
porous medium is high; hence, the heat exchange rate
between the fluid and solid phases of the porous matrix is
low. This fact eventuates a drastic TNE condition between

@ Springer

the fluid and solid phases of the porous matrix. The dif-
ference of the configurations of the isotherms ascribed to
two phases at the low value of K, vouches the above
statements. Then, it is observed that these thermal fields
become closer to each other by increasing K. According to
the above description, it is clear that this trend is a result of
decreasing thermal resistance of the fluid phase when K;
enhances.
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(a)

3.74

|V/Imax, Hnf

(b)

=10.29

77—

(0

14.26

77—

Fig. 4 Effects of ¢ on the flow, fluid temperature 7j,,; and solid temperature 7 fileds at Ra = 103, d =0.1, Rk=K.=H=10,a¢ =0.1,

be =05andce =09

The efficacies of the solid wall thickness on the flow and
temperatures patterns are shown in Fig. 6. With the con-
stant parameters, Ra =100, Ry =K, =10, H = 100,
e =0.5, the strength and the size of the recirculation
formed in the porous cavity decreases as the solid wall
thickness rises. One argument says that since the wall
thermal conductivity is limited, the thermal resistance of
the wall is completely related to the thickness of the wall
and increases with a growth of the wall thickness.

Consequently, when the wall is thick, less heat can reach
the porous media from the hot bound. Decreasing trend of
the fluid convection with being thicker solid wall reduces
the share of the convection mode in the heat transfer mode
and mutually amplifies the share of the conduction mode in
the heat transfer process by the fluid phase. Comparing the
isotherms of the pure fluid and hybrid nanofluid in a certain
case to each other clarifies that the influence of the pres-
ence of the hybrid nanoparticles on the temperature fields
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Fig. 5 Effects of K, on the flow, fluid temperature Tj,,¢ and solid temperature 7 fields at Ra = 10°,d =0.1,R,= H=10,6=05,aK, = 0.1,

bK,=1andc K, =10

at the cavity with the thinner solid walls is more than that
for the cavities with the thicker solid walls.

The LTNE conditions between the fluid and solid phases
of the porous matrix, which are deputized by the Nield
number H, make the different temperature fields for these
two phases as can be observed in Fig. 7. In fact, H is a
criterion of the heat exchange rate microscopically between
the fluid and solid phases of the porous matrix. An incre-
ment in H augments the heat transfer between the fluid and
solid phases of the porous medium. Accordingly, it is said

@ Springer

that the thickness of the thermal boundary layer rises with
H. A detailed look at the fluid temperature field affirms this
claim. Additionally, the increment of the interface param-
eter H causes a more elongation for the isotherms of the
solid phase. Indeed, the growth of the heat exchange
between these two phases arising from enhancing H directs
both the thermal fields to a unique thermal field. It is visible
that the influences of using hybrid nanoparticles on the
isothermal fields of the solid phase are significant at high
values of H (H = 100 and 1000). It should be noted that the
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Fig. 6 Effects of d on the flow, fluid temperature 7,,¢ and solid temperature 7 fields at Ra = 100, Ry = K, = 10, H = 100, ¢ = 0.5, a d = 0.02,

bd=02andcd=04

influence of the hybrid nanoparticles on the reduction of
the local temperatures difference of two phases reduces
with an increment in H.

The variations of Nuy,s and Nug according to Ra for
various values of the concentration of Ag-MgO hybrid
nanoparticles are illustrated in Fig. 8. As shown, using Ag—
MgO hybrid nanoparticles declines the rate of heat
exchange through the components forming the porous
entity. As stated previously, the thermal conductivity and

the dynamic viscosity of the host liquid boost by raising the
concentration of the Ag-MgO hybrid nanoparticles sus-
pended. The increment of thermal conductivity and
dynamic viscosity of the host liquid with the nanoparticles
concentration are known as desirable and undesirable
results at the natural convection, respectively. From
Table 1, it is seen that the increment of the desirable
parameter is significantly less than that of undesirable
parameter. Hence, the suspension of the Ag—-MgO hybrid
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«Fig. 7 Effects of H on the flow, fluid temperature 7Tj,,r and solid
temperature 7 fields at, Ra = 103, K.=Rc=1,d=0.1,a H=1,
b H=10,c H=100 and d H = 1000

nanoparticles in the host liquid to raise the heat transfer
rate cannot be a deliberated operation. In addition, Fig. 8a
shows that a growth of Ra enhances the heat transfer rate
carried by fluid phase of the porous medium. However, it
can be seen that the increment of Ra has not significant
effects on the Nug, when Ra > 600.

In Fig. 9a, b, the variations of Nuy,; and Nug versus Ry
are reported at different values of d when Ra = 103,
¢ =0.5, K. = H=100. It is visible that the increment of Ry
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Fig. 8 Variations of Nuy,s (a) and Nug (b) according to the Ra
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increases the heat transfer rates through the fluid and solid
phases. This trend is due to that fact that increasing Ry
deals with the increment of the heat exchange through the
walls. Additionally, it is observed that whatever the solid
wall thickness is less, the heat exchange rate through the
solid and fluid phases of the porous medium is more. As
said previously, the thermal resistance of the solid wall is
completely related to the thickness of the wall and
increases with a growth of the wall thickness. Conse-
quently, when the wall is thick, less heat can reach the
porous media from the hot bound. It is worth noting here
that for a certain thickness of the wall the reduction of Nug
due to the use of the hybrid nanoparticles is more than for
Nutgyps.
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Fig. 9 Variations of Nuy, (a) and Nug (b) according to d at different values of Ry when Ra = 10%, ¢ = 0.5, K, = H=100

@ Springer



1394

M. Ghalambaz et al.

(@)
20
1
57255 OSSP RS [PP
= |r
S
= 10F JU S EOS
5? Pure fluid d=0.02,0.05,0.1,0.2,0.4
- | —-=-=-= Hybrid nanofluid
[ 1 1

0 10 20 30

K

r

(b)
6 Pure fluid
E —= === Hybrid nanofluid
S
ot
=
3
2t
[ d=0.02,0.05,0.1,0.2,0.4
1 B/
b 1 - 1 - .
0 10 20 30 40 50
K

r

Fig. 10 Variations of Nuy,r (a) and Nug (b) according to d at different values of K. when Ra = 10%, & =0.5, R.=H=10

Figure 10a, b displays the influences of the thickness of
the solid wall on Nuy,,¢ and Nug as functions of K. It can be
concluded that the heat rate carried by hybrid nanofluid
occupying the pores (Nuyyy) is increasing when K, increases
from 0.1 to 3, after which this rate approximately remains
constant with a growth of K. In addition, the heat exchange
rate through the solid phase Nug increases as K, is
increasing, while retaining the solid wall thickness fixed. It
is obviously seen that the increment of the thickness les-
sens Nuy,¢ for all the values of K. This is despite the fact
that the decreasing behavior Nug with the increase in the
thickness d only can be seen for thicknesses of less than or
equal to 0.2. As shown in Fig. 10b, depending on the value
of K., an increase in the wall thickness to 0.4 can increase
or decrease Nu;. Here it can also be seen that dispersing

(a)
18
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|
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'\' _———_—‘————__
E 12}, ST
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=2 - S
9 ;\ Hybrid nanofluid
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© $ $ $ S &
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H

Ag-MgO hybrid nanoparticles declines Nu, with the
exception d = 0.4. Using the hybrid nanoparticles slightly
raises Nug; when K, < 18, while the nanoparticles can
enhance Nug for K, > 42.

From Fig. 11a, b, the increase in H declines and elevates
Nupye and Nug, respectively, keeping the thickness of solid
wall constant. The increment in H augments the heat
transfer between the fluid and solid phases of the porous
medium, consequently, the thickness of thermal boundary
layer increases. Hence, the temperature gradient inside the
boundary layer declines which means the reduction of
Nupye. As illustrated in Fig. 11b, it can be observed that Nug
increases when H grows. This result can easily be justified
due to this fact that the temperature gradient of the porous
matrix near the vertical bounds amplifies as a result of the

(b)
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Fig. 11 Variations of Nuy,,¢ (a) and Nug (b) according to d at various values of H when Ra = 10%, ¢ =05, R, =10 and K, = 1
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Fig. 13 Variations of Q,, according to d at various values of H for
Ra=10%¢=05 R, =10and K, = 1

enhancement of H. For a cavity with d = 0.4 and H < 300,
dispersing the hybrid nanoparticles Ag—-MgO in the host
fluid can amplify the heat transfer rate through the solid
phase. However, if H > 300, the use of the nanoparticles
debilitates this rate.

The results represented in Fig. 12a illustrate that for
different values of d, the increase in porosity & scrimps
Nup,e. Nevertheless, as shown in Fig. 12b, the different
trends can be observed for the variations of Nu, versus
porosity ¢ as the thickness of solid wall varies. Although in
the low value of d (d =0.02), the increase in porosity

(b)

d=0.02,0.05,0.1,0.2, 0.4

3.5

Nu

2.5
2 Pure fluid
-—-—-- Hybrid nanofluid
1501 N — —l
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pure fluid

hybrid nanofluid

d=0.02,0.05,0.1,0.2,0.4

05 1 1 1 1

Fig. 14 Variations of Q,, according to d at different values of ¢ when
Ra =10°, Ry =H =K, =10

declines Nug, when d =0.2 or 0.4, Nus continuously
augments with increasing &. Further, there is no a certain
trend for the variations of Nu, with increasing & when
d =0.05 and 0.1.

Figure 13 shows the variations of heat transfer rate
across the solid wall Q,, versus H for various values of
d when Ra = 10°, ¢ = 0.5, Ry =10 and K, = 1. According
to the above presented results, it is expected that the
increment of the solid wall thickness declines the heat
exchange rate Q.. This fact has obviously been illustrated
in Fig. 13. Also Q,, increases with the increment of H. It is
clear that the effect of H on the increase in the rate of Q,, is
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more essential when the solid wall thickness is low. Fig-
ure 14 displays the variations of heat transfer rate across
the solid wall Q,, versus ¢ for various values of d when
Ra = 103, Ry = H=K, = 10. As shown, the increment in &
strongly declines Q. In addition, it can be said that the
decreasing trend Q, by using the Ag-MgO hybrid
nanoparticles is more essential at high values of .

Conclusions

Current investigation studies the conjugate natural con-
vection inside a porous enclosure filled with Ag-MgO
hybrid nanofluid using LTNE model. Two solid walls
located in two sides of cavity introduced as conductive
interface between hot and cold walls, and besides, the top
and bottom bounds have been insulated. The governing
differential equations are written using the Darcy law and
then transformed into a non-dimensional form for better
representation of the results. Governing equations have
been solved by the finite element method. Various amounts
of the Darcy-Rayleigh number (Ra = 10-10%), volume
fraction of hybrid nanoparticles (¢p,r = 0-0.02), porosity
(¢ = 0.1-0.9), interface parameter (H = 1—103), thermal
conductivity ratio (K; = 0.1-10), and the width of the solid
wall (d = 0.1-0.4) are examined to perform calculations.
The most significant findings are listed below:

e Using the hybrid nanoparticles decreases the flow
strength. The heat transfer rate increases when Ry rises.
When Ry is low, the influences of the hybrid nanopar-
ticles on the temperatures fields and the relative
decreasing of the flow strength are, respectively, more
and less than those compared to the high values of Ry,

e As Ra enhances, the flow strength becomes more.
When Ra is low, the hybrid nanoparticles more impress
the thermal fields. Besides, increment of &, increases
strongly the size and the strength of the vortex created
within the porous media.

e When K, augments from 0.1 to 1, the strength of
recirculation formed slightly increases, whereas the
augmentation of K, from 1 to 10 declines that. When K,
is low, the heat transfer rate is low and by increasing K,
thermal fields become closer to each other. The strength
and size of the recirculation formed decreases as
d increases. The effect of hybrid nanoparticles on
thermal fields with the thinner solid walls is more than
that the thicker ones.

e An increment in H leads to the heat exchange
enhancement. The influences of hybrid nanoparticles
on the solid phase isothermal fields are significant at
high magnitudes of H and on the reduction of two
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phases temperatures difference reduces with increasing
H.

e Using hybrid nanoparticles declines the heat exchange
rate. By raising the hybrid nanoparticles concentration,
Nupe and Nug decreased for constant Ra. Besides,
increase in Ra enhances the Nuy,; and Nu,. The
increment of R, and d augment the heat transfer. For
a certain d, the reduction of Nug due to using the hybrid
nanoparticles is more than that for Nuy,,;. Growth of Ra
enhances the heat exchange rate. However, the incre-
ment of Ra has not significant influences on Nug; when
Ra > 600.

e  Nuy,r enhances when K. increases from 0.1 to 3, after
which this rate approximately remains constant. More-
over, Nug increase with augment of K, while d retaining
fixed. The increment of d lessens Nuy, ¢ for all values of
Kr and not has specific trends for Nus. Dispersing
hybrid nanoparticles declines Nug except for d = 0.4,
raises Nus when K. < 18, while it can enhance Nug for
K. > 42.

e The increase in H, respectively, declines and elevates
Nup,e and Nug, keeping d constant. For all values of d,
the increase in ¢ scrimps Nuy,r. Although in low value
of d (d = 0.02), the increase in ¢ declines Nug, but at
higher values, Nug continuously augments.

e For different values of d, the increase in & scrimps
Nuy,r; however, various trends can be seen for the
variations of Nug versus ¢ as d varies. The increment of
d and also ¢ declines the heat transfer rate. In addition,
0., increases with the increment of H.
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