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Abstract: The present investigation addressed the entropy generation, fluid flow, and heat transfer
regarding Cu-Al,Os-water hybrid nanofluids into a complex shape enclosure containing a hot-half
partition were addressed. The sidewalls of the enclosure are made of wavy walls including cold
isothermal temperature while the upper and lower surfaces remain insulated. The governing
equations toward conservation of mass, momentum, and energy were introduced into the form
of partial differential equations. The second law of thermodynamic was written for the friction and
thermal entropy productions as a function of velocity and temperatures. The governing equations
occurred molded into a non-dimensional pattern and explained through the finite element method.
Outcomes were investigated for Cu-water, Al,O3-water, and Cu-Al,O3-water nanofluids to address
the effect of using composite nanoparticles toward the flow and temperature patterns and entropy
generation. Findings show that using hybrid nanofluid improves the Nusselt number compared
to simple nanofluids. In the case of low Rayleigh numbers, such enhancement is more evident.
Changing the geometrical aspects of the cavity induces different effects toward the entropy generation
and Bejan number. Generally, the global entropy generation for Cu-Al,Oz-water hybrid nanofluid
takes places between the entropy generation values regarding Cu-water and Al,O3-water nanofluids.

Keywords: complex wavy wall cavity; entropy generation; natural convection; hybrid nanofluid;
solid blocks; finite element method

1. Introduction

The investigation concerning convective heat transfer in enclosures and close cavities is an
important issue that has enormous variety regarding purposes toward engineering and industry
equipment, including heat exchangers [1], HVAC [2], cooling of electronic devices [3], and renewable
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energies [4]. In these applications, the selection of the heat transfer liquid is a crucial step to ensure
an optimal heat transfer. In this regard, the use of pure liquids, such as water and oil, has shown an
obstacle due to their low thermal conductivity. To overcome this disadvantage, nanoparticles (less than
100 nm in diameter) of materials with high thermal conductivity are combined with the carrier fluid to
change its thermal properties and enhance heat transfer [5]. The suspensions of pure fluids containing
such nanoparticles are referred to as nanofluids. The nanoparticles are mainly made of metals, such as
Ag, Au, Cu, and Ni, or metal oxides like Al;O3, CuO, Fe;03, MgO, etc. [6]. Khanafer et al. [7] was the
first to consider the natural convection concerning nanofluids into two-dimensional cavity and noted
a substantial heat transfer improvement influenced with the presence of suspended nanoparticles.
Jou and Tzeng [8] conducted a similar investigation in a rectangular cavity and showed that raising the
volume fraction of nanoparticles can effectively increase the rate of heat transfer. Therefore, the initial
studies overall agreed toward the impact of nanofluids on heat transfer augmentation [9,10].

Recently, various features concerning free convection heat transfer inside enclosures have
been explored, for instance, the convection heat transfer about phase change materials [11],
micropolar fluids [12,13], gyrotactic microorganisms liquids [14], magnetohydrodynamic flows [15],
internal heat generation [16,17], and conjugate heat transfer [18,19] have been investigated in enclosures
very recently. Dispersing of nanoparticles into a base liquid can improve the thermal conductivity and
heat transfer rate. Heat transfer that concerning various nanofluids, such as silicon carbide-water [20],
alumina water [21-23], and phase change composites [24,25] have been investigated.

The hybrid nanofluids are a newly engineered type of nanofluids which benefit from the properties
of two or more types of nanoparticles. The convective heat transfer regarding hybrid nanofluids has
been explored for various combination of nanoparticles such as single-wall and multiwall carbon
nanotubes [26-28], Fe3O4-single-wall carbon nanotube [29,30], Cu-Al, O3 [31], and SiO;-Al,O3 [32].
The natural convection heat transfer holds the effects of buoyancy forces due to temperature difference
in a fluid. In such flows, the fluid flow and heat transfer exist coupled. Thus, any change in the position
of heat source, the geometry of enclosure or the working fluid could significantly alter the behavior
of flow and heat transfer and consequently, the entropy generation. Due to such nonlinear coupled
effects, the free convection heat transfer inside complex containers has been a hot topic during recent
publications. For example, circular [33], C-shape [34], layered [35], Arc shape [36], complex wavy [37],
and T-shape [38] cavities have been examined.

Entropy generation (production) concerns irreversibilities associated with friction forces and
heat transfer due to temperature differences. The entropy production concerning natural convection
heat transfer is an interesting subject, which continued investigated for simple fluids [39,40] and
nanofluids [41]. Liu et al. [42] examined the entropy generation about alumina-water nanofluids in a
tilted cavity. They found that raising the tilting angle about the cavity decreases the entropy generation.
Selimefendigil and Oztop [43] studied the conjugate heat transfer including entropy generation of
CuO-water nanofluids toward a cavity with a solid conductive partition. The results indicate that the
change of the geometrical aspect of the cavity can notably change the portion of entropy generation in
solid plus liquid regions.

The entropy production study of hybrid nanofluids is a new topic. Tayebi and Oztop [44]
explored the free convection of alumina—copper-water hybrid nanofluids in an annulus within-pair
elliptical horizontal cylinders. Outcomes show that growth of the Rayleigh number boosts both
thermal and frictional entropy generation and consequently the entire entropy production. Moreover,
both thermal and frictional entropy production terms raised through the appearance of hybrid
nanoparticles. Tayebi and Chamkha [45] analyzed the entropy generation of alumina—-copper-water
hybrid nanofluids toward a square hollow including an inner conductive object. It was found that the
internal object and its thermal conductivity significantly influence the entropy generation in the cavity.
Using hybrid nanoparticles intensified the total entropy generation, but its effect on Bejan number
was minimal.
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The previous works have investigated the nanofluids inside regular enclosures. However,
the hybrid nanofluid is a new subject in which the nanoparticles are a composite of at least two
types of nanoparticles. The present study aims to investigate the flow and heat transfer of hybrid
nanofluids within complex enclosures. Moreover, the literature review shows that the shape of the
enclosure and presence of hybrid nanoparticles induce a complex effect toward natural convection flow,
heat transfer, and entropy generation within a complex cavity. Therefore, new studies are demanded
to improve the understanding of convection heat transfer and entropy generation of hybrid nanofluids
inside complex shape cavities. The existing research aims to discuss the conjugate flow, heat transfer,
and entropy generation of Cu-Al,O3-water hybrid nanofluid into a wavy wall complex cavity having
hot half-partition.

2. Mathematical Formulation

Steady two-dimensional free convection flow and heat transfer is addressed inside a wavy
enclosure among length L also holding a prominent isothermal heater at the bottom and solid blocks
at the top with fixed length 0.25 L and width £, as illustrated in Figure 1. The prominent isothermal
heater with length d and width / exists maintained by a fixed temperature (T},). The sidewalls about
the enclosure are wavy walls with an isothermal cold temperature (T;). The top wall, as well as
the bottom wall, are well insulated. All of the enclosure walls are impermeable walls with no-slip.
The container does filled with a water-based hybrid nanofluid containing Cu-Al,O3 nanoparticles.
The buoyancy forces occur formed employing the Boussinesq approximation. With the respect of
the assumptions mentioned above, the conservation of mass, momentum, and thermal energy for a
laminar and Newtonian hybrid nanofluid obtain formulated as

Blav
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The heat equation concerning the solid blocks is

¥m+$m
ax?2 ay?

where x and y are the Cartesian coordinates as illustrated in Figure 1, g indicates the
gravity acceleration, p,, s denotes the hybrid nanofluid’s density, v, s indicates the hybrid nanofluid’s
kinematic viscosity, and Ty shows a reference temperature (310 K).
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Figure 1. Schematic view of the physical model, geometrical details, and the enclosure containing the
inner solid blocks and the coordinate system.

The effective physical properties of the hybrid nanofluid were applied in the form

Atnf = ¢curcu + PaL,05AaL05 + (1= dcu — Pan,0,) Afs (6)

where A is the each of the thermophysical properties of the hybrid nanofluid heat capacitance

((0Cp)ung), density (opnf), and buoyancy coefficient ((0B) . f)-
The dynamic viscosity ratio of nanofluids was derived in [46] as

Hnf 1
- —-0.3 :
Ho1-ssr () g

@)

and the thermal conductivity ratio of hybrid nanofluids was evaluated by the Corcione et al.

model [46] as
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Based on these models, we are going to determine the dynamic viscosity ratio and the thermal
conductivity ratio of water-Cu-Al,Os hybrid nanofluid for 33 and 29 nm particles as the following,

Hh 1
ynf = 03 03 103 03 1.03]” ©)
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where Rejp of the hybrid nanofluid is defined as
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Here, [ = 0.17 nm denotes the mean path of fluid particles, k, = 1.380648 x 1072 (J/K) is the
Boltzmann constant, and d; shows the molecular diameter of water, which can be computed as [46]

_ 6M
f= N*ﬂ.’pf’

(12)

where N* indicates the Avogadro number, M shows the base fluid’s molecular weight, and py is the
base fluid’s density at a reference temperature (310 K).

The following non-dimensional variables are introduced for modifying the governing equations
into a general dimensionless format,
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The general patterns of the governing equations are achieved as
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Accordingly, the non-dimensional form of the boundary conditions Equations (14)—(18) are

achieved as

At the top-heated part of the surface of the source:

u:vzo,ezl,Y:D,l_ngg#, (19)
At the heated part of the left surface of the source:
UszO,Gzl,XzB—%,OSYSD, (20)
At the heated part of the right surface of the source:
U:V:O,G:LX:B—Fg,OSYSD, (21)
Tn the adiabatic parts of the bottom wall:

U=v=0 2 _0v=o00<x<i=H g " _xq 22)

oY
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At the left wavy wall:

U=V=0,606=0 1—A(1-cos(2N7X)), 0<Y <1, (23)
At the right wavy wall:

U=V=0,6=0 A(l—-cos(2N7nX)), 0<Y <1, (24)
An the adiabatic top wall:

U:V:O,g—izo,OSXSl,Yzl, (25)
6 = 8, thermal continuity at the interface walls of the solid blocks, (26)
U=V =0,0(XY)=0u(5) 5, = K5 (27)

where K, = ky, /ky,, Fis the ratio of the solid block’s thermal conductivity to the hybrid nanofluid and
S is the dimensionless length of the solid blocks.

The local Nusselt numbers are evaluated at the heated left, right, and upper surfaces of the source
as the following,

N == (g;)X—B—ZI ' 29
Nitr == <§§(>X—B+§’ ’ )

and the total local Nusselt number is defined as:
(Nu, Nupy,r) = kZ;fNul—i-Nur—i-Nut. (31)

Next, the average Nusselt numbers do estimate toward the heated vertical (left and right) surfaces
of the source as

o D
Ny, = /O (N, Nitgyg) dY, (32)

also, the average Nusselt number estimated toward the upper surface of the heat source, which exists as

o B+(0.5H)
Nt — / (N, Nity) dX, (33)
B—(0.5H)

and the total average Nusselt number is evaluated as the following,
(Nu, Nupy ) = Nug, + Nug. (34)

The entropy generation is a combination of friction and thermal entropy generation, which can be
computed by using the following relation,

kg [ (OTN® . (OTN?| | Hinf |, (Ou)? w\? [ou ov\?
T [(w) H(5) |G 2 (5) (Fs) | )
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Within the dimensionless pattern, local entropy generation can be revealed as

king | (90 \? [ 962
SGEN = ks (E)X> + <ay>
2
Fimg QUN® (VN (U #Y
+ i N, {2 (ax Hlay) | T ey Ta) (- (36)
2 272
where N, = yi—fTo ( I (DXT)) denotes the irreversibility distribution ratio and Sgen = Sgen ka(OAiLT)Z.

Considering the two entropy source, the terms of Equation (36) are represented as two
physical terms:

SGeEN = Sg + Sy, (37)

where Sg and Sy clarify the heat transfer irreversibility (HTI) and fluid friction
irreversibility (FFI), respectively.

knng | (00\* [96\?
) "
2
_ Hm QUN® | (VN*I (U 3V
S =N, {2 (ax) +(55) |+ (50 +52) |- (39)

Now Equation (37) is integrated over the enclosure surface to computed the global entropy
generation (GEG):

GEG — / ScendXdY = / / SpdXdY + SydXdY. (40)

Finally, the Bejan number is introduced in the following relation. The Bejan number represents
the ratio of the thermal entropy generation to the total entropy generation. The Bejan number can be
used to judge the dominant effect of HTI and FFL

[ SpdXdY

Be — -2 20942A%
© 7 TScendXdY

(41)

when Be > 0.5, the HTI is dominant; otherwise, FFI is dominant.

3. Numerical Method and Validation

The Galerkin weighted residual along with finite element methods are applied for examining the
dimensionless control Equations (14)—(18) along with to the boundary conditions Equations (19)—(27).
The Finite Element Method (FEM) exists exercised for determining the governing equations. Due to the
uniqueness of the governing equations, most of the commercial CFD software does not have built-in
functions to solve the present set of governing equations. Therefore, employing user define functions
or writing external codes for introducing the source terms and concentration equations are essential.

Applying the FEM toward the momentum Equations (15) and (16) leads to the following process.

Primary, we employ unique penalty FEM by excluding the pressure (P) including a penalty

parameter (A) as
ou v
P=-A <ax + ay) -
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which consequently yields the X and Y momentum equations:

u_ U _ oA fou  av of Mg (FU U
Usx TVay = ax (ax+ay) Ry (ax2+ayz /
2 2
v AV dA <au aV) pp Pf Hinf <a 14 av)+ (PB)nf o b,

u87 + VETY - 87 87 + Y phnf ]/lf 0X2 0Y?2 Phnf,Bf

Following FEM, the governing equations are written into a weak (or weighted-integral)
formulation. The non-structured meshes are used as depicted in Figure 2. Thus, first the following

weak formulations of equations over the domain was achieved,

ouk ou od; (ouk ovk
k k L
/()( U + ;v aY)dXdY_A/QaX<aX+aY>dXdY

X
2171k 2171k
wpp L tmf [ (U OTURY Gy
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217k 217k
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Pp Hp Jo T\ 0XZ - 0Y2 PrnfBy 0

Then, the following basis expansions were employed for the variables fields,

m m
~ ) U®i(X,Y), Vzgvj (X,Y), GNZ
=

=1

Then, the residual form of equations was computed by integrating the weak form of equations
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over a discrete domain:
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where the relative index is denoted by the superscript k, subscripts of i, j represent the residual,
and node number, respectively. Here, m shows the iteration number. The integrals were performed
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by second order Gaussian quadrature. The Newton—-Raphson iteration algorithm was applied to
iteratively solve the residual equations with the following stopping condition for every field variable,
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Figure 2. Sample meshes used for grid study: (a) 2868 elements and (b) 7115 elements.

To ensure the independence of the present numerical solution on the grid size of the numerical
domain. The results indicate insignificant differences for the 7115 elements grids and above. Therefore,
for all computations in this paper for similar problems to this subsection, 7115 elements uniform grid
is employed.

For the intention of validating the data, comparisons were performed between the simulated date
concerning the current practice and the those recorded by Ilis et al. [47] toward the case of natural
convection and entropy generation inside a square cavity among hot sidewalls. Results are illustrated
in Figure 3. Moreover, comparisons are reported among the numerical data of the current work and
the experimental and numerical works of Paroncini and Corvaro [48] for the free convection within a
square form that heated using embedded sources of the bottom and cold sides, as exhibited within
Figure 4. Models regarding thermal conductivity and dynamic viscosity are verified by comparison
with the experimental data in Figure 5. These outcomes provide confidence in the correctness of the
current model and simulations.
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Figure 3. Comparison of the field patterns with literature work of Ilis et al. [47] (left), current study
(right), when Ra = 10° and ¢ = 0; (a) the streamlines and isotherm contours and (b) the global entropy

generation and Bejan number.



Energies 2020, 13, 2942 11 of 25

@i | <1258

G

\
\&

\
\
\

(b)
Figure 4. Paroncini and Corvaro [48] (a) and existing numerical outcome (b); experimental streamlines
(left), numerical streamlines (middle), and experimental isotherms (right) at Ra = 1.78 x 105, ¢=0,
D =0.5,A=0,and Pr = 0.71.
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Figure 5. Comparison of (a) the thermal conductivity ratio with the literature works of Chon et al. [49] and
Corcione et al. [50] and (b) the dynamic viscosity ratio with the studies of Ho et al. [51] and Corcione et al. [50].

4. Results and Discussion

Here, segment presents numerical results toward streamlines, isotherms, and nanoparticle
distribution concerning seven parameters. These parameters are Rayleigh number (Ra = 10% and 10°),
solid volume fraction of hybrid nanofluid (0 < ¢ < 0.04), and dimensionless heat source length
(0.1 £ D <£0.5). The rates of Prandtl number, number of oscillations, amplitude, heat source position,
heat source thickness, and thermal conductivity of the solid blocks (brickwork) are fixed at Pr = 4.623,
N=3A=01B=05 H =015 and ky, = 0.76 W/m-K, respectively. The values of local and
average Nusselt numbers are also determined toward several values Ri and R. The thermophysical
properties concerning the base liquid (water), Cu nanoparticles, and Al,O3 nanoparticles phases exist
arranged into Table 1.
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Table 1. Thermo-physical properties of water, Cu nanoparticles, and Al,O3 nanoparticles at T = 310 K [52].

Physical Properties  Fluid Phase (Water) Cu Al,O3

k(Wm~—L.K™1) 0.628 400 40
% 10° (kg/ms) 695 - -

p (kg/m3) 993 8933 3970
Cp (J/kgK) 4178 385 765
B x107° (1/K) 36.2 1.67 0.85
dp (nm) 0.385 29 33

Figure 6 illustrates the streamlines, the isotherms, and the isentropic contours in the cavity
toward water and various types of nanofluids, water-Cu, water-Al,Os3, and hybrid water-Cu-Al,Os.
It is clear that the shape of all the contours do not differ greatly when the operating fluid is
changed. The streamlines present a symmetry around the isothermal heater. The heater, located
through the bottom of the cavity, raises the temperature of the neighboring fluid, which also rises.
In contrast, the colder fluid located near the top goes down, and natural convection occurs. As a result,
two recirculation zones appear in the cavity, in opposite directions to the right and the left of the heater
due to the symmetry of the problem. As for the isothermal contours, they present a plume-like pattern,
with concentration zones around the heater walls and the crests of the undulated cavity walls. The hot
temperature on the heater walls spreads to a relatively colder region in the cavity center, while the
low temperature is constant along the cavity walls. The isentropic contours show concentration zones
around the isothermal heater, the crests of the undulated walls and the bottom walls of the two solid
blocks. These zones follow the flow patterns and the isothermal contours as they correspond to zones
of high heat transfer or strong flow intensity.

The variations of local Nusselt number (Nu) along the length of the isothermal heater W and of
the dimensionless temperature 0, along the solid blocks for the various types of particles are shown
in Figure 7. It is clear that Nu is lower along the heater wall when water is used compared to the
other nanofluids, indicating that adding nanoparticles to water enhances heat transfer. This is due to
the higher thermal conductivity of the nanofluids compared to pure water. It is also shown that the
hybrid Water-Cu-Al,O3 nanofluid presents the highest Nu among all the fluids, while almost the same
values of Nu can be observed when Cu or Al,O3 nanoparticles are used separately. 6, along the solid
blocks is maximum when pure water is used, while the minimum value is obtained when the hybrid
nanofluid is used. This is related to the heat transfer rate, which is lowest in the case of pure water and
thus leading to a higher temperature of the solid blocks.

The variations of the average Nusselt number Nu, Bejan number (Be), and the global entropy
generation GEG as functions of the volume fraction of the nanoparticles ¢ are depicted in Figure 8.
First, it is shown that Nu is maximum in the case of the hybrid nanofluid for all the values of ¢.
Nu increases when the value of ¢ is raised up to 0.01. However, further augmentation of ¢ beyond 0.01
has an opposite effect and reduces Nu. Indeed, increasing the volume fraction of the nanoparticles
improves the thermal conductivity and heat transfer. This can be seen when ¢ is increased up to
0.01. Nonetheless, further increasing ¢ also increases the viscosity of the nanofluid as shown in
Equation (9). The increase of resistive viscous forces hinders the free convective flow and reduces heat
transfer. Therefore, the increase of ¢ enhances heat transfer only to some extent. In all cases, the heat
transfer enhancement is maximal when the hybrid Water-Cu-Al, O3 is used. It is equally shown that
Be increases with ¢, and it is maximum in the case of Water-Cu nanofluid for all the values of ¢. At the
same time, the value of GEG is reduced when ¢ is increased and is minimum when Water-Cu nanofluid
is used. For all the values of ¢, Be < 0.5, meaning that the entropy generation due to fluid friction
irreversibility FFI is the dominant part of the GEG compared to the heat transfer irreversibility HTT.
As ¢ is raised, Be increases indicating that the share of the HTT in the GEG increases, as the intensity of
the flow becomes hindered by the increased viscosity of the nanofluid. For the various values of ¢,
Be is minimum and GEG is maximum in the hybrid nanofluid.
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Figure 6. The streamlines (left), temperature contours (middle), and entropy generation contours

(right) for various types of particles when Ra = 10°, ¢ = 0.02, and D = 0.4.
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Figure 7. The evolution of the local characteristic parameters (a) local Nusselt number interfaces
with W and (b) local dimensionless temperature on the solid blocks for different types of particles at
Ra =10% ¢ = 0.02,and D = 0.4.
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Figure 8. The evolution of the average characteristic as a function of various volume fractions of
nanoparticles ¢ for the base fluid, nanofluids and hybrid nanofluids, (a) average Nusselt number (Nu),
(b) Bejan number (Be), and (c) the global entropy generation (GEG) when Ra = 10° and D = 04.

Figure 9 shows the variations of Nu, Be, and GEG as functions of Rayleigh number (Ra) for the
various fluids. Nu remains almost constant even when Ra is varied for Ra < 5 x 10*. However,
when Ra > 5 x 10%, Nu increases with Ra for all the operating fluids. In fact, Ra indicates the relative
importance of the buoyancy forces driving the flow with respect to the viscous forces. A higher value
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of Ra means a greater intensity of flow and results in an enhancement of the heat transfer. In addition,
Be decreases when Ra is raised for all the fluids, whereas GEG remains constant when Ra < 10° and
increases beyond that. Indeed, as the flow intensifies for higher Ra, the FFI increases. Simultaneously,
the free convection is also enhanced and the GEG. Moreover, it is shown that Be is higher than 0.5
for low Ra than it decreases to become lower than 0.5 for high Rg, indicating the entropy generation
becomes dominant by the FFI instead of the HTL. This transition occurs for Ra comprised between 10*
and 5 x 10*.

-+- Water
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—+— Water-Cu-Al, O3
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(b) (c)

Figure 9. The evolution of the average characteristic as a function Rayleigh number Ra for the
base fluid, nanofluids, and hybrid nanofluids: (a) average Nusselt number (Nu), (b) Bejan number (Be),
and (c) the global entropy generation (GEG) when ¢ = 0.02 and D = 0.4.

The variations of Nu, Be, and GEG as functions of the dimensionless heat source length D are
plotted in Figure 10. Nu rises with the increase of D for all the operating fluids. While the range of
the heat source does grow, more surrounding fluid is being heated, and the heat transfer is enhanced.
Be increases with D up to D = 0.4 due to the rise of the HTL, then remains almost constant after that.
The same trend of variation can be observed for GEG.

The effect of Ra on the development of the streamlines, the isotherms and the isentropic contours
in the cavity for hybrid nanofluids is illustrated in Figure 11. The streamlines and the isothermal
contours are very similar for Ra = 103 and Ra = 10*. However, the isentropic lines are only limited
to the bottom part of the cavity for Ra = 10° and start spreading near the top and concentrating on
the heater walls when Ra is increased to 10*. Further increasing Ra to 10° has a slight effect on the
shape of the flow patterns. Nonetheless, the isotherms change and the contours corresponding to
higher temperature move towards the top compared to the cases Ra = 10® and Ra = 10%, indicating
that hot fluid occupies greater surface for Ra = 10°. In addition, the isothermal contours become
more concentrated near the crests of the undulated cavity walls and the walls of the two solid blocks.
Consequently, the concentration zones of the isentropic lines increase in size and cover ore surface



Energies 2020, 13, 2942 16 of 25

inside the cavity. Similar changes can be observed when Ra is increased to 10°. The hot fluid covers
more surface in the cavity, and the isentropic lines are concentrated near the walls.
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Figure 10. The evolution of the average characteristic as a function of D for nanofluids and hybrid
nanofluids, (a) average Nusselt number (Nu), (b) Bejan number (Be), and (c) the global entropy
generation (GEG) when Ra = 10° and ¢ = 0.02.

Figure 12 depicts the variation of local Nusselt Number Nu as a function of W and the variation of
the dimensionless temperature 6, on the solid blocks for various values of Ra. It is shown that the Nu
on the sidewalls of the heater is greater increases substantially with Ra and is maximum for Ra = 10°.
Nonetheless, on the upper wall of the heater, Nu decreases when Ra is increased. The average value
of Nu increases with Ra as discussed earlier. This means that the rate of heat transfer is not the same
over all the heater walls. As seen in the streamlines of Figure 11, the free convective flow creates two
recirculation zones to the right and left walls of the heater, while a small separation zone appears
above the upper wall. The heat transfer in this zone is lower compared to the side walls. It is also
shown that 6,, rises along with the solid blocks when Ra is increased, which is due to the fact that the
hot fluid is occupying a greater surface in the cavity.
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Figure 11. Evaluation of the streamlines (left), temperature contours (middle), and entropy generation

patterns (right) for various Rayleigh numbers for hybrid nanofluids; ¢ = 0.02 and D = 0.4.
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Figure 12. Evaluation of (a) the local Nusselt number interfaces with W and (b) local dimensionless
temperature on the solid blocks with different Ra for hybrid nanofluids; ¢ = 0.02 and D = 0.4.

Figure 13 shows the effect of D on the streamlines, the isotherms, and the isentropic contours
in the cavity for the various fluids. Raising D increases the volume of the fluid in contact with the
heater and, consequently, leads to a more intense convective flow, as indicated by the appearance
of additional vortices in the recirculation zones, for instance, when D was increased from 0.3 to 0.4.
The shape of the isothermal contours does not vary substantially when D is increased, but the size of
the isotherms increases as a larger heater is used. The same can be said for the isentropic contours,
which remain concentrated near the heater walls, the crests of the undulated walls, and the bottom
walls of the solid blocks.

The variation of local Nusselt Number Nu as a function of W and the variation of the
dimensionless temperature 6, on the solid blocks for various values of D is illustrated in Figure 14.
The variation of Nu shows the same trend for all the values of D. However, it is shown that along with
the isothermal heater, Nu increases when D is reduced. As discussed earlier, the average value of Nu
increases for higher D, which means that even if the local Nu is higher in the case of a smaller heater,
the overall heat transfer indicated by the average of Nu still increases due to the integration over a
larger length. On the other hand, it is shown that the solid blocks have a lower temperature when D is
decreased, as the size of the heater is decreased.

The variations of Nu, Be, and GEG as functions of Ra toward various values of ¢ are plotted in
Figure 15. It does show that Nu increases for higher amounts of Ra, which is due, as discussed earlier,
to the intensification of the flow when the buoyancy forces dominate the viscous forces. It is also
shown that for Ra < 10°, Nu increases when ¢ is increased, whereas this is not the case when Ra > 10°.
Indeed, the thermal conductivity and the viscosity both rise with ¢. As the viscous forces are already
crucial for low Ra, the increase in the viscosity for higher ¢ does not affect the heat transfer, which still
improves owing to the rise of the thermal conductivity. Conversely, for high values of Ra, the effect of
¢ on the surge of viscosity becomes more apparent and slightly hinders heat transfer. Be diminishes
among the raise of Ra while always being higher when the fraction ¢ is increased. This is, respectively,
due to the rise of the FFI when the flow is intensified for high Ra and to the reduction of the FFI when
the viscosity is increased for higher ¢. GEG remains constant for Ra < 10°, then increases with Ra and
is also higher when ¢ is reduced.
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Figure 13. Evaluation of the streamlines (left), temperature contours (middle), and entropy patterns

(right) for various dimensionless heat source lengths (D) in the case of hybrid nanofluids when
Ra = 10° and ¢ = 0.02.
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Figure 14. Evaluation of (a) local Nusselt number interfaces with W and (b) local dimensionless
temperature on the solid blocks with different D for hybrid nanofluids; Ra = 10° and ¢ = 0.02.
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Figure 15. Evaluation of (a) average Nusselt number (Nu), (b) Bejan number (Be), and (c) the global
entropy generation (GEG) with Ra and different ¢ for hybrid nanofluids and D = 0.4.

Figure 16 shows the variations of Nu, Be and GEG as functions of D for different values of
¢. Nu increases with D. It is maximum when ¢ = 0.01 and minimum when ¢ = 0 or ¢ = 0.04.
Increasing D and ¢ raises the value of Be. As the size of the heater is raised, the HTI is increased with
respect to the FFI. GEG increases for higher D but is reduced when ¢ is increased.



Energies 2020, 13, 2942 21 of 25

01 0.15 0.2 025 03 0.35 0.4 0.45 05

D
(a)
0.22F 7‘7;:301‘ -0 03 7‘70:801 ;4,,,,¢J»-.74
¢ = 0. » L ¢ = 0.l o
021 5. ¢ =0.02 s 1 30 o =002 e
02 —+—¢=003 i ——¢ =0.03 s
-0- ¢ =0.04 ¢ -0- ¢ = 0.04 -
-
300 .
7 g o0 @ 0.@8..g
o » s "
= » o
G 250F 47 o
. o
g-ooat - 2 e 1
0.14p ° e i or‘o_o_o_o—o—o—efo«»e—o—«)—
e e
0.13 et e“’o
012 -+ T 1505~ %
01 015 02 025 03 035 04 045 05 01 015 02 025 03 035 04 045 05
D D

(b) ()
Figure 16. Evaluation of (a) average Nusselt number (Nu), (b) Bejan number (Be), and (c) the global
entropy generation (GEG) with D and different ¢ for hybrid nanofluids and Ra = 10°.

Figure 17 reveals the variations of Nu, Be, and GEG as functions of Ra and for various values of
D. Increasing Ra and D increases the amount of the average heat transfer. Increasing Ra reduces Be
while raising GEG. On the other hand, a higher value of D increases Be and GEG. These observations
summarize the effects of Ra and D on the heat transfer and the entropy generation in the cavity. At the
same time, indicate that the impact of each parameter is independent of the other.
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Figure 17. Evaluation of (a) average Nusselt number (Nu), (b) Bejan number (Be), and (c) the global
entropy generation (GEG) with Ra and different D for hybrid nanofluids and ¢ = 0.02.
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5. Conclusions

The conjugate free convection flow, heat transfer, and entropy generation of
copper—alumina/water hybrid nanofluids were investigated inside a partially divided cavity.
The sidewalls of the cavity were wavy and cold. The non-dimensional form of the governing equations
was solved using the FEM. The FEM code was verified by comparing the results of the code and the
literature data. The grid study was also produced for assuring the accuracy of the computations.
The influence of using copper/water, alumina/water nanofluids, and copper/alumina hybrid
nanofluids on the isotherms, streamlines, and entropy generation patterns, as well as the heat transfer
and entropy generation characteristics, were addressed. The outcomes of the existing numerical
research can be summarized as follows.

1. The heat transfer occurs greater in nanofluids contrasted to pure water, and it is maximum in
the case of Water-Cu—Al,O3 hybrid nanofluid. Improving the volumetric flow rate of ¢ of the
nanoparticles enhances heat transfer due to the higher resulting thermal conductivity. This is
valid for Ra < 10°. Above this value, the increase in ¢ slightly hinders heat transfer due to the

increased viscosity concerning the fluid.
2. Increasing Ra improves heat transfer due to the developed importance regarding the driving

buoyancy forces compared to the resistive viscous forces.
3. Using a smaller heater by reducing D hinders heat transfer as less surrounding fluid is

being heated.
4.  The global entropy generation GEG rises with the increase of Ra and D but decreases when a

higher value of ¢ is used. Due to the variations in the flow intensity and the fluid viscosity with
the different parameters, the flow patterns and the isothermal contours in the cavity vary and
affect the source of the entropy generation. The FFI dominates entropy generation when Ra is
raised, while the effect of the HTI increases when higher values of ¢ and D are used.
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