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The current paper deals with the natural convection and entropy generation in

L-shaped porous cavity filled with nanofluids obeying Buongiorno's two-phase

model. Forchheimer–Brinkman-extended Darcy model is used to represent the

macroscopic motion within the porous medium. The governing equations are

solved using the finite volume method using OpenFoam software. We have

added a house code in C++ to OpenFoam solver for reaching to the

Buongiorno's two-phase model and entropy generation. By alternative consid-

ering and ignoring, the roles of Brownian motion and the thermophoresis

mechanisms are examined. A comparative study is carried out on these aspects

based on the thermal performance criterion. The results show that the thermo-

phoresis diffusion effect is predominant over the Brownian diffusion effect.

The Nusselt number and the total entropy generation are higher for svelte cav-

ity. A cavity of aspect ratio of 0.5 and Al2O3 and CuO nanoparticles are pro-

posed for best thermal performance.
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1 | INTRODUCTION

Natural convection in porous media prevails in many crucial applications such as thermal insulation walls and geother-
mal systems, filtration of pollutants, petroleum reservoirs, and solar collectors (Gibanov et al.,1 Nield and Bejan2).
Recent analyses have adopted the governing equations of porous media to simulate some engineering problems such as
air distribution inside occupied space, heat exchangers, solidification of liquid metal through dendritic structures, and
even simulating flow through turbomachinery.3 Plentiful works, therefore, have been conducted on convective flow
and heat transfer in porous media; most of the mares are reviewed by Nield and Bejan,2 Ingham and Pop,4 Vafai,5 and
Shenoy et al.6 Nield and Bejan2 comprehensively gathered the evolution of the equations that govern the convective
flow in porous media. They presented the chronological establishment of the space-averaging macroscopic governing
equations and their analog with the Navier–Stokes equations. However, based on the extension of the involvement of
the inertial and drag terms, the simple Darcian model is extended to Brinkman and Forchheimer–Brinkman models.
The non-Darcian flow is identified by two criteria defined by the Reynolds and Forchheimer numbers. Zeng and Grigg7

conducted experiments on Indiana limestone and Berea sandstone and proposed a modified Forchheimer number with
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readable meaning and wider application, hence enabling the researcher to define the critical Forchheimer number
based on the problem characteristics. Mojumder et al.8 have investigated the mixed convection in L-shaped cavity filled
by a non-Darcy porous medium with moving wall. Other works are too numerous to mention here; thus, one can refer
to the continually updated books of Neild and Bejan,2 Ingham and Pop,4 Vafai,5 and Shenoy et al.6

After the innovation of Choi and Eastman,9 the nanofluid (a mixture of base liquid and nano-sized particles) has
been widely used in heat transfer enhancement in various industrial components and biological applications. A porous
medium saturated with a nanofluid is one of these important applications, where the convective fluid flow and heat
transfer can be promoted when the connected pores of the porous medium are filled with nanofluids. Many studies
have proven this topic based on the analysis of simple Tiwari and Das model (Tiwari and Das10), which considers the
nanofluid as a single-phase fluid. Sun and Pop11 studied the effect of nanofluid in Darcy triangular cavity filled with
Cu–water nanofluid. Chamkha and Ismael12 displayed the enhancement of natural conviction inside a conjugate
heated cavity utilizing three types of nanofluids. Ismael and Chamkha13 focused on porous-fluid-layered cavity heated
by a rectangular block to investigate the role of Cu–water nanofluid on the natural convection. Ismael et al.14 included
the analysis of entropy generation and how it is affected by the nanofluid particles in conjugate heated porous cavity.
Selimefendigil et al.15 addressed the aspect of nanofluid contribution in natural convection inside double-layer cavity
with the aid of rotating cylinder as mixer. Sheikholeslami16 utilized phase change material (PCM) as a latent heat stor-
age for the sake of energy saving. He found that solidification of PCM inside elliptical cavity can be accelerated by
adding copper nanoparticles. Sheikholeslami17 performed an innovative computational method to study the magnetic
field effect on a complicated porous cavity filled with different shapes alumina–water nanofluid. The considered radia-
tion reduced the gradient of temperature, while the magnetic field depresses the convection. Sheikholeslami et al.18

have implemented a sinusoidal passage as an airway to augment the space of meeting air with the PCM. Their main
aim was to save energy; thus, they used porous media and nanofluid for this purpose. The observations of heat transfer
enhancement in these studies were interpreted as an increase in the thermal conductivity of the nanofluids. However,
some investigators were not convinced with this interpretation of the abnormal increase of heat transfer. As such, Wen
and Ding19 introduced different discussions to their experimental results of the nanofluid properties; they suggested
that a slip or migration of nanoparticles in different regimes within the entrance region of the experimental tube occurs
due to the Brownian motion, shear action, and the gradient in the viscosity. Consequently, Buongiorno20 performed a
valuable investigation by considering a relative velocity between the nanoparticles and the base fluid. He introduced
seven mechanisms for this slip velocity. However, he concluded that only two important mechanisms can be responsi-
ble of the abnormal enhancement in heat transfer, namely, Brownian motion and the thermophoresis diffusion. He cas-
ted these two mechanisms in a set of conservation equations known as two-component four-equation system. On the
basis of Buongiorno's system of equations, investigators have solved many problems arisen in cavities with different
aspects. For instant, Sheikholeslami et al.21 have managed thermal aspects in a sector-like cavities, Sheremet and Pop22

included the shear effect produced by moving boundary of square cavity, Garoosi et al.23 considered external and inter-
nal heating of a square cavity filled with nanofluid, Esfandiary24 studied the effect of slip boundary condition on the
natural convection inside inclined cavity filled with alumina–water nanofluid. Motlagh and Soltanipour25 examined the
inclination effect on natural convection in a cavity filled with Al2O3–water nanofluid. Alsabery et al.26 discussed mixed
convection in double moving walls cavity filled with alumina–water nanofluid. In other study, Alsabery et al.27 involved
the effect of magnetic field and corner L-shaped heater. It is noted that those investigators have found plausible expla-
nations for the enhancement of the heat transfer with increasing the volume fraction of nanoparticles. Haddad et al.28

and Choi et al.29 performed comparative studies between the outcomes of the single-phase and two-phase models. They
revealed that the results of the two-phase Buongiorno model exhibit the virtue of the Brownian motion and the thermo-
phoresis diffusion gives raise heat transfer rates more than those obtained from the homogenous single-phase model.
Recently, Zahmatkesh and Habibi30 have implemented Buongiorno's model to study the natural and mixed convection
inside a square cavity/square vented cavity. Both cavities are saturated with a Darcy porous medium. They concluded
that the thermophoresis number has a predominant role over the Brownian diffusion.

While the first law of thermodynamics is implemented in finding out the contributions of the fluid flow and temper-
ature distribution (energy equation), the second law of thermodynamics is utilized in analyzing the irreversibility
resulting from heat transfer and fluid friction. The basis of this analysis was constructed by Bejan.31,32 These two issues
are correlated in the term “entropy.” In closed systems, the analysis of entropy generation is very helpful to be studied
in order to minimize the energy destruction. Ismael et al.14 proposed a rational criterion that relates the convective heat
transfer and the total energy generation. Their problem was a cavity filled with a Darcian porous medium and saturated
with copper oxide–water nanofluid. Chamkha et al.33 have used this criterion in studying the natural convection in a
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C-shaped cavity filled with a nanofluid and subjected to a transverse magnetic field. They showed that the nanofluid is
helpful for a certain value of Hartmann number. Armaghani et al.34 investigated the entropy generation along with nat-
ural convection in an inclined partially porous layered cavity filled with a Cu–water nanofluid. For specified values of
the Rayleigh number and the porous layer thickness, they found that the addition of nanoparticles depresses the gener-
ation of entropy. Alsabery et al.35 investigated the effects of an internally rotating solid cylinder and the wall waviness
of a cavity filled with a non-Darcian porous medium on the entropy generation and convective heat transfer. The cavity
was heated partially and isothermally from below. Sheikholeslami36 presented an innovative computational method to
analyze the role of magnetic force on the entropy and exergy inside an elliptical porous cavity containing a rectangular
inside heater. He reported a reduction of exergy with reducing the magnetic field. However, Rahimi et al.37 have publi-
shed an interesting review regarding the natural convection in most practical engineering cavities. It included different
issues such as porous media, entropy generation, and nanofluids. More recent related works can be seen in the previous
studies.38–43

Based on the aforementioned literature survey, it can be concluded that the two-phase Buongiorno model gives
accurate results about the interaction between the nanoparticles and the base liquid; also, the Darcy–Brinkman–
Forchheimer model simulates practical engineering applications. A comprehensive study dealing with entropy genera-
tion in a non-Darcian porous medium saturated with a nanofluid using the Buongiorno model is not found in the open
literature. As such, the present study deals with these two topics included in an L-shaped cavity. Such geometry is
found in electronic cooling systems.44 Hence, it is thought that this study contributes in providing accurate and plausi-
ble explanations of the effect of nanofluids on the heat transfer in collectors and thermal insulation systems.

2 | MATHEMATICAL MODELING

Figure 1A portrays the geometry, coordinate system, and the boundary conditions of the present problem. It is L-shaped
cavity with insulated top and bottom walls, heated isothermally at the left vertical wall, and cooled isothermally at the
remainder walls. The cavity total length is H, and the part length is L. It is assumed that the cavity is quite long in the
z-direction; thus, the z-variations are negligible. The pores of the porous medium are assumed uniformly connected,
nondeformable, and filled with nanofluids. The nanofluid is assumed to be in thermal equilibrium with the solids of
the porous medium. The Brownian motion and the thermophoresis diffusion of nanoparticles are taken into account by
adopting the Buongiorno model. The buoyancy effect is considered owing to the density variation with the temperature
according to Boussinesq's approximation. Macroscopic dealing of the porous medium is built by the accurate model,
Forchheimer–Brinkman-extended Darcy model. Hence, a set of equations governing laminar, Newtonian, steady, and
incompressible flow are follows:

r�V =0, ð1Þ

ρnf
ε

V �rVð Þ= −rP−
μnf
knf

V −
CFffiffiffiffi
K

p V Vj j+ μnf
ε
r2V + ρnf βnf gΔT, ð2Þ

ρCpð ÞnpV �rT =r�knfrT + ερpCp DBr;�rT +DTrT �rT
T

� �
, ð3Þ

1
ε
V �r;=r� DBr;+ DTrT

T

� �
, ð4Þ

where V is the velocity vector, P is the pressure, T is the temperature, ; is the volume fraction of nanoparticles, DT is

the diffusion coefficient due to thermophoresis DT =0:26
kf

2kf + kp

μnf
ρnf

ϕ≈10−9

 !
, DB is the Brownian diffusion coeffi-

cient DB =
KBTnf

3πμnf dp
≈10−11

� �
&dp =30nm, ε is the porosity, and CF is the drag-Forchheimer coefficient. The other nota-

tions refer to usual physical properties as mentioned in the nomenclature.
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The average properties of the nanofluid are taken from the following well-known correlations:

ρβð Þnf = 1−ϕð Þ ρβð Þf +ϕ ρβð Þp, ð5Þ

Cpnf =
ϕρpCnp + 1−ϕð Þρbf Cbf

ρnf
, ð6Þ

μnf = 1+2:5ϕð Þμbf , ð7Þ

knf
kbf

=
knp +2kbf +2 knp−kbf

� �
1+ βð Þ3ϕ� �

knp +2kbf − knp−kbf
� �

1+ βð Þ3ϕ� � , ð8Þ

β=0:1:

The relation of entropy generation is given by14

Sgen=
knf
T2
o

∂T
∂x

	 
2

+
∂T
∂y

	 
2
 !

+
μnf
KT0

u2 + v2
� �

, ð9Þ

and the average entropy generation is given by

Sgenave =
1
A

ð
Sgendx dy, ð10Þ

where A is the area of the cavity.
The local Nusselt number is given by

Nu yð Þ= −
knf
kf

H
Th−Tc

∂T
∂x

	 

: ð11Þ

On the hot left wall, the average Nusselt number is given by

FIGURE 1 (A) Schematic of problem and (b) view of mesh [Colour figure can be viewed at wileyonlinelibrary.com]
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Nuave =
1
H

ðH
0

Nu yð Þdy: ð12Þ

In the present study, the following assumptions are considered within the L-shaped cavity: (1) Newtonian
nanofluid, laminar, and incompressible flow; (2) no chemical reaction; (3) gravity is the only external force; (4) the heat
dissipation is negligible; (5) radiant heat transfer can be neglected; (6) thermal equilibrium condition exists between the
porous medium and the nanofluid. The prescribed boundary conditions are tabulated in Table 1.

3 | NUMERICAL SOLUTION

The governing equations 1–4 are solved numerically using the finite volume method. This method integrates the
governing equations over finite control volumes, resulting in a set of algebraic equations that can be solved numeri-
cally. There is a challenge arising with the numerical solution resulting from the pressure gradient term. This chal-
lenge is obviated by using the staggered grids, where the velocity components are calculated at the center of volume
interfaces, while the pressure as well as other scalar quantities such as temperature is computed at the center of the
control volumes. The algebraic discretized equations have been solved iteratively throughout the physical domain by
using well-known Tri-Diagonal Matrix Algorithm (TDMA) technique. Pressure and velocity were coupled using Semi-
Implicit Method for Pressure Linked Equations (SIMPLE). Convergence of the iterative solution was ensured when
the percentage residual of all variables ((χnew(i) − χold(i))/χold(i)) was less than 10−5. A uniform grid is used firstly for
a square domain, and then the grid localizing within the computational L-domain is identified. The obtained results
are independent of the number of the grids. This was ascertained by the grid independency test which results are
given in Table 2. A grid size of 100 × 100 has been used throughout the paper. The view of mesh can be seen in
Figure 1B).

To ensure the validity of the present numerical code, we have adapted the governing equations system to identify
a lid-driven porous L-shaped.8 Forchheimer–Brinkman-extended Darcy model is used in the mentioned study. The
validation conditions were at Re = 100, Gr = (Re/Pr) = 1000, Da = 10−4, and AR = 0.5 The result of the average
Nusselt number has very good agreement; the outcome of the present code was 0.985 corresponding to 0.982 in
Mojumder et al.,8 i.e., only 0.3% error between the two codes. Moreover, the contours of the streamlines and isotherms
fields show excellent agreement as shown in Figure 2. Now, the validity of the present used numerical code can
be ensured.

TABLE 1 Boundary conditions

Plane T V ;
Top wall Insulated surface Fixed value uniform (0 0 0) ∂;

∂Y ¼ 0

Bottom wall Insulated surface Fixed value uniform (0 0 0) ∂;
∂Y ¼ 0

Left hot wall Fixed value uniform 373 Fixed value uniform (0 0 0) DB
∂;
∂YþDT

∂T
∂Y ¼ 0

Right and horizontal cold walls Fixed value uniform 273 Fixed value uniform (0 0 0) DB
∂;
∂nþDT

∂T
∂n¼ 0

TABLE 2 Grid independency study

Grid no. Nuave

50 × 50 1.729

70 × 70 1.7292

100 × 100 1.7294

120 × 120 1.7294
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4 | RESULTS AND DISCUSSION

We focused in this study on several objects, namely, finding out the most suitable aspect ratio (L/H) and the
nanoparticles loading, the roles of the main two slip mechanisms of the Buongiorno model, and the suitable type of
nanoparticles. The analyses are based on the thermal criterion performance defined as follows14,33,34:

E=
Nuave
Sgenave

: ð13Þ

For this purpose, at fixed L and H equal to 0.5 m, three aspect ratios (Table 3) and three volume fractions (ϕ = 0.03,
0.04, and 0.05) were examined against the basis of the Buongiorno model, i.e., enabling and disabling the Brownian
motion and thermophoresis coefficients (DB and DT) alternatively. Three types of nanoparticles are studied: Al2O3,
TiO2, and CuO (Table 4). The temperature of the hot and cold vertical walls are set at Th = 373�C and Tc = 273�C,

FIGURE 2 Comparison of (A) streamlines

and (B) isotherms with Mojumder et al.8 for

Re = 100, Gr = 1000, and Da = 10−4 (Reynolds

number accounts the movement of the top wall)

[Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 The studied geometries

AR L (m) H (m)

0.3 0.003 0.01

0.5 0.005 0.01

0.7 0.007 0.01
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respectively. The no-slip condition is taken on solid boundaries. The porosity of the porous medium is set at ε = 0.4
which is accounts for solid spheres of uniform diameter.2 The constants K and CF are taken as 0.00001 and 0.458,
respectively. Based on the cavity length, the Rayleigh number for the prescribed parameters is
Ra=

gρbf βbf Th−Tcð ÞH3

μbf αbf
=1:424× 106. For the sake of readable results, this section is gathered as following.

TABLE 4 Thermal properties of water, Al2O3, TiO2 and CuO

ρ (kg m−3) Cp (J kg
−1 K−1) k (Wm−1 K−1) β (K−1)

Pure water 998.2 4182.2 0.6028 21 × 10−5

Al2O3 3970 765 40 0.85 × 10−5

TiO2 4250 686.2 8.9538 0.9 × 10−5

CuO 6500 540 18 29 × 10−5

FIGURE 3 Streamlines, isotherms, and isentropic lines with volume fraction of the Al2O3 nanoparticles, AR = 0.5
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4.1 | Flow and thermal fields of Al2O3–water nanofluid

The value of Ra = 1.424 × 106 is sufficient to circulate the nanofluid within the whole cavity as shown in Figure 3.
Owing to the imposed thermal boundary conditions, the center of the single-eye recirculation is localized at the 270�

corner of the cavity. The isothermal lines show vertical isotherms within the vertical leg of the cavity, whereas within
the horizontal leg, the isotherms exhibit a slight tendency to be horizontal. However, both the streamlines and the iso-
therms show imperceptible variations with increasing the average volume fraction of the nanoparticles, ϕ (hereafter,
the “average” will be dropped for brevity). On the other hand, the distribution of the local entropy generation manifests
that at 270� corner, the entropy is strongly generated. Because this region corresponds to the core of the recirculation;
hence, the source of this entropy can be attributed to the fluid friction irreversibility. Moreover, increasing ϕ contributes
in spreading out entropy toward the top of the cavity.

Figure 4 portrays the intensification of flow with increasing the aspect ratio and especially within the vertical leg
of the cavity, where the upper part of the cold wall becomes closer to the hot wall. For larger aspect ratio, the

FIGURE 4 Streamlines, isotherms and isentropic lines with different aspect ratios for ϕ = 0.04

8 CHAMKHA ET AL.

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com

https://www.wordhippo.com/what-is/the-opposite-of/imperceptible.html


nanofluid within about one half of the horizontal leg looks stagnant and consequently produces an isothermal zone
as shown in Figure 4. The isotherms show also an increase in the temperature gradients with increasing values of the
aspect ratio as shown in the vicinity of the isothermal walls. The augmentations in both the flow intensity and the
temperature gradient, obtained by increasing the aspect ratio, result in a notable increase in the entropy generation
rate. However, far away from the 270� corner, idle regions are observed as clearly shown in the last row of Figure 4.
The conductive heat transfer is almost comparative with the convective one for lower aspect ratio as presented in
Figure 5, where the average Nusselt number is close to unity. For higher aspect ratio, the intensified flow produces
the random motion of the nanoparticles relative to the base liquid, which is responsible for the Brownian diffusion,
whereas the enhanced temperature gradient produces the thermophoresis diffusion. Due to these two mechanisms,
the Nusselt number increases appreciably, about 144% increase when AR is increased from 0.3 to 0.7 at ϕ = 0.4. In
addition, Figure 5 reveals the positive effect of adding alumina nanoparticles on the average Nusselt number. At
AR = 0.7, the augmentation in Nusselt number is about 16% when ϕ increased from 0.3 to 0.5. Besides to the
Brownian and thermophoresis diffusions, it is convincing to attribute some of this augmentation to the enhancement
in the thermal conductivity of the nanofluid.

The average entropy generation presented in Figure 6 demonstrates an increase in the thermodynamic irrevers-
ibility about 2.3 times when AR is increased from 0.3 to 0.7 for ϕ = 0.4. When ϕ is raised from 0.3 to 0.5, the-
increase in the average entropy generation is about 106% at AR = 0.3. We ascribe the noticeable role of the
aspect ratio to the vigor random motions of the nanoparticles and the thermophoresis effect resulting from
strengthening the fluid recirculation, while the role of the volume fraction can be ascribed to the heat transfer
irreversibility.

FIGURE 5 Average Nusselt number with

different AR and volume fraction (Al2O3)

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Average entropy generation

with different AR and volume fraction (Al2O3)

[Colour figure can be viewed at

wileyonlinelibrary.com]
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4.2 | Particles migration effect: Comparative study

To inspect the impact of the Buongiorno slip mechanisms, we have made a comparative study by enabling and
disabling the coefficients of the Brownian motion and thermophoresis diffusion in an alternative form as shown
in Figures 7–9. The contour maps of the streamlines, isotherms, and isentropic lines (Figure 7) show undetectable
effects of the two slip mechanisms on their behavior at AR = 0.5 and ϕ = 0.04. However, the distribution of the
Nusselt number (Figure 8) depicts sensible impact of the two slip mechanisms at high volume fraction of
nanoparticles. The figure portrays that Brownian diffusion and the thermophoresis effect contribute appreciably in
transporting energy. The percentage increase in the Nusselt number when enabling the two coefficients is 7.2% for
both ϕ = 0.04 and 0.05. It can be seen also from this figure that the thermophoresis diffusion is predominant over
the Brownian diffusion effect. We attribute this effect to the fact that the thermophoresis coefficient is directly
proportional with the nanofluid viscosity, whereas the Brownian diffusion does inversely. Hence, the viscous force,

FIGURE 7 Particle migration effects on

streamlines, isothermal and isentropic lines

(AR = 0.5, ϕ = 0.04)
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which augments with increasing ϕ, gives rise to the convective heat transfer. This explanation can be illustrated
by the insensible roles of the two coefficients at, relatively, low volume fraction (ϕ = 0.03). Based on this explana-
tion, the increase in the entropy generation corresponding to considering thermophoresis and Brownian coeffi-
cients (Figure 9) can be referred to the fluid friction irreversibility, where the viscous force is larger at highest
volume fractions.

4.3 | Other nanoparticles: Comparative results

To inspect the impact of the thermo-physical properties of nanoparticles, we make additional computations of other
nanofluids, namely, TiO2–water and CuO–water nanofluids. The two slip mechanisms are taken into consideration.
Because it is similar to that of the Al2O3 results, the contour maps are not shown to avoid repetition. However, the vari-
ations of the Nusselt number and the entropy generation with AR and ϕ are presented in Figures 10–13. The trends of
the Nusselt number of both TiO2 and CuO are almost similar to that of Al2O3. Nevertheless, an uncommon trend of the
entropy generation of TiO2 is observed; that is, for AR ≤ 0.5, increasing the volume fraction of nanoparticles leads to
reduce the entropy generation. This trend is related to the fact that the TiO2 nanoparticles have relatively the lowest
thermal conductivity among the other nanoparticles and at AR ≤ 0.5, the flow is weaker; hence, the addition of
nanoparticles does retard the fluid friction irreversibility.

However, from a comparison point of view, the thermal performance criterion (E) serves in electing the suitable
nanoparticles, their volume fraction, and the cavity aspect ratio. For higher heat transfer and lower energy destruction,
the maximum value of E is preferable. Based on the obtained results summarized in Table 5, the lower the volume

FIGURE 9 Particle migration effects on

entropy generation (AR = 0.5) [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 8 Particle migration effects on

average Nu number (AR = 0.5) [Colour figure

can be viewed at wileyonlinelibrary.com]
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fraction of the nanoparticles, the higher the thermal performance criterion. For the lower nanoparticles volume frac-
tion, the aspect ratio AR = 0.5 is the best. Qualitatively and based on water as a base fluid, the Al2O3 and CuO
nanoparticles are better than TiO2 nanoparticles.

FIGURE 11 Entropy generation with

different AR and volume fraction (TiO2

nanoparticles) [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 Particle migration effects on

average Nu number (CuO nanoparticles)

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Average Nu number with

different AR and volume fraction (TiO2

nanoparticles) [Colour figure can be viewed at

wileyonlinelibrary.com]
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5 | CONCLUSIONS

A numerical study of natural convection and entropy generation in L-shaped non-Darcian porous cavity has been car-
ried out in this paper. The Buongiorno two-phase model has been adopted to simulate the nanoparticles slip motion.
Comparative studies among three types of nanoparticles and among the two main bases of the Buongiorno's model
have pictured the following remarks.

1. The role of thermophoresis diffusion coefficient on the natural convection is more significant than the Brownian dif-
fusion coefficient. However, the Brownian diffusion and the thermophoresis effect contribute appreciably in
transporting energy.

2. The rate of entropy generation is higher when the thermophoresis and Brownian diffusion coefficients are taken
into account.

3. Based on thermal performance criterion, lower volume fraction of the nanoparticles is preferred. For low
nanoparticles volume fraction, an aspect ratio of 0.5 is preferred.

4. Apart from square cavity, i.e., for higher aspect ratio, the flow strengthens, while Nusselt number and the entropy
generation increase appreciably.

5. Alumina and copper oxide nanoparticles augment the natural convection higher than titanium oxide nanoparticles.
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TABLE 5 Thermal performance criterion with AR and volume fraction for different nanoparticles

ϕ AR = 0.3 0.5 0.7

Al2O3 0.03 0.00549 0.00905 0.00809

0.04 0.00525 0.00863 0.00745

0.05 0.00509 0.00817 0.00702

TiO2 0.03 0.00551 0.00921 0.00799

0.04 0.00398 0.00759 0.00775

0.05 0.00286 0.00623 0.00741

CuO 0.03 0.00544 0.00937 0.00811

0.04 0.00508 0.00877 0.00769

0.05 0.00500 0.00867 0.00728

FIGURE 13 Entropy generation with

different AR and volume fraction (CuO

nanoparticles) [Colour figure can be viewed at

wileyonlinelibrary.com]
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NOMENCLATURE
A sectional area of the cavity
AR aspect ratio (L/H)
CF coefficient of Forchheimer–Darcy model
DB Brownian diffusion coefficient
DT thermophoresis diffusion coefficient
E thermal performance criterion E = Nuave/Sgenave
g gravitational field
H length of the channel
K permeability of the porous medium
k thermal conductivity
L side of the cavity
Nu Nusselt number
P pressure
Ra Rayleigh number Ra = ρgβΔTH3/μα
Sgen entropy generation
T temperature
To Reference temperature
u velocity component in x-axis
v velocity component in y-axis
V velocity vector
x, y Cartesian coordinates

Greek symbols

; volume fraction
α thermal diffusivity
β coefficient of thermal expansion
μ dynamic viscosity
ε porous
Φ density
Ø average volume fraction

Subscripts

ave average
bf base fluid
c cold
f fluid
h hot
nf nanofluid
p solid nanoparticles
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