
Journal of the Taiwan Institute of Chemical Engineers 59 (2016) 138–151

Contents lists available at ScienceDirect

Journal of the Taiwan Institute of Chemical Engineers

journal homepage: www.elsevier.com/locate/jtice

Conjugate heat transfer and entropy generation in a cavity filled with a

nanofluid-saturated porous media and heated by a triangular solid

Muneer A. Ismael a, T. Armaghani b,∗, Ali J. Chamkha c

a Mechanical Engineering Department, College of Engineering, University of Basrah, Basrah, Iraq
b Department of Engineering, Mahdishahr Branch, Islamic Azad University, Mahdishahr, Iran
c Mechanical Engineering Department, Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia

a r t i c l e i n f o

Article history:

Received 28 May 2015

Revised 3 September 2015

Accepted 18 September 2015

Available online 21 October 2015

Keywords:

Entropy generation

Nanofluids

Conjugate heat transfer

Cavity

Porous medium

Darcy model

a b s t r a c t

Entropy generation due to conjugate natural convection–conduction heat transfer in a square domain is nu-

merically investigated under steady-state condition. The domain composed of porous cavity heated by a tri-

angular solid wall and saturated with a CuO–water nanofluid. Equations governing the heat transfer in the

triangular solid together with the heat and nanofluid flow in the nanofluid-saturated porous medium are

solved numerically using the over-successive relaxation finite-difference method. A temperature dependent

thermal conductivity and modified expression for the thermal expansion of nanofluid are adopted. A new cri-

terion for assessment of the thermal performance is proposed. The investigated parameters are the nanopar-

ticles volume fraction ϕ (0–0.05), modified Rayleigh number Ra (10–1000), solid wall to base-fluid saturated

porous medium thermal conductivity ratio Kro (0.44, 1, 23.8), and the triangular solid thickness D (0.1–1).

The results show that both the average Nusselt number and the entropy generation are increasing functions

of Kro, while they are maxima at some critical values of D. It is also found that the addition of nanoparticles

increases the entropy generation. According to the new proposed criterion, the results show that the largest

solid thickness (D = 1.0) and the lower wall thermal conductivity ratio manifest better thermal performance.

© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Study of convection heat transfer in porous media is a very in-

teresting subject because of its industrial applications. There are two

advantages of using porous media. First, its dissipation area is greater

than the conventional fins that enhances convection heat transfer.

Second, is the irregular motion of the fluid flow around the individ-

ual beads which mixes the fluid more effectively [1]. Natural con-

vection heat transfer in porous media is encountered in a wide va-

riety of industrial applications such as grain storage, filtering, drying

of gasses, underground pollutants, storage and cooling of radioac-

tive waste containers, soil cleaning using steam injection, building

thermal insulation, solar collector technology, electronic cooling, and

many other applications [1].

Enhancement of the heat transfer is one of the main purposes

in some of the mentioned engineering devices. The low thermal

conductivity of conventional heat transfer fluids, commonly wa-

ter, oil, ethylene glycol, has restricted designers. Fluids containing
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ano-sized solid particles offer a possible solution to conquer this

roblem. The nanofluid has greater effective thermal conductivity

han a pure base fluid. Nanofluids, a name conceived by Choi [2], in

rgonne National laboratory, are fluids consisting of solid nanopar-

icles with size less than 100 nm suspended with solid volume frac-

ion typically less than 4%. Nanofluids can be used to improve thermal

anagement system in many engineering applications such as trans-

ortation, micromechanics instrument and cooling devices.

A relatively few papers dealing with nanofluids saturated in

orous media were published. Most of these papers studied the

oundary layer flow. Nield and Kuzentsov [3] examined the influence

f nanoparticles natural convection past a vertical plate. Ahmad and

op [4] numerically studied the mixed convection boundary layer

ow of the same problem of [3] using three different nanoparticles

ased on the conventional model of Tiwari and Das [5] which incor-

orates only the nanofluid volume fraction. Gorla and Chamkha [6]

onsidered natural convection boundary layer over a non-isothermal

at plate embedded in a porous medium. The natural convection

oundary layer flow about a sphere embedded in porous media was

onsidered by Chamkha et al. [7]. More recently, Cimpean and Pop

8] studied fully developed steady-state mixed convection flow of

anofluids in an inclined porous channel. Hajipour and Dehkordi [9]

onsidered mixed convection heat transfer of nanofluids based on the
ts reserved.

http://dx.doi.org/10.1016/j.jtice.2015.09.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtice
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2015.09.012&domain=pdf
mailto:muneerismael@yahoo.com
mailto:armaghani.taher@yahoo.com
mailto:achamkha@pmu.edu.sa
http://dx.doi.org/10.1016/j.jtice.2015.09.012


M.A. Ismael et al. / Journal of the Taiwan Institute of Chemical Engineers 59 (2016) 138–151 139

B

fi

m

c

l

a

[

n

R

f

a

s

o

[

i

a

T = Th

T
=
T h

Porous

Solid

d
L

T
=T

c

Y

s

X

g

Fig. 1. Physical domain and coordinates system.
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Nomenclature

Be Bejan number (
∫

Sθ dXdY/
∫

SGENdXdY)
D dimensionless triangular wall thickness

g gravitational field (m/s2)

GEG dimensionless global entropy generation

k thermal conductivity (W/m K)

K permeability of porous medium (m2)

Kr triangular wall to nanofluid thermal conductivity ra-

tio Kr = kw/kn f

Kro triangular wall to base fluid thermal conductivity ra-

tio Kro = kw/k f

L square cavity wall length (m)

n normal vector

Nunf average Nusselt number over the right cooled wall

Nunfi average Nusselt number over the interface line.

Nui local Nusselt number along the interface line

Ra Rayleigh number Ra = gKρ f β f (Th − Tc)L/(μ f α f )
s segment along the interface line

Sgen entropy generation rate (W/K m3)

SGEN dimensionless entropy generation rate

T temperature (K)

u velocity component along x-direction (m/s)

v velocity component along y-direction (m/s)

U dimensionless velocity component along x-direction

V dimensionless velocity component along y-direction

x,y Cartesian coordinates (m)

X,Y dimensionless Cartesian coordinates

Greek symbols

α effective thermal diffusivity (m2/s)

β thermal expansion coefficient (K–1)

ε performance criterion (GEG/Nun f )

ϕ nanoparticles volume fraction

μ dynamic viscosity (Pa.s)

θ dimensionless temperature

ρ density (kg/m3)

� dimensionless stream function

Subscripts

c cold

f fluid

h hot

i interface

nf nanofluid

p solid nanoparticles

w wall

rownian motion and thermophoresis in a vertical channel partially

lled with highly porous medium using the Brinkman Forchheimer

odel. Cheng [10] considered the studies of [6] and [7] but for a trun-

ated cone. Sun and Pop [11] considered free convection in a triangu-

ar cavity heated by a wall heater and filled with a porous medium

nd saturated with three different nanofluids. Chamkha and Ismael

12] studied the conjugate heat transfer in a porous cavity filled with

anofluids and heated by a triangular thick wall.

All the aforementioned studies are based on the first-law analysis.

ecently, the second-law based investigations have gained attention

or studying thermal systems. Entropy generation has been used as

gauge to evaluate the performance of thermal system. The analy-

is of the exergy utilization and the entropy generation has become

ne of the primary objectives in designing a thermal system. Bejan

13–15] focused on the different reasons behind entropy generation

n applied thermal engineering. Generation of entropy destroys avail-

ble work of system. Therefore, it makes good engineering sense of
ocus on irreversibility of heat transfer and fluid friction process.

here are only very few studies that consider the second law analysis

n the presence of nanofluid as a working fluid in a porous media. The

ffects of heat transfer in nanofluids flow over a permeable stretch-

ng wall in a porous medium are investigated by Sheikholeslami

t al. [16]. They showed that an increase in the nanoparticles volume

raction decreases the momentum boundary layer thickness and en-

ropy generation rate whereas the thermal boundary layer thickness

ncreases. Ting et al. [17] studied the entropy generation of viscous

issipative nanofluid flow in thermal non-equilibrium porous media

mbedded in micro channels.

Investigation of entropy generation and natural convection heat

ransfer of nanofluids in a porous media has not been considered

ompletely in the literature and this challenge is generally considered

o be an open research topic that may require more study.Thus, what

otivates us to continue in the field of entropy generation and nat-

ral convection in enclosures filled with nanofluids saturated porous

edia is the rareness of published works and hence, the incomplete

iews regarding this field of investigation which has an important

ole in biomedical applications. Moreover, the present authors are

ore interested in the conjugate conduction convection heat trans-

er features. Therefore, the present study considers steady conjugate

onduction convection inside a square cavity, filled with a nanofluid-

aturated porous medium and heated by a triangular solid wall oc-

upying one corner of the square cavity making an inclined interface

etween the solid and the nanofluid-saturated porous medium. The

umerical results of this geometry are thought to be useful in con-

rol and suppression of what is called bio-convection in controlling

r suppression mixing between living and dead cells in suspensions

f up swimming mobile microorganisms.

. Mathematical modeling

Fig. 1 is a schematic illustration of the problem under considera-

ion. It is a two-dimensional square domain with length L, the lower

eft corner is a solid wall like an isosceles triangular block with its

ottom and vertical walls, with length d, kept isothermally at higher

emperature Th. The length d is varied in such a way to keep the over-

ll domain as a square. The inclined wall of the triangular solid is in

ontact with the contents-saturated porous medium forming the re-

ainder domain. The outer boundaries of the porous domain are kept

diabatic except the right vertical wall where it is cooled at constant

emperature Tc. All of the boundaries are assumed impermeable.

he pores between the solid matrix are assumed to be uniform and
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undeformable. The fluid filling the pores is composed of a base fluid

(water) and nanoparticles forming a nanofluid. They (the base fluid

and the nanoparticles) are assumed to be in thermal equilibrium and

no slip occurs between them. This nanofluid is assumed incompress-

ible. Also, a thermal equilibrium between the nanofluid and the solid

matrix is assumed. In the present study, this assumption is relied on

the fact that there is no large temperature difference between the

nanofluid and the solid matrix [18], and no sufficiently large velocities

[19]. According to the low seepage velocity and assuming constant

porosity medium with ignored effect of solid boundary, the need for

Brinkman and the Forchheimer terms is excluded. Hence, the convec-

tive (slow) motion of the nanofluid in the saturated porous medium

is considered to satisfy the Darcy model and the Boussinesq approxi-

mation.

2.1. Governing equations of heat transfer

For numerical simulation, two approaches have been adopted

in the literature to investigate the heat transfer characteristics of

nanofluids, single phase model and two phase model. Another ap-

proach is to adopt the Boltzmann theory [20]. In single phase model,

a uniform volume fraction distribution is assumed for nanofluids.

In other words, the viscosity and thermal conductivity of nanoflu-

ids are formulated by volume fraction, temperature and nanoparticle

size then continuity, momentum and energy equations are solved for

nanofluids. The governing equations based on single phase model can

be written as:

Continuity:

∂u

∂x
+ ∂v

∂y
= 0 (1)

Momentum (Darcy equation)

∂u

∂y
− ∂v

∂x
= −gK(ϕρpβp + (1 − ϕ)ρ f β f )

μn f

∂Tn f

∂x
(2)

Energy (for nanofluid)

u
∂Tn f

∂x
+ v

∂Tn f

∂y
= αn f

(
∂2Tn f

∂x2
+ ∂2Tn f

∂y2

)
(3)

Energy (for the triangular solid)

∂2Tw

∂x2
+ ∂2Tw

∂y2
= 0 (4)

where β is the thermal expansion coefficient, ρ is the density, K is the

permeability of the porous medium, μ is the dynamic viscosity, α is

thermal diffusivity of the porous medium and ϕ is nanoparticles vol-

ume fraction. The subscripts p, f, n f and w stand for solid nanoparti-

cles, base fluid, nanofluid, and triangular solid wall, respectively.

The nanofluid thermal properties are written as:

Thermal diffusivity (Chamkha and Abu-Nada [21]):

αn f = kn f

(ρCp)n f

(5)

Heat capacity (Khanafer et al. [22]):

(ρCp)n f = (1 − ϕ)(ρCp) f + ϕ(ρCp)p (6)

Thermal conductivity:

Chon et al. [23] established an empirical correlation finding the

role of temperature and particle size for nanofluid (Al2O3–water)

thermal conductivity enhancement.

kn f

k f

= 1 + 64.7φ0.764

(
d f

dp

)0.369(
kp

k f

)0.7476

Pr0.9955
T Re1.2321

T (7)
rT = μ f

ρ f α f

, ReT = ρ f kbT

3πμ2
f
l f

(8)

here kb is the Boltzmann constant. Although, this model was estab-

ished for Al2O3–water, Minsta et al. [24] conducted new tempera-

ure and thermal conductivity data for water-based nanofluid, they

roved the validity of this model for CuO.However, after the confir-

ation of [24], the Chon et al. model was widely used to calculate the

hermal conductivity of CuO in many studies as in Haddad et al. [25]

nd Mahmoudi and Abu-Nada [26].

Viscosity (Brinkman [27]):

μn f = μ f

(1 − ϕ)
2.5

(9)

lthough there exists many modified models for the dynamic vis-

osity of nanofluids, the Brinkman model still gives reasonable re-

ults but for low volume fractions of nanoparticles, Khanafer and

afai [28].

Thermal expansion:

Recently, a modified expression for thermal expansion is given by

ourantas et al. [29]. It contains the natural dependence of the den-

ity on temperature;

ρβ)n f = (1 − ϕ)(ρβ) f + ϕ(ρβ)p − ϕ(1 − ϕ)(ρp − ρ f )(βp − β f )

(10)

Introducing the following dimensionless set:

= d/L, X = x/L, Y = y/L, U = uL/α f

= vL/α f , θn f = (Tn f − Tc)/(Th − Tc),

w = (Tw − Tc)/(Th − Tc),

nd the dimensionless definition of the stream function as: U =
∂ψ
∂Y

, V = − ∂ψ
∂X

, the set of Eqs. (2)–(4) can be rewritten in dimension-

ess form for the nanofluid-saturated porous medium as

1

(1 − ϕ)
2.5

∇2� = −Ra

[
(ρβ)n f

ρ f β f

]
∂θn f

∂X
(11)

∂�

∂Y

∂θn f

∂X
− ∂�

∂X

∂θn f

∂Y
= αn f

α f

∇2θn f (12)

nd for the triangular solid wall

2θw = 0 (13)

Eqs. (11)–(13) are subjected to the following boundary conditions:

ψ = 0 on the solid boundaries.

θn f = 0 on the right vertical wall, X = 1, 0 ≤ Y ≤ 1.

∂θn f

∂Y
= 0 on the top horizontal wall 0 ≤ X ≤ 1, Y = 1 and on the

horizontal segment D ≤ X ≤ 1,Y = 0.
∂θn f

∂X
= 0 on the left wall segment, X = 0, D ≤ Y ≤ 1.

θw = 1 on the horizontal triangular wall, 0 ≤ X ≤ D, Y = 0 and

on the vertical triangular wall, X = 0, 0 ≤ Y ≤ D.

At the interface between the solid triangular inclined wall and the

uid-saturated porous medium, the equilibrium state is assumed to

e verified. Therefore, both the temperatures and the heat fluxes are

he same;

w = θn f and kw
∂θw

∂n
= kn f

∂θn f

∂n
or:

∂θn f

∂n
= Kr

∂θw

∂n

(14)
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here n is the vector normal to the interface (n =
√

dX2 + dY 2) and

r is the thermal conductivity ratio,

r = kw

kn f

(15)

The local Nusselt number along the interface within the

anofluid-saturated porous medium side can be written as:

ui = −kn f

k f

∂θn f

∂n

∣∣∣∣
i

(16)

The average Nusselt numbers of interest are calculated on the in-

erface (for the porous medium) and on the vertical right wall, re-

pectively as:

un f i = 1√
2D

∫ √
2 D

0

NuidS (17)

un f = −kn f

k f

∫ 1

0

∂θn f

∂X
dY (18)

here S is a segment along the interface as shown in Fig. 1.

Due to energy balance, the overall heat transfer entering the

orous cavity from the interface must be equal to that leaving

he cavity from the right wall. Hence, the following energy bal-

nce can be employed for checking the accuracy of the numerical

olution:

2DNun f i = Nun f (19)

.2. Governing equations for entropy generation

Based onthe Darcy model, the entropy generation relation is given

y Woods [30];

gen = k

T 2
0

((
∂T

∂x

)2

+
(

∂T

∂y

)2
)

+ μ

KT0

(u2 + v2) (20)

q. (20) is to be rearranged to include the nanofluid properties:

gen = kn f

T 2
0

((
∂T

∂x

)2

+
(

∂T

∂y

)2
)

+ μn f

KT0

(u2 + v2) (21)

In dimensionless form, local entropy generation can be expressed

s:
GEN = kn f

k f

((
∂θ

∂X

)2

+
(

∂θ

∂Y

)2
)

+ μn f

μ f

Nμ

((
∂ψ

∂Y

)2

+
(

∂ψ

∂X

)2
)

(22)

here, Nμ = μ f T0

k f
(

α2
f

K(T)2 ) is the irreversibility distribution ratio and

GEN = Sgen
T 2

0
L2

k f (T)2 is the dimensionless local entropy generation.

The terms of Eq. (22) can be separated to the following form:

GEN = Sθ + S� (23)

here Sθ and S� are the entropy generation due to heat transfer irre-

ersibility HTI and fluid friction irreversibility FFI, respectively.

θ = kn f

k f

[(
∂θ

∂X

)2

+
(

∂θ

∂Y

)2
]

(24)

� = μn f

μ f

Nμ

[(
∂�

∂Y

)2

+
(

∂�

∂X

)2
]

(25)

Integrating Eq. (22) over the porous domain, the global entropy

eneration GEG for the present two-dimensional problem is ob-

ained;

EG =
∫

SGEN dX dY =
∫

Sθ dX dY +
∫

S� dX dY (26)

It is appropriate to mention Bejan number in order to determine

hich is the dominant, heat transfer or fluid friction irreversibility.

ejan number is defined as:

e = ∫ Sθ dX dY

∫ SGEN dX dY
(27)

hen Be > 0.5, the HTI is the dominant while when Be < 0.5, the FFI

s the dominant

. Numerical solution and validations

The dimensionless governing Eqs. (11)–(13) are discretized uni-

ormly (X = Y) over the square domain using the finite-difference

ethod. The values of the dimensionless solid wall D are varied with

are in such a way that the interface must be localized on grid nodes
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Fig. 3. Grid dependency test for Ra = 1000, D = 0.1, Kro = 23.8, ϕ = 0.03.

Table 1

Thermo-physical properties of base fluid and nanoparticles [31].

Physical property Base fluid (water) CuO

Cp (J/kg/K) 4179 540

ρ(kg/m3) 997.1 6500

k (W/m/K) 0.613 18

β x 10–5 (1/K) 21 0.85

Table 2

Comparison of the average Nusselt numbers with other works—

conjugate cases, pure fluid (ϕ = 0).

Ra D Kr Saeid [33] Saleh et al. [32] Present

Nu Nu Nu

500 0.1 0.44 2.333 - 2.334

1000 0.4 2.4 3.511 - 3.49

1000 0.2 0.1 - 0.446 0.451

1000 0.5 1 - 1.566 1.578

Table 3

Comparison of the average Nusselt number with

Cu–water nanofluid saturated in porous triangu-

lar enclosure, Sun and Pop [11].

Ra ϕ Nunf

Sun and Pop [11] Present

500 0 9.66 9.52

500 0.1 9.42 9.44

1000 0 13.9 13.6

1000 0.2 12.85 12.82
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as shown in Fig. 2. The interface boundary condition Eq. (14) is inter-

preted numerically by taking three points backward temperature gra-

dient within the triangular solid wall and three points forward tem-

perature gradient through the porous medium and since θnf = θw.

Hence, the following difference equation is invoked to compute the

interface temperature:

θi(i, j)

= 4θn f (i + 1, j + 1) − θn f (i + 2, j + 2) + Kr[4θw(i − 1, j − 1) − θw(i − 2, j − 2)]

3(1 + Kr)
(28)

The Gauss–Seidel iteration procedure with Over Successive Relax-

ation (OSR) method is followed in the solution. The iteration is termi-

nated when the following criterion is satisfied;

max

∣∣∣∣
[
χnew(i, j) − χold(i, j)

χold(i, j)

]∣∣∣∣ ≤ 10−6 (29)

χ denotes any variable, � , θnf or θw. The suitable grid size was based

not only on the independence of Nusselt number on grid size, but

also on the verification of energy balance through the domain i.e.

Eq. (19) and on the global entropy generation Eq. (26). It is found

that these conditions are sensitive to the value of the Rayleigh num-

ber. Fig. 3 presents grid dependency behavior for Ra = 1000, D = 0.1,

kw = 14.589 W/m K, with volume fraction ϕ = 0.03 dispersed in wa-

ter base fluid (kf = 0.613 W/m K). The thermo-physical properties of

base fluid and CuO nanoparticles are presented in Table 1 [31]. For

these conditions Kro = 23.8. Accordingly, a grid size of 121 × 121 was

chosen in the numerical solution. Relatively, this grid size is very fine,

but we found it is necessary to interpret the normal gradient on the

inclined interface surface and then holding the condition of Eq. (19).

Once the stream function and dimensionless temperature are calcu-

lated, the distribution of volumetric entropy generation is obtained.

The numerical solution was achieved on the basis of an in-house

computer code in FORTRAN. To check its validity, a comparison with

selective data from the published literature was carried out.The com-

parison was made by adpting the present FORTRAN code to resolve
hree different cases namely: conjugate Darcy–Bénard convection

Saleh et al. [32]) and conjugate horizontally heating (Saeid [33]).

he third case is that of triangular enclosure filled with a Cu–Water

anofluid-saturated porous medium of Sun and Pop [11] with heater

ength of 0.8 times of the vertical wall. The work of Sun and Pop [11]

as based on Maxwell–Garrnett model for thermal conductivity and

n the common definition of thermal expansion model. Accordingly,

e used these models and the Cu-nanoparticles properties for com-

arison purpose. The results are documented in Tables 2 and 3. It is

bvious that good agreement is obtained. Different numerical tech-

iques were followed in these three different works, and this is the

eason behind the relatively noticeable discrepancy (∼=2%) incorpo-

ated in Table 3 for Ra = 1000 and ϕ = 0. As a result, the confidence

n the present numerical solution is verified.

. Results and discussion

Selective results represented by streamlines, isotherms, and

sentropic lines (the local dimensionless entropy generation SGEN),

ocal and average Nusselt numbers, global entropy generation and

ejan number are illustrated in this section. The effect of four per-

inent parameters are discovered and discussed, these parameters

re: triangular solid wall thickness D (0.1–1), thermal conductivity

atio Kro = kw/k f (23.8 stainless steel–water, 1.0 brickwork–water,

.44 epoxy–water), nanoparticles volume fraction ϕ (0–0.05), and

odified Rayleigh number Ra (10–1000), for brevity, the “modified”

n-name will be dropped. It is worth mentioning that the value of

μ depends on fluid properties. The present base fluid is water,

ence, μ ∼= 10–3 Pa s, kf
∼= 0.613 W/m K, α ∼= 10–7m2/s. Taking

To/�T2) = 10 K–1, and assuming the porosity K = 10–14 m2. There-

ore the value of Nμ is fixed in this study at 10–2. This value was used

y Basak et al. [34], and Varol et al. [35].

Fig. 4 depicts the effect of the triangular solid wall thickness D on

he streamlines, isotherms, and the isentropic contours, for Ra = 100

nd Kro = 23.8. The effects of nanoparticles are shown also in this fig-

re by dashed lines. Generally, the effects of buoyancy together with

he imposed boundary conditions make the fluid (and nanofluid) to

otate clockwise (negative streamlines) forming a single-cell circu-

ation. The core shape of this cell is transformed from horizontally

xtended to mostly vertically-extended when D increased from 0.2

o 1. The streamlines labels imply that the strongest rotation occurs

hen D = 0.5. The explication of this refers to the entente between

he heating effect of the solid wall and the available space for the vor-

ex rotation. The isotherms tend to be horizontal within the middle of
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Fig. 4. Contours of streamfunction, isotherm, and isentropic for Ra = 100, Kro = 23.8, and different D, Solid lines, ϕ = 0 and dashed lines, ϕ = 0.05.
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Fig. 5. Contours of streamfunction, isotherm, and isentropic for Ra = 500, Kro = 23.8, and different D, Solid lines, ϕ = 0 and dashed lines, ϕ = 0.05.
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cavity. Their crowdedness being intensified with D close to the lower

edge of the wall-porous interface and the upper part of the left ver-

tical wall. It is seen that these two positions, where the isotherms

intensified, become as concentrators for entropy generation.

The entropy is spread out from these concentrators toward the re-

mainder of the cavity. Diagonally, the symmetry of isentropic lines is

lost with increasing the value of D. The effect of nanoparticles addi-

tion is highly distinguishable in the isentropic lines contours.
Fig. 5 is presented for the same purpose and parameters of Fig. 4,

ut for higher Rayleigh number (Ra = 500). In contrary with Ra = 100

Fig. 4), the streamlines become stronger, the isotherms are mostly

orizontal within the cavity center, with steeper gradient close to the

nterface and the left vertical walls. This is an indication to the con-

ection dominance.The entropy concentrators look very strong and

ropagate along both the solid wall-porous interface and the left ver-

ical walls with increasing D.
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Fig. 6. Contours of streamfunction, isotherm, and isentropic for Ra = 500, D = 0.4 and different Kro, Solid lines, ϕ = 0 and dashed lines, ϕ = 0.05.
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The effect of the conductivity ratio Kro is shown in Fig. 6 for

a = 500 and D = 0.4. With changing the solid wall type (changing

ro from 23.8 to 0.44), the streamlines are characterized by a decrease

n their strength and crowding close to both the interface and the left

ertical walls. The mostly horizontal pattern and the steep gradient of

he isotherms are lost with decreasing Kro. A reduction in Kro leads to
rregularity in the temperature distribution within the solid wall and

specially close to its two corners. This increases the irreversibility

n heat transfer there. The dimensionless entropy behavior with Kro

an be characterized by an intensity reduction close to, except its two

orners, the wall-porous interface and most of the vertical left wall.

he aforementioned characteristics associated with changing Kro are
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Fig. 7. Contours of streamfunction, isotherm, and isentropic for D = 0.7, Kro = 23.8, and different Ra numbers, Solid lines, ϕ = 0 and dashed lines, ϕ = 0.05.
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due to the decrease of heat transferred to the nanofluid saturated in

porous media because of increasing the thermal resistance of the tri-

angular solid wall.

Fig. 7 illustrates the behavior of contours maps with Rayleigh

number for D = 0.7 and Kro = 23.8. For a very low Rayleigh number,

Ra = 10 (Fig. 7a), as expected, a relaxed weak streamlines behavior

is recorded. The streamlines are strengthened and crowded signifi-
antly close to the interface and the vertical left wall with increasing

a. This is an expected effect as the convection mode dominates over

he conduction. The isotherms pattern supports this well-known fact,

here the pattern transforms from a vertically uniform distribution

o mostly horizontal with a thin boundary layer close to the interface

nd the vertical left wall. Regarding the isentropic lines, at Ra = 0

Fig. 7a), the source of entropy generation is concentrated at the
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a b

Fig. 8. Distribution of local Nusselt number along the solid-porous interface, (a) for Ra = 100, Kro = 23.8, and D = 0.7 with different ϕ values, (b) for Ra = 500, D = 0.4, ϕ = 0.05

and different values of Kro.

a b

Fig. 9. Variation of average Nusselt number with D, (a) for Ra = 50, ϕ = 0.03, and different values of Kro, (b) Kro = 23.8, ϕ = 0.03, and different values of Ra.
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ower edge of the interface wall only and therefore, a relatively low

pread out values are recorded. Increasing Ra to 100 (Fig. 7b), an-

ther concentrator appears at the upper part of the left vertical wall.

urther increasing Ra to 1000 (Fig. 7c) leads to strong concentra-

ors along the interface wall and the left vertical wall. Accordingly,

tronger values of entropy generation within the cavity are observed.

t is worth mentioning that in most cases above, the heat transfer ir-

eversibility within the cavity core can be ignored, forming what is

alled the idle region for entropy generation [36].

The local Nusselt number Nui along the interface is shown in

ig. 8 for Ra = 100. Unless zooming a selected area in Fig. 8a, the

ffect of nanoparticles addition is difficult to be seen where increas-

ng ϕ enhances the local heat transfer. This scenario is seen for all

overed ranges of Ra, they are not presented herein for brevity. Fig.

b shows the variations of Nui with the wall thermal conductivity

atio K for Ra = 500 and D = 0.4. A distinct effect of K on en-
ro ro
ancing the natural convection is evident. Although the local Nus-

elt number gives no comprehensive concept about the heat trans-

er, but it reflects the existence of the thermal boundary layer at the

ower edge of the solid wall-porous interface as shown in both figures

Figs. 8a and b).

The average Nusselt number Nunf gives a comprehensive imagina-

ion about the overall heat transfer. Fig. 9 depicts the average Nusselt

umber along the isothermal right vertical wall (Eq. 18) with D for the

hree values of Kro. Fig. 9a is plotted at a low value of Rayleigh num-

er, Ra = 50, it shows a continuous increase of Nunf with D. The trend

f this increase is mostly identical for all Kro values. More heat trans-

er is associated with the high thermal conductivity of solid wall due

o the less thermal resistance. In Fig. 9b, for a high value of Rayleigh

umber, Ra = 1000, a different behavior of Nunf is seen. When Kro ≤ 1,

n important matter can be drawn from this figure, that is, increasing

he wall thickness D leads to an increase in the Nusselt number up to
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a b

Fig. 10. Variation of average Nusselt number with Ra, (a) for D = 0.5, ϕ = 0.03, and different values of Kro, (b) Kro = 23.8, D = 0.7, and different values of ϕ.

a b

Fig. 11. Variation of global entropy generation (GEG) (a) and Bejan number (b) with D for Ra = 50, ϕ = 0.03, and different values of Kro.
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a critical value of D = 0.7. Beyond this critical value, a deterioration of

Nunf is seen. This matter can be elucidated as follows. The increase of

D increases three parameters; the first is the thermal resistance of the

triangular wall which in turn, reduces the temperature of the inter-

face line. The second is the length of the interface line which in turn,

heats more quantity of nanofluid-saturated porous medium, and the

third is the temperature difference between the interface surface and

the vertical right wall where they become closer when D increases.

Thus, the critical values of D are those for which the latter two param-

eters are insufficient to overcome the effect of the thermal resistance

and this is a good reason to the absence of such critical D values at

Kro = 23.8.

The variation of Nunf with Ra for different values of Kro are shown

in Fig. 10a, and for different volume fraction ϕ in Fig. 10b. The higher

the conductivity triangular solid wall, the faster the increase of the

Nusselt number is. On the other hand, the effect of nanoparticles

becomes active for Ra ≥ 100. This reflects the dominance of the
anofluid thermal conductivity enhancement over the inertia and

iscous forces associated with increasing the value of ϕ.

Fig. 11 depicts the variation of the global entropy generation GEG

nd Bejan number Be with D for different values of Kro at low Rayleigh

umber, Ra = 50. The critical solid wall thickness, D = 0.7, is noticed

ue to GEG but at Kro = 0.44 only, otherwise a continuous increase

f GEG with D is recorded (Fig. 11a). The attribution of this refers

o the two concentrators of entropy generation localized at the two

dges of the wall-porous interface associated with low values of Kro.

ence, when D increased more than 0.7, the available space for vor-

ex rotation will be limited which in turn leads to a reduction of its

trength, hence, less irreversibility will come from the fluid friction.

t the same time, the two concentrators will be widely apart and will

eaken the global entropy generation. Fig. 11b demonstrates that

he heat transfer irreversibility HTI is dominant (Be > 0.5) over the

anofluid friction irreversibility FFI for all conductivity ratios espe-

ially at higher values of D, this is due to the weak convection. Beyond
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a b

Fig. 12. Variation of global entropy generation (GEG) (a) and Bejan number (b) with D for Kro = 23.8, ϕ = 0.03 and different values of Ra.

a b

Fig. 13. Variation of global entropy generation (GEG) (a) and Bejan number (b) with Ra for D = 0.5, ϕ = 0.03, and different values of Kro.
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= 0.7, all Bejan curves become asymptotic. To inspect the effects of

ll parameters, Fig. 11 is reconstructed but for a high Rayleigh num-

er, Ra = 1000 and the results are presented in Fig. 12. This figure

ndicates to that for high Ra, the critical D value is noticed even at the

igh thermal conductivity solid wall (Kro = 23.8). The other conduc-

ivity ratios (Kro = 1, 0.44) manifest lower values of critical D such

hat at Kro = 1, D = 0.5 and at Kro = 0.44, D = 0.3 (Fig. 12 a). This can

e attributed to that the diminishing of the strong convection cur-

ents with lowering Kro, will be significantly affected by the reduced

pace available for vortex rotation. On the other hand, the dominance

onvection in this case minimizes Be values as indicated in Fig. 12b.

owever, a continuous increase of Be with D is recorded for all Kro

alues.

The variations of GEG and Be with Ra for different Kro values are

epicted in Fig. 13 for D = 0.5 and ϕ = 0.03. It can be observed

rom this figure that the effect of the thermal conductivity ratio is
nnounced beyond Ra = 50 (Fig. 13a), where both the GEG and Be

urves asymptote when Ra ≤ 50. Figure 13b depicts the contribution

ransition of HTI from effective at low Rayliegh number to inactive at

igh Rayliegh number. However, both figures demonstrate that the

hermodynamic irreversibility is generated from the characteristic of

onvective heat transfer.

The effect of volume fraction ϕ on GEG and Be number are pre-

ented as a function of Rayleigh number in Fig. 14. Two stages of

anofluid effect on GEG is observed; stage 1 is for low Rayleigh num-

er (Ra ≤ 100), where the nanoparticles action can be ignored as seen

n Fig. 14a. Stage 2 for Ra > 100 where the existence of nanoparti-

les stimulates the global entropy generation. This is because of the

nhanced viscous and inertia effects associated with the nanofluid.

n the other hand, the nanoparticles poses suppression effect on the

TI and for a wide range of the studied Rayleigh numbers, Ra > 10

Fig. 14b).
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a b

Fig. 14. Variation of global entropy generation (GEG) (a) and Bejan number (b) with Ra for D = 0.7, Kro = 23.8 and different values of ϕ.

a b

Fig. 15. Variation of global entropy generation (GEG) to average Nusselt number ratio with D for ϕ = 0.03, and different values of Kro, (a) Ra = 50, and (b) Ra = 1000.
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Eventually, the effect of the pertinent parameters is discovered

and discussed. Nevertheless, it is sought that the optimum values

of D which gives superior thermal performance could not be ex-

actly extracted from the aforementioned displayed results. The supe-

rior performance manifests maximum heat transfer with minimum

input work, i.e. minimum thermodynamic irreversibility. Therefore,

establishing a ratio of the global entropy generation GEG to the av-

erage Nusselt number Nunf may clearly address the aspects of such

performance, such that;

ε = GEG

Nu
(30)

The results of the ε ratio are given in Figs. 15 and 16. Fig. 15 de-

picts the variations of ε with D and Kro for Ra = 50, Fig. 15a and

Ra = 1000, Fig. 15b. In both cases, the value of D = 1 manifests the best

performance, according to the ε criterion. However, for low Rayleigh

numbers, the low thermal conductivity wall gives a minimum ε. On
he other hand, when Ra = 1000, the wall type does not affect the ε
atio when D ≤ 0.3, otherwise, the lower thermal conductivity walls

ive the best thermal performance. Finally, Fig. 16 implies to that in-

reasing the nanoparticles volume fraction does not necessarily lead

o improvements in the thermal performance, where it is evident

hat the proposed ε criterion increases with increasing values of the

anoparticles volume fraction ϕ.

. Conclusions

Steady conjugate natural convection–conduction heat transfer

nd entropy generation in a square porous cavity filled with a CuO–

ater nanofluid is studied numerically. The cavity is heated by an

sosceles triangular wall which occupies the lower left corner. Three

ypes of solid wall material were examined under a wide range

f wall thickness, nanoparticles volume fraction, and the Rayleigh

umber. In addition, a new criterion for the thermal performance is
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Fig. 16. Variation of global entropy generation (GEG) to average Nusselt number ratio

with Ra for Kro = 23.8 and different ϕ.
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roposed. This new criterion determines the ratio of the thermody-

amic irreversibility to the convective heat transfer. The following

oncluding remarks are extracted from the present study:

1. For a low Rayliegh number, the overall heat transfer is an increas-

ing function of solid wall thickness for all solid wall types.On the

other hand, the rate of entropy generation increases with solid

wall thickness for a highly conductive wall only, otherwise it is

slightly affected by D. For a high Rayliegh number, a critical value

of D = 0.7 gives a maximum heat transfer for a poorly conduc-

tive solid wall (Kro ≤ 1). Due to the global entropy generation, in

general, a maximum irreversibility appears at D = 0.5.

2. For a high conductivity solid wall, the overall heat transfer and the

global entropy generation rate increase faster than those of a low

conductivity solid wall.

3. The effect of CuO nanoparticles enhances the overall heat trans-

fer and increases the global entropy generation. Both effects are

remarked beyond Ra = 100.

4. From an optimum thermal performance point of view, the largest

wall thickness (D = 1.0) and the lower wall thermal conductivity

manifest minimum ε ratio, i.e. minimum global entropy genera-

tion to the average Nusselt number ratio.
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