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A study of natural convective flow, heat transfer and entropy generation in an odd-shaped geometry is presented
here. The geometry considered is a combination of the horizontal and vertical enclosure shapes. The cavity is
filled with Cu–water nanofluid. The numerical study focuses specifically on the effect of natural convection pa-
rameter and solid volume fraction of nanoparticle on the average Nusselt number, total entropy generation
and Bejan number. Also isotherms, stream function and entropy generation due to heat transfer are presented
for various Rayleigh number and solid volume fraction. The governing equations are solved by using penalty fi-
nite element method with Galerkins weighted residual technique. The results reveal that increasing Rayleigh
number causes increase of the average Nusselt number as well as the heat transfer term of entropy generation
and decrease of the viscous term. The proper choice of Rayleigh number could be able to maximize heat transfer
rate simultaneously minimizing entropy generation.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Natural convection is the main heat transfer mechanism used in nu-
merous applications. Heat transfer within enclosures has many engi-
neering applications such as solar collectors, thermal storage systems,
and cooling of electrical and mechanical components. Therefore, it is
important to understand the thermal behavior of such systems when
the natural convection is the dominant mode of heat transfer. The low
thermal conductivity of conventional heat transfer fluids, commonly
water, has restricted designers. Fluids containing nanosized solid parti-
cles offer a possible solution to conquer this problem. The nanofluid has
greater effective thermal conductivity than pure base fluid. Most of the
available literature on this topic concerns regular geometries such as
rectangular or square enclosures, while actual applications demand
the consideration of irregular shapes. In particular, for applications
involving the cooling of electronic equipment, solar collectors, ingot
castings, thermal hydraulic analysis, etc., it is often necessary to consider
geometries such as the present one.

Many researchers studied heat transfer in cavities filled with
nanofluid. Ho et al. [1] studied numerically the effects of dynamic vis-
cosity and thermal conductivity of nanofluid in a square enclosure filled
with Al2O3–water nanofluid. Enhancements in the thermal conductivity
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and dynamic viscosity estimated from the two adopted formulas led to
the enhanced ormitigated heat transfer. Parvin et al. [2] studied the nat-
ural convection heat transfer in an enclosure with a heated body filled
with nanofluid. The results showed that it was possible to achieve
higher cooling performance by adding nanoparticles into pure water.
Abu-Nada and Chamkha [3] performed a numerical study of natural
convection heat transfer in a differentially heated enclosure filled with
CuO–EG–water nanofluid. The results were compared with Brinkman
model andMGmodels for nanofluid viscosity and thermal conductivity.
Either enhancement or decline was reported for the average Nusselt
number as the volume fraction of nanoparticles increased. Lin and
Violi [4] analyzed numerically the natural convection heat transfer
and fluid flow in a cavity with differentially heated walls containing
Al2O3–water nanofluid. Their results showed the enhancement in the
heat transfer due to the presence of nanoparticles, which increased
the effective thermal diffusivity, and lessen the Prandtl number. Natural
convection of SiO2–water nanofluid using two different models has
been studied by Jahanshahi et al. [5]. In the first model they have
employed a set of experimental data for thermal conductivity of
nanofluid and in the second model they have calculated the thermal
conductivity from the equation proposed by Hamilton and Crosser [6].
Their results showed an enhancement in thermal conductivity due to
the adding of nanoparticles at both models. To estimate the thermal
conductivity of nanofluids, many models have been developed. Patel
et al. [7] have improved the model proposed by Hemanth et al. [8].
Their model is capable to estimate the thermal conductivity of
nanofluids for volume fraction between 1% and 8% and particle size
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Nomenclature

Be Bejan number
Cp Specific heat at constant pressure (J kg−1 K−1)
h Heat transfer coefficient (Wm−2 K−1)
k Thermal conductivity (Wm−1 K−1)
L Length of the outer surface (m)
L1 Length of the inner surface (m)
Nu Nusselt number
Pr Prandtl number
Ra Rayleigh number
T Dimensional temperature (K)
u, v Dimensional x and y components of velocity (m s−1)
U, V Dimensionless velocities
W Width of the cavity (m)
x, y Dimensional coordinates (m)
X, Y Dimensionless coordinates

Greek symbols
α Fluid thermal diffusivity (m2 s−1)
β Thermal expansion coefficient (K−1)
ϕ Nanoparticles volume fraction
ν Kinematic viscosity (m2 s−1)
θ Dimensionless temperature
ρ Density (kg m−3)
μ Dynamic viscosity (N s m−2)

Subscripts
c Cold
f Fluid
h Hot
nf Nanofluid
s Solid particle

x

Th

Tc

nanofluid

Tc

L1

L

adiabatic

y

g

W

Fig. 1. Geometry of the problem.
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between 10 and 100 nm for different base fluids and temperatures. Each
nanofluid exhibits its own particular rheological properties. This has led
to the development of several correlations for some commonnanofluids
[1,9,10]. Based on the proposed correlations, viscosity of nanofluids in-
creases by increasing nanoparticle volume fraction. It must be noticed
that, adding nanoparticles into the base fluid does not always increase
its thermal conductivity [11,12]. Teja et al. [11] have reported that the
thermal conductivity of 2 nm titania nanoparticles is smaller than the
thermal conductivity of the base fluid at the same temperature. They
show that this behavior is unlike that of other nanofluids, which have
been shown to exhibit positive thermal conductivity enhancements.
A critical synthesis of thermo-physical characteristics of nanofluids is
presented by Khanafer and Vafai [13]. Parvin et al. [14] numerically
investigated the natural convection heat transfer from a heated cylinder
contained in a square enclosure filled with water–Cu nanofluid. Their
results indicated that heat transfer augmentation was possible by
using highly viscous nanofluid.

All thermofluidic processes involve irreversibilities and therefore
incur an efficiency loss. In practice, the extent of these irreversibilities
can be measured by the entropy generation rate. In designing practical
systems, it is desirable to minimize the rate of entropy generation so
as to maximize the available energy. When it comes to seeking opti-
mum design features for a system, Entropy Generation Minimization
(EGM), as introduced by Bejan [15,16], serves as a common approach.
This method has been broadly applied to forced and natural convection
problems [17,18]. Oliveski et al. [18] presented a numerical analysis on
entropy generation of natural convection in rectangular cavities. Their
results have indicated that the total entropy generation in a steady
state increases linearly with the aspect ratio and the irreversibility coef-
ficient, and exponentially with the Rayleigh number. Furthermore, the
entropy generation due to the viscous effects increases with increasing
theRayleigh number. Singh et al. [19] analyzed theoretically the entropy
generation in a tube containing alumina–water nanofluid for different
tube diameters. They showed that there was an optimum diameter at
which the entropy generation rate was minimum for both laminar
and turbulent flow. Some investigation has been done on the natural
convection around an obstacle in a cavity. Another study has been
done by Sheikhzadeh et al. [20]. They have investigated the effects of
Prandtl number on the steady magneto-convection around a centrally
located adiabatic body inside a square cavity. Many researchers have
studied the entropy generation due to natural convection in square or
rectangular cavities [21–26]. The problem of entropy generation in
square or wavy-wall cavities filled with nanofluids has attracted signif-
icant attention in recent years. Shahi et al. [27] investigated the entropy
generation induced by natural convection heat transfer in a square
cavity containing Cu–water nanofluid and a protruding heat source.
The results showed that the Nusselt number increased and the entropy
generation reduced as the nanoparticle volume fraction was increased.
In addition, it was shown that the heat transfer performance could be
maximized and the entropy generation minimized by positioning the
heat source on the lower cavity wall.

As discussed above, the literature contains many investigations into
the heat transfer performance and entropy generation rate of natural
convection in cavities in regular shapes. Accordingly, the present
study performs a numerical investigation into the natural convection
heat transfer characteristics and entropy generation rate within an
odd cavity containing Cu–water nanofluid. The simulations focus specif-
ically on the effects of the nanoparticle volume fraction and theRayleigh
number on the flow streamlines, isotherm distribution, entropy
generation, mean Nusselt number, total entropy generation and
Bejan number.

2. Problem formulation

Natural convection in Cu–water nanofluid in the annular space
between a hot inner body and its enclosure is considered in Fig. 1. The
horizontal/vertical length of the outer and inner body is L and L1 respec-
tively. W is the width of the enclosure. The inner wall temperature is
held constant at Th and the outer wall temperature is maintained at
the temperature Tc while the other two sides are insulated.



Fig. 2. Finite element mesh.

Fig. 3. Grid independent test.
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3. Mathematical formulation

In the present problem, it is considered that the flow is steady,
two-dimensional, laminar, incompressible and there is no viscous
dissipation. The gravitational force acts in the vertically downward
direction and radiation effect is neglected. The governing equations
under Boussinesq approximation are as follows

∂u
∂x þ

∂v
∂y ¼ 0 ð1Þ

ρnf u
∂u
∂x þ v

∂u
∂y

� �
¼ −∂p

∂x þ μnf
∂2u
∂x2

þ ∂2u
∂y2

 !
ð2Þ

ρnf u
∂v
∂xþ v

∂v
∂y

� �
¼ −∂p

∂y þ μnf
∂2v
∂x2

þ ∂2v
∂y2

 !
þ gρnfβnf T−Tcð Þ ð3Þ

u
∂T
∂x þ v

∂T
∂y ¼ αnf

∂2T
∂x2

þ ∂2T
∂y2

 !
ð4Þ

where, ρnf =(1− ϕ)ρf + ϕρs is the density, (ρCp)nf= (1− ϕ)(ρCp)f +
ϕ(ρCp)s is the heat capacitance, βnf = (1 − ϕ)βf + ϕβs is the thermal
expansion coefficient, αnf = knf/(ρCp)nf is the thermal diffusivity, μnf =

μf(1 − ϕ)−2.5 is the dynamic viscosity and knf ¼ kf
ksþ2k f−2ϕ k f−ksð Þ
ksþ2k fþϕ k f−ksð Þ is

the thermal conductivity of the nanofluid.
The boundary conditions are

At the inner walls T = Th
At the outer walls T = Tc
At the rest of the surfaces ∂T

∂n ¼ 0
At all solid boundaries u = v = 0
Table 1
Thermo-physical properties of fluid and nanoparticles.

Physical properties Fluid phase (water) Cu

Cp(J/kgK) 4179 385
ρ (kg/m3) 997.1 8933
k (W/mK) 0.613 400
α × 107 (m2/s) 1.47 1163.1
The above equations are non-dimensionalized by using the follow-
ing dimensionless dependent and independent variables

X ¼ x
L
; Y ¼ y

L
; U ¼ uL

α f
; V ¼ vL

α f
; P ¼ pL2

ρ fα f
2 ; θ ¼ T−Tc

Th−Tc

After substitution of the above variables into Eqs. (1) to (4), we get
the following non-dimensional equations as

∂U
∂X þ ∂V

∂Y ¼ 0 ð5Þ

U
∂U
∂X þ V

∂U
∂Y ¼ −

ρ f

ρnf

∂P
∂X þ Pr

νnf

ν f

∂2U
∂X2 þ ∂2U

∂Y2

 !
ð6Þ

U
∂V
∂X þ V

∂V
∂Y ¼ −

ρ f

ρnf

∂P
∂Y þ Pr

νnf

ν f

∂2V
∂X2 þ

∂2V
∂Y2

 !

þ RaPr
1−ϕð Þρ fβ f þ ϕρsβs

ρnfβ f
θ ð7Þ

U
∂θ
∂X þ V

∂θ
∂Y ¼ αnf

α f

∂2θ
∂X2 þ

∂2θ
∂Y2

 !
ð8Þ

wherePr ¼ ν f

α f
is the Prandtl number andRa ¼ gβ f Th−Tcð ÞL3

ν f α f
is the Rayleigh

number.
The corresponding boundary conditions then take the following

form

At the inner walls θ = 1
At the outer walls θ = 0
At other surfaces ∂θ

∂N ¼ 0
At all solid boundaries U = V= 0

The average Nusselt number at the heated surface of the enclosure
may be expressed as

Nu ¼ −1
S

ZS
0

knf
k f

 !
∂θ
∂N dN
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Fig. 4. Effect of Ra on (a) isotherms (b) streamlines and (c) entropy due to heat transfer.
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Fig. 5. Effect of ϕ on (a) isotherms (b) streamlines and (c) entropy due to heat transfer.
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where ∂θ
∂N ¼ 1

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂θ
∂X

� �2 þ ∂θ
∂Y

� �2r
and S, N are the non-dimensional length

and coordinate along the heated surface respectively.
The entropy generation in the flow field is caused by the non-

equilibrium flow imposed by boundary conditions. In the convection
process, the entropy generation is due to the irreversibility caused by
the heat transfer phenomena and fluid flow friction. According to
Bejan [15], the dimensional local entropy generation, sgen, can be
expressed by:

sgen ¼ knf
T2
0

∂T
∂x

� �2

þ ∂T
∂y

� �2
" #

þ μnf

T0
2

∂u
∂x

� �2

þ 2
∂v
∂y

� �2

þ ∂u
∂x þ ∂v

∂y

� �2
" #

ð9Þ

where T0 ¼ ThþTc
2 .

In Eq. (9), the first term represents the dimensional entropy genera-
tion due to heat transfer (sgen,h), while the second term represents the
dimensional entropy generation due to viscous dissipation (sgen,v). By
using dimensionless parameters, the expression of the non-dimensional
entropy generation, Sgen can be written by:

Sgen ¼ sgen
T0L

2

kf Th−Tcð Þ2

¼ knf
kf

∂θ
∂X

� �2

þ ∂θ
∂Y

� �2
" #

þ χ
μnf

μ f
2

∂U
∂X

� �2

þ 2
∂V
∂Y

� �2

þ ∂U
∂X þ ∂V

∂Y

� �2
" #

¼ Sgen;h þ Sgen;v
ð10Þ

where, Sgen, h and Sgen, v are the dimensionless entropy generation for
heat transfer and viscous effect respectively. In Eq. (10), χ is the irre-
versibility factor which represents the ratio of the viscous entropy gen-
eration to thermal entropy generation. It is given as:

χ ¼ T0μ f

k f

U2
i

Th−Tcð Þ2

The Bejan number, Be, defined as the ratio between the entropy gen-
eration due to heat transfer by the total entropy generation, is expressed
(i)

Fig. 6. Average Nusselt number for different (i)
as

Be ¼ Sgen;h
Sgen

It is known that the heat transfer irreversibility is dominantwhen Be
approaches to 1. When Be becomesmuch smaller than 1/2 the irrevers-
ibility due to the viscous effects dominates the processes and if Be=1/2
the entropy generation due to the viscous effects and the heat transfer
effects are equal.

4. Numerical implementation

The Galerkin's finite element method is used by Dechaumphai [28]
to solve the non-dimensional governing equations alongwith boundary
conditions for the considered problem. The equation of continuity has
been used as a constraint due to mass conservation and this restriction
may be used to find the pressure distribution. The finite element meth-
od of Reddy [29] is used to solve Eqs. (6)–(8), where the pressure P is
eliminated by a constraint. The continuity equation is automatically
fulfilled for large values of this constraint. Then the velocity components
(U, V) and temperature (θ) are expanded by using a basis set. The
Galerkin's finite element technique yields the subsequent non-
linear residual equations. Three point Gaussian quadrature is used
to evaluate the integrals in these equations. The non-linear residual
equations are solved by using the Newton–Raphson method to
determine the coefficients of the expansions. The convergence of
solutions is assumed when the relative error for each variable be-
tween consecutive iterations is recorded below the convergence
criterion such that |ψn + 1 − ψn| ≤ 10−4, where n is the number of
iteration and Ψ is a function of U, V and θ.

4.1. Mesh generation

In the finite element method, the mesh generation is the technique
to subdivide a domain into a set of sub-domains, called finite elements,
control volume, etc. The discrete locations are defined by the numerical
grid, at which the variables are to be calculated. It is basically a discrete
representation of the geometric domain on which the problem is to be
solved. The computational domains with irregular geometries by a
(ii)

Ra with ϕ = 5% and (ii) ϕ with Ra= 104.
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collection of finite elements make the method a valuable practical tool
for the solution of boundary value problems arising in various fields of
engineering. Fig. 2 displays the finite elementmesh of the present phys-
ical domain.

4.2. Thermo-physical properties

The thermo-physical properties of the nanofluid are taken fromOgut
[30] and given in Table 1.

4.3. Grid independent test

An extensive mesh testing procedure is conducted to guarantee a
grid-independent solution for Ra= 104 and Pr= 6.6 in the considered
geometry. In the present work, we examine five different non-uniform
grid systems with the following number of elements within the resolu-
tion field: 282, 572, 964, 2288 and 6794. The numerical scheme is car-
ried out for highly precise key in the average Nusselt number for
water–Cu nanofluid (ϕ = 5%) as well as base fluid (ϕ = 0%) for the
(i)

(

Fig. 7. (i) Entropy generation due to heat transfer effects, (ii) entropy generation due
aforesaid elements to develop an understanding of the grid fineness as
shown in Fig. 3. The scale of the average Nusselt numbers for nanofluid
and clear water for 2288 elements shows a little difference with the
results obtained for the other elements. Hence, considering the
non-uniform grid system of 2288 elements is preferred for the
computation.
5. Results and discussion

In this section, numerical results of streamlines, isotherms and en-
tropy generation due to heat transfer for different values of Rayleigh
number (Ra) and solid volume fraction (ϕ) of Cu/water nanofluid in
an odd type cavity are displayed. The considered values of Ra and ϕ
are Ra = (103, 104, 105 and 106) and ϕ (= 0%, 1%, 3% and 5%) while
the Prandtl number Pr = 6.6. In addition, the values of the average
Nusselt number, entropy generation due to heat transfer term, entropy
generation due to viscous term, total entropy generation and Bejan
number are shown graphically.
(ii)

iii)

to viscous effects and (iii) total entropy generation for different Rawith ϕ = 5%.
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5.1. Effect of Rayleigh number

The isothermal lines, streamlines and entropy generation due to
heat transfer irreversibility are displayed in Fig. 4(a)–(c) for the effect
of Rayleigh number withϕ=5%. As regards the isotherms, these are al-
most parallel to isothermal walls indicating the predominance of heat
conduction at a low Ra of 103. Moreover, heat transfer within the cavity
occurs primarily as a result of conduction and consequently the iso-
therms basically follow the geometry profile of the cavity. It is noted
that for high Ra, at the inner body, a high flux region develops owing
to the clustering of isotherms. At higher Ra the isothermal patterns indi-
cate that the conduction is dominated, while convection effects are
significant. When convective effects are important, alternate spots of
high and low fluxes are observed. The alternate spots of high and low
heat fluxes are observed more clearly, especially in the horizontal part
with the increase of Ra from 103 to 106. The isotherms aremore densely
packed near the hot wall corner. This increases the heat transfer
coefficient.
(i)

(ii

Fig. 8. (i) Entropy generation due to heat transfer effects, (ii) entropy generation due
Fig. 4(b) indicates a mixed flow structure between that of a vertical
and a horizontal enclosure. At lower values of the Rayleigh number, the
buoyancy effect isweak, and thus no significant perturbation of thefluid
flowoccurs. It is seen that the vertical vortex is predominant and it fills a
significant part of the horizontal extension also. The penetration of the
vertical vortex into the horizontal chamber is more, for smaller Ra. For
a Rayleigh number of 105, it is observed that the flow pattern in the
horizontal part also exerts a significant influence. The vertical flow is
still able to enter partly into the horizontal portion. Within the hor-
izontal extension, the typical cellular convection pattern is ob-
served. The features seen at Ra = 105 are further accentuated for
the Rayleigh number of 106. The cellular pattern of the horizontal
part becomes predominant. In this case three vortices are observed;
one big vortex in the vertical portion as in the above cases and two
vortices in the horizontal part.

The local entropy generation is the result mainly of heat transfer
irreversibility. In Fig. 4(c), it can be seen that at a lower Rayleigh num-
ber, smaller local entropy generation occurs in the cavity. At higher
(ii)

i)

to viscous effects and (iii) total entropy generation for different ϕ with Ra= 104.
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values of the Rayleigh number, the thermally-induced buoyancy effect
is more intense, in other words, a higher temperature gradient exists
in cavity walls, and thus a greater local entropy generation occurs as a
result.

5.2. Effect of solid volume fraction

Fig. 5(a)–(c) shows the temperature, flow field and entropy genera-
tion due to heat transfer irreversibility for the effect of ϕwith Ra=104.
As the volume fraction of nanoparticles enhances from 0% to 5%, the
isotherm contours tend to get affected considerably. In addition, these
lines corresponding to ϕ = 5% become less bended. The isotherms are
crowded around the active location on the heated surface of the enclo-
sure for clear water (ϕ = 0%). A significant twisting of the isotherms
occurs for smaller values of solid volume fraction which indicates the
convection dominancy. Rising ϕ leads to deformation of the thermal
boundary layers at the heated surface and isothermal lines become
parallel to the isothermal walls. That is heat transfer occurs mainly by
conductionwhich is due to higher thermal conductivity of nanoparticles.

In Fig. 5(b), we observe that in the absence of ϕ that is, the case of
base fluid, the fluid flow covers the entire cavity with two rotating
cells: vertical and horizontal. The streamlines have slight change due
to raising the values ofϕ from0% to 5%. The core of the vortices becomes
slightly smaller. The penetration of vertical vortex into the horizontal
extension is more higher values of ϕ. The strength of the vortices in
the streamlines becomes lower with the increase of the solid volume
fraction because of higher concentration of nanoparticles which slower
the fluid movement also.

Fig. 5(c) shows the contours of local entropy generation for the
variation of ϕ from 0% to 5%.

It can be seen from the figures that at lower values of ϕ, smaller local
entropy generation occurs in the cavity. Increment of ϕ causes slightly
higher temperature gradient that leads to higher entropy generation.
That is adding more nanoparticle to the water increased the entropy.

5.3. Nusselt number variation

The average Nusselt number Nu is obtained by integrating the local
Nusselt number over the wall length and averaging it. The Nu variation
along the hot wall for various values of Rayleigh numbers and solid
(i)

Fig. 9. Bejan number for different (i) Raw
volume fraction are shown in Fig. 6(i)–(ii). It is seen from the figures
that Nu enhances sharply for increasing the values of Ra from 103 to
106 for both nanofluid and clearwater. This is due to the fact that greater
buoyancy effect causes high temperature as well as density gradient
which augmented the rate of heat transfer. As in Fig. 6(ii), Nu also in-
creases for greater values of ϕ because nanofluid has higher thermal
conductivity than the base fluid. The rate of increment of Nu becomes
lower for upper values of ϕ that says enhancement of heat transfer is
possible up to a certain limit by adding nanoparticle to the pure water.

5.4. Entropy variation

In Fig. 7(i)–(iii), different forms of entropy generation are shown
for the effects of Ra. It should be noted that in Fig. 7(i), the entropy
generation due to heat transfer increases by increasing Ra because
increasing buoyancy force causes high temperature gradient. How-
ever, Fig. 7 (ii) tells that the increase of Ra causes the reduction of
entropy generation due to viscous effects. This is due to the increase
of buoyancy effects which induces the flow intensity thus causing re-
duction of shear effects and viscosity. Variation of total entropy gen-
eration is shown in Fig. 7(iii). As observed, the effect of Ra in
decreasing the total entropy generation is dominant for Ra less
than 105, where viscous effects are dominant. However, the effect
of Ra is more pronounced in nanofluid than the base fluid in all the
forms of entropy.

Various types of entropy generation are shown for the variation of ϕ
in Fig. 8(i)–(iii). It is clearly seen from the figures that, all forms of the
entropy generation increases due to increase of the solid volume frac-
tion of the nanofluid because the addition of more nanoparticles causes
higher temperature gradient as well as density which increases the
shear forces.

5.5. Bejan number variation

A better understanding of the effects of Ra and ϕ on entropy gener-
ation is obtained by studying the variation of Bejan number Be as shown
in Fig. 9(i)–(ii). It is noticed that at low Ra, the viscous effect is
pronounced, while at higher Ra, Be converges to one for all of the
cases either pure or nanofluid. The addition of nanoparticles towater in-
creases the viscosity. However, at the same time the thermal
(ii)

ith ϕ = 5% and (ii) ϕwith Ra= 104.



Table 2
Comparison of average Nusselt numbers for the present study with Nithiarasu et al. [31].

Ra Nithiarasu et al. [31] Present work for ϕ = 0% Present work for ϕ = 5%

103 3.58 2.89 3.99
104 3.59 3.0 4.29
105 5.63 5.69 8.09
106 11.37 11.1 15.89
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conductivity is also increased. The results obtained show that the
addition of nanoparticles increases both terms of entropy generation
almostwith the same rate. The entropy due to viscous effect is dominant
for Ra = 103 and Ra = 104 while the entropy due to heat transfer is
dominant for Ra = 105 and more.

5.6. Comparison

The average Nusselt number values for the present study are
compared to that of Nithiarasu et al. [31] for the same geometry.
The comparison is shown in Table 2. The present results for ϕ = 0%
are in good agreement with Nithiarasu et al. [31].

6. Conclusions

The laminar natural convection and entropy generation in a
nanofluid filled complex cavity with a horizontal and a vertical por-
tion are studied. The cavity is filled with either water or Cu–water
nanofluid. The effects on fluid flow, heat transfer and entropy gener-
ation at various Rayleigh numbers and solid volume fractions are
investigated. The results show that using the nanofluid, generally
leads to lowering the flow strength whereas increases the Nusselt
number, entropy generation and the Bejan number. By increasing
the Rayleigh number, the Nusselt number and Bejan number in-
crease. The total entropy generation is found minimum at Ra =
105. A general study of the variation of Nu and the total entropy gen-
eration with change of parameters involved shows that if enhanced
heat transfer rate with the lowest entropy generation is required in
the considered geometry the choice of Ra and ϕ is important.
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