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ABSTRACT

The problem of darcian natural convection in inclined square cavity partially filled between the cen-
tral square hole filled with fluid and inside a square porous cavity filled with nanofluid is numerically 
studied using the finite element m ethod. The left vertical wall is maintained at a constant hot tem-
perature Th and the right vertical wall is maintained at a constant cold temperature Tc, while the hor-
izontal walls are adiabatic. The governing equations are obtained by applying the Darcy model and 
Boussinesq approximation. COMSOL’s finite element method is used to solve the non-dimensional 
governing equations together with the specified boundary c onditions. The governing parameters of 
this study are the Rayleigh number (103 ≤ Ra ≤ 107), the Darcy number (10−5 ≤ Da ≤ 10−3), the 
fluid layer thickness (0.4 ≤ S ≤ 0 .8) and the inclination angle of the cavity ( 0◦ ≤ ω ≤ 6 0◦). The 
results for the values of the governing parameters in terms of the streamlines, isotherms and average 
Nusselt number will be presented. The convection is shown to be inhibited by the presence of the 
hole insert. The thermal property of the insert and the size have opposite influence on the convec-
tion. The results have possible applications in heat-removal and heat-storage fluid-saturated porous 
systems.

Keywords: Natural convection; Square cavity; Nanofluid; Interface; Darcy model.

NOMENCLATURE

Cp specific heat capacity
Da Darcy number
g gravitational accleration
k thermal conductivity
K permeability of the porous medium
L length of enclosure
Nu average Nusselt number
p the pressure
Pr Prandtl number
Ra Rayleigh number
S dimensionless fluid layer thickness
T temperature
u, v velocity components in the

x- and y-directions
U , V dimensionless velocity components

in the X-direction and Y -direction
x, y & X , Y space coordinates &

dimensionless space coordinates

α effective thermal diffusivity
α coefficient in Bevers

and Joseph’s matching condition
β thermal expansion coefficient
θ dimensionless temperature
µ dynamic viscosity
ν kinematic viscosity
φ solid volume fraction
ω the inclination angle of the cavity
ρ fluid density
Subscript
c cold
b f base fluid
f fluid
h hot
n f nanofluid
sp solid nanoparticle
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1. INTRODUCTION

Natural convection fluid flow and heat transfer
in porous media domains have received con-
siderable attention over the past few years and
importance is highlighted recently due to the
wide range of environmental situations or in-
dustrial applications. These include geother-
mal systems, thermal insulation, filtration pro-
cesses, ground water pollution, storage of nu-
clear waste, drying processes, solidification of
castings, storage of liquefied gases, biofilm
growth and fuel cells. problems of dealing with
the fluid motions in the clear region and the
porous medium have been extensively studied
for many years. Beavers and Joseph (1967) pre-
sented a simple situation of the boundary con-
ditions between a porous media and a homoge-
neous fluid. Poulikakos et al. (1986) consid-
ered high value of Rayleigh in natural convec-
tion in a fluid overlaying a porous bed using the
Darcy model. Meanwhile, Beckermann et al.
(1987) studied natural convection flow and heat
transfer between a fluid layer and a porous layer
inside a rectangular enclosure. Natural con-
vection heat and mass transfer in solidifica-
tion was studied by Beckermann et al. (1988).
On the other hand, Chen and Chen (1989) in-
vestigated convective stability in a superposed
fluid and porous layer when heated from be-
low, while Le Breton et al. (1991) examined
heat transfer and fluid flow through fibrous in-
sulation. Singh and Thorpe (1995) presented a
comparative study of different models on nat-
ural convection in a confined fluid and over-
lying porous layer. The problem of studying
the solute exchange by convection within es-
tuarine sediments was considered by Webster
et al. (1996). Goyeau et al. (2003) discussed
the problem of using one- or two domain for-
mulations for conservation equations. Mean-
while, Gobin et al. (2005) studied a particular
subclass of such problems where natural con-
vection takes place in a confined enclosure par-
tially filled with a porous medium. Nessrine
et al. (2010) numerically analyzed the fluid flow
and heat transfer in a pipe partially filled with
porous media by using Brinkman-Forchheimer-
Lapwood-extended Darcys model.

In addition to that, Vinogradov et al. (2011)
applied the finite volume method to study the
effect of the inclination angle on natural con-
vection heat transfer in two-dimensional cavi-
ties filled with pure fluid. Bhattacharya and Das
(2015) numerically considered the steady natu-
ral convective heat transfer in a square cavity by
studying different values of Rayleigh and Nus-
selt numbers. Thermal fluids are very impor-

tant for heat transfer in many industrial appli-
cations. The low thermal conductivity of con-
ventional heat transfer fluids such as water and
oils is the primary limitation in enhancing the
performance and the compactness of many en-
gineering electronic devices. Solid has a typi-
cally higher thermal conductivity than liquids.
For example, copper (Cu) has a thermal con-
ductivity of 700 time greater than that of water
and 3000 greater than engine oil. An innova-
tive and new technique to enhance heat trans-
fer is by using solid particles in the base fluid
(i.e. nanofluids) in the range of sizes 1050
nm (Chol 1995). Due to the small sizes and
very large specific surface areas of the nanopar-
ticles, nanofluids have superior properties like
high thermal conductivity, minimal clogging in
flow passages, longterm stability and homo-
geneity (Nasrin and Alim 2013). Thus, nanoflu-
ids have a wide range of potential applications
such as in electronics, automotive, and nuclear
applications where improved heat transfer or
efficient heat dissipation is required. Ramiar
et al. (2012) used the finite volume method to
study the effects of axial conduction and vari-
able properties on conjugate heat transfer in 2D
microchannel filled with nanofluid. Arani et al.
(2014) numerically investigated natural convec-
tion in a square cavity filled with nanofluids.
Chamkha and Ismael (2014) conducted for the
first time a numerical study to solve the prob-
lem of differentially heated and vertically par-
tially layered porous cavity filled with nanoflu-
ids on natural convection by using the Darcy-
Brinkman model. Zaraki et al. (2015) used
finite-difference method to theoretically study
the effects of size, shape, the type of nanopar-
ticles, the type of base fluid, the working tem-
perature of natural convection boundary layer
heat and the mass transfer of nanofluids. Nev-
ertheless, the study of natural convection fluid
flow and heat transfer in a square cavity par-
tially filled with nanofluid porous medium using
the Darcy model has not been undertaken yet.
The aim of this study is to investigate the dar-
cian natural convection in inclined square cavity
partially filled between the central square hole
filled with a fluid and inside a square porous
cavity filled with nanofluid.

2. MATHEMATICAL FORMULATION

Cosidering steady two-dimensional natural con-
vection in a square cavity with length L, the cav-
ity center inserted by square cavity filled with
pure fluid with length W , while the remainder
of the cavity (L−W ) is filled with nanofluid is
illustrated in Fig. 1. The left vertical wall of
the cavity is heated to constant temperature Th
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Fig. 1. Physical model of convection in a
square porous cavity together with the

coordinate system.

and the right vertical wall is maintained at con-
stant cold temperature Tc, while the horizontal
walls are adiabatic. The outer boundaries are as-
sumed to be impermeable, while the fluid layer
boundaries are assumed to be permeable. The
pores filled with fluid composed from water–
base nanofluids containing Ag, Cu or Al2O3
nanoparticles. According to the Boussinesq ap-
proximation, the fluid physical properties are
constant except for the density. By consider-
ing these assumptions, the conservation equa-
tions for mass, Darcy and energy equations for
steady natural convection for the fluid and the
nanofluid layers will be considered separately.
For the homogenous nanofluid (porous) layer,
the continuity, momentum and energy equations
can be written in dimensionless form as follows:

∂Un f
∂X

+
∂Vn f
∂Y

= 0, (1)

Un f
∂Un f

∂X
+Vn f

∂Un f

∂Y
=−(1−φ)2.5Rab f Da

×
(ρβ)n f

(ρβ)b f
g(θn f −θc)sinω, (2)

Un f
∂Vn f

∂X
+Vn f

∂Vn f

∂Y
=−(1−φ)2.5Rab f Da

×
(ρβ)n f

(ρβ)b f
g(θn f −θc)cosω, (3)

Un f
∂θn f

∂X
+Vn f

∂θn f

∂Y

=
αn f

αb f

(
∂2θn f

∂X2 +
∂2θn f

∂Y 2

)
. (4)

The continuity, momentum and energy equa-
tions for the fluid layer are can be written in

dimensionless form as follows:

∂U f

∂X
+

∂Vf

∂Y
= 0, (5)

U f
∂U f

∂X
+Vf

∂U f

∂Y
=−

∂Pf

∂X

+

(
∂2U f

∂X2 +
∂2U f

∂Y 2

)
+

Ra
Pr

θ f sinω, (6)

U f
∂Vf

∂X
+Vf

∂Vf

∂Y
=−

∂Pf

∂Y

+

(
∂2Vf

∂X2 +
∂2Vf

∂Y 2

)
+

Ra
Pr

θ f cosω, (7)

U f
∂θ f

∂X
+Vf

∂θ f

∂Y
=

1
Pr

(
∂2θ f

∂X2 +
∂2θ f

∂Y 2

)
.(8)

where the following dimensionless variables
have been used

X =
x
L
, Y =

y
L
, U =

Lu
α
, V =

Lv
α
,

θn f =
Tn f −Tc

Th−Tc
, θ f =

Tf −Tc

Th−Tc
. (9)

Here U and V are the dimensionless velocity
components along X-axes and Y -axes, Rab f =
gKρb f βb f (Th − Tc)L/(µb f αb f ) is the Rayleigh
number for both the fluid and the porous layer,
Da = K/L2 is the Darcy number for both the
fluid and the porous layer and Pr = ν f /α f is the
Prandtl number for both the fluid and the porous
layer. The dimensionless boundary conditions
of Eqs. (2)–(8) are:

θn f = θ f = 1 at X = 0 (10)
θn f = θ f = 0 at X = 1 (11)

∂θn f

∂Y
=

∂θ f

∂Y
= 0 at Y = 0, Y = 1 (12)

and at the interface by using the matching con-
ditions proposed by Beavers and Joseph (1967)

∂U
∂X

= α(U+−V−)/
√

Da,

θ |X=s+= θ |X=s− ,

kn f
∂T
∂X

s+ = k f
∂T
∂X

s−. (13)

where in our study the value of α fix at 1.

αn f is the effective thermal diffusivity of the
nanofluids, ρn f is the effective density of the
nanofluids and µn f is the effective dynamic vis-
cosity of the nanofluids and, which are defined
as

αn f =
kn f

(ρCp)n f
, ρn f = (1−φ)ρb f +φρsp,

µn f =
µb f

(1−φ)2.5 , (14)
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Where, the heat capacitance of the nanofluids
given is

(ρCp)n f = (1−φ)(ρCp)b f +φ(ρCp)sp (15)

The thermal expansion coefficient of the
nanofluids can be determined by

βn f = (1−φ)(β)b f +φβsp, (16)
(ρβ)n f = (1−φ)(ρβ)b f +φ(ρβ)sp. (17)

The thermal conductivity based on Maxwell-
Garnett’s (MG) model is given below:

kn f

kb f
=

ksp +2kb f −2φ(kb f − ksp)

ksp +2kb f +φ(kb f − ksp)
(18)

The local average Nusselt number evaluated at
the hot vertical wall of the nanofluid porous
layer is:

Nun f =
∫ 1

0

[
−
(

kn f

kb f

)
∂θn f

∂X

]
dY. (19)

3. NUMERICAL METHOD AND VALI-
DATION

Based on the Galerkin finite element method
(GFEM), the governing equations subject to
the boundary conditions are solved numerically
using the CFD software package COMSOL
multiphysics, a general-application solver and
simulation of interconnected partial differential
equation. This flexible platform contains the
art numerical algorithms and visualization tools
bundled together with an easy to use interface.
The COMSOL’s finite element method was ap-
plied to solve the two momentum equations in
nanofluid layer Eqs. (2, 3), the heat transfer
in nanofluid layer Eq. (4), the two momen-
tum equations in fluid layer Eqs. (6, 7) and the
heat transfer in fluid layer Eq. (8) subject to the
boundary conditions Eqs. (10)–(13).

In this investigation, mesh generation on square
cavity is made by using graph grid. By con-
sidering the accuracy, finer, extra fine and ex-
tremely fine mesh sizes were selected for all the
computations done in this study. As a valida-
tion, we compared our figures with what were
presented by Singh and Thorpe (1995) as shown
in Fig. 2. Fig. 2. shows the comparison
between present results and results present by
Singh and Thorpe (1995) for Ra = 105, Da =
10−5, φ = 0 and S = 0. It is clear from this com-
parison that the present results are in excellent
agreement with the corresponding results.

4. RESULTS AND DISCUSSION

In this section, we present numerical results
for the streamlines of nanofluid/fluid-layer and
isotherms of nanofluid/fluid-layer with various
values of Rayleigh number (103 ≤ Ra ≤ 107),
Darcy number (10−5 ≤ Da ≤ 10−3), the fluid
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Fig 2. Streamlines (a), Singh and Thorpe

(1995) (left), present study (right), isotherms
(b), Singh and Thorpe (1995) (left), present

study (right) for RRRaaa === 1110005, DDDaaa === 111000−5,
φφφ === 000 and SSS === 000...555.

Table 1 Thermo-physical properties of water
with Ag, Cu and Al2O3

Properties
Physical Water Ag Cu Al2O3

Cp(J/kgK) 4179 235 383 765
ρ(kg/m3) 997.1 10500 8954 3600

k (Wm−1K−1) 0.6 429 400 46
β×10−5 (1/K) 21 5.4 1.67 0.63

Table 2 Effective thermal conductivity
values of nanofluids at 333000000◦KKK

Nanofluid φ kn f
Water-Ag 0.05 0.694

0.10 0.799
0.15 0.916
0.20 1.048

Water-Cu 0.05 0.694
0.10 0.799
0.15 0.916
0.20 1.047

Water-Al2O3 0.05 0.691
0.10 0.791
0.15 0.903
0.20 1.029
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layer thickness (0.4 ≤ S ≤ 0.8), the inclination
angle of the cavity (0◦ ≤ ω ≤ 60◦) and Prandtl
number Pr = 6.2. The values of the average
Nusselt number were calculated for various val-
ues of Ra, φ and ω. Before we move on to
the discussion of the results it is worthwhile
knowing about values of quantities of base fluid,
nanoparticles and effective thermal conductivity
values concerning a nanofluid. These are pre-
sented in the Tables 1 and 2. From Table 2 it is
apparent that the thermal conductivity, kn f , in-
crease with increase in φ but the rates at which
they increase determines their role in either en-
hancing or diminishing heat transfer.

Figure 3 shows the effects of various Rayleigh
numbers on the streamlines (left) and isotherms
(right) for water–Cu nanoparticles with Darcy
number (Da = 10−3), fluid layer thickness (S =
0.5) and inclination angle of the cavity (ω= 0◦).
Within the scope of the present study, Fig. 3(a)
demonstrates the streamlines and isotherm pat-
terns at a lower value Rayleigh number (104).
The heated left wall of the cavity caused the
flow inside the cavity to rise and the flow be-
gan to move from the left wall (hot) (nanofluid
partition) to the right wall (cold) with infiltrates
into the fluid layer, descending along the right
wall, and then ascending again at the hot wall,
creating a clockwise rotating cell inside the cav-
ity (fluid partition). The flow circulation of the
streamlines cells for nanofluid are bigger than
that for pure fluid. When the streamlines circu-
lated as vortices in the clockwise direction (neg-
ative signs of Ψ), the strength of the flow cir-
culation was presented by Ψmin. The conduc-
tion heat transfer forced the isotherms patterns
within the nanofluid layer to take an almost di-
agonal shape while, the convection mode heat
transfer affected the isotherms patterns within
the fluid layer appeared as diagonal lines on the
vertical walls. As the nanoparticle volume frac-
tion is applied (φ = 0.05), the circulation inten-
sity decreases (see Ψmin values) due to the lower
value of the Rayleigh number (104). The in-
tensity of the streamlines within the nanofluid
layer increases as Ra increases, due to the per-
meability of the nanofluid layer. The increase
in the strength of the flow circulation can be ob-
served with the increase in the values of Ra (see
Ψmin values). As the nanoparticle volume frac-
tion is applied (φ = 0.05), the circulation inten-
sity increases (see Ψmin values) due to the in-
crease in the thermal conductivity of nanofluid,
as shown in Fig. 3(b). The streamlines circula-
tion cell inside the cavity shrinks and becomes
two oval cells on the interface walls. The distor-
tion of the isotherms pattern is enhanced as the

Rayleigh number increases (Ra = 105), the ver-
tical isotherms pattern in the nanofluid tended
to become diagonal lines, while into the fluid
layer the diagonal lines tend to turned to the hor-
izontal shaped. A significant modification in the
streamlines and isotherm patterns presented by
Fig. 3(c), at higher Ra, the two circulation cells
on the interface are disappeared, the streamlines
intensity increases near to the vertical walls (lett
and right). The flow circulation of the stream-
lines cells for nanofluid become smaller than
that for pure fluid.

The effects of Darcy number on the stream-
lines (left) and isotherms (right) are illustrated
in Fig. 4. for water–Cu nanoparticles, Ra= 105,
S = 0.5 and ω = 0◦. Fig. 4(a) depicts the effect
of changing the flow motion with the bound-
ary conditions set at a lower Da value of (Da =
10−5). As the nanoparticle volume fraction is
applied (φ = 0.05), the circulation intensity de-
creases (see Ψmin values) due to the lower value
of Darcy number (10−5). Increasing Da to 10−4

leads to the increase in the intensity of stream-
lines and as a result, the strength of the flow cir-
culation increases (see Ψmin values). The flow
circulation of the streamlines cells for nanofluid
become closer to that of pure fluid. The diag-
onal isotherm patterns movement into the fluid
layer is significantly effected by the convection
and the isotherm patterns close to the interface
tend to take a horizontal shape as Da increases,
as presented in Fig. 4(b). Increasing Da to a
higher value (10−3) enhances the streamlines.
As a result, the two streamlines circulation cells
on the interface walls tend to increase and trans-
form into a trapezoidal shape. The strength of
the flow circulation increases by applying the
nanoparticle volume fraction (φ = 0.05), (see
Ψmin values) due to the increases in the thermal
conductivity of the nanofluid with high Da. The
distortion of the isotherms pattern is enhanced
because the isotherms patterns within the fluid
layer tend to take an almost horizontal shape
while the isotherms patterns near the vertical
walls (hot and cold wall) appear with vertical
lines, as shown in Fig. 4(c).

Figure 5 depicts the effect of fluid layer thick-
ness on the streamlines (left) and isotherms
(right) for water–Cu nanoparticles, Ra = 105,
Darcy number (Da = 10−3) and inclination an-
gle of the cavity (ω = 0◦). The effect of lower
S (S = 0.4) on the flow motion with the bound-
ary conditions sets is demonstrated in Fig. 4(a).
The streamlines tend to appear with high inten-
sity in the nanofluid layer and with two circu-
lation cells on the interface. The flow circula-
tion of the streamlines cells for the nanofluid
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Fig. 3. Streamlines (left) and isotherms (right) evolution by Rayleigh number for water–Cu at
DDDaaa === 111000−3, SSS === 000...555, ωωω === 000◦, φφφ === 000 (solid lines) and φφφ === 000...000555 (dashed lines).
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Fig. 4. Streamlines (left) and isotherms (right) evolution by Darcy number for water–Cu at
RRRaaa === 1110005, SSS === 000...555, ωωω === 000◦, φφφ === 000 (solid lines) and φφφ === 000...000555 (dashed lines).
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(b) S = 0.4

(c) S = 0.6

(d) S = 0.8
Fig. 5. Streamlines (left) and isotherms (right) evolution by fluid layer thickness for water–Cu

at RRRaaa === 1110005, DDDaaa === 111000−3, ωωω === 000◦, φφφ === 000 (solid lines) and φφφ === 000...000555 (dashed lines).
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Fig. 6. Streamlines (left) and isotherms (right) evolution by inclination angle of the cavity for
water–Cu at RRRaaa === 1110005, DDDaaa === 111000−3, SSS === 000...555, φφφ === 000 (solid lines) and φφφ === 000...000555 (dashed lines).
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is closer to that of pure fluid. The strength of
the flow circulation increases (see Ψmin values)
after the addition of the nanofluid, due to the
increase in thermal conductivity. The flow cir-
culation of the streamlines cells for pure fluid
are bigger than that for nanofluid. By increasing
thickness of the fluid layer (S= 0.6), the stream-
line intensity into the fluid layer increases, af-
fected by the resistance of the nanofluid (porous
layer) hydrodynamic. The two circulation
cells on the interface tend to disappear for the
nanofluid, while for the pure fluid the cells
shrink when they transform into the Multiplica-
tion shape. The strength of the flow circulation
decreases for both pure fluid and nanofluid with
the increasing value of S (see Ψmin values), due
to the resistance of the hydrodynamic nanofluid
layer. The movement of the horizontal isotherm
patterns into the fluid layer tend to take a di-
agonal shape, enhanced by the convection heat
transfer, while the movement of the isotherm
patterns into the nanofluid layer becomes more
diagonal as S increases, as illustrated in Fig.
5(b). At a higher S value (S = 0.8), the stream-
lines are significantly affected; the two circula-
tion cells into the fluid layer become one ellip-
tical cell in the cavity centre for both nanofluid
and pure fluid. The isotherm patterns tend to ap-
pear vertically and become more dense closer to
the vertical (hot and cold) walls, while into the
fluid layer tend to cause them to take the diago-
nal shape, as shown in Fig. 5(c).

The effect of the inclination angle of the cavity
on the streamlines (left) and isotherms (right) is
presented in Fig. 6. for water–Cu nanoparti-
cles, Ra = 105, Da = 10−3 and S = 0.5. The
lower effect of ω (ω = 30◦) on the flow motion
with the boundary conditions sets is demon-
strated in Fig. 6(a). The streamlines tend to
appear with high intensity into the fluid layer
and with two circulation oval cells close to the
interface. The flow circulation of the stream-
lines cells for pure fluid are bigger than that
for nanofluid. The strength of the flow circula-
tion for the streamlines in the clockwise direc-
tion decreases by applying 5% of Cu nanopar-
ticles (see Ψmin values). The isotherms pat-
terns within the nanofluid layer and fluid layer
tend to take a vertical shape due to the effect
of the inclination angle. Increasing ω value to
45◦ tends to affect the streamlines, the two cells
of the streamlines have a tendency to become
one cell along the fluid layer. The strength of
the flow circulation for the streamlines increases
by increasing ω and the flow circulation of the
streamlines cells for pure fluid tend to become
closer to that of nanofluid. The isotherms pat-
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Fig. 7. Variation of the strength of the
streamlines interfaces with the volume
fraction for different nanoparticles at

RRRaaa === 1110005, DDDaaa === 111000−3, SSS === 000...555 and ωωω === 000◦.

terns within the nanofluid and fluid layer are
significantly affected by increasing ω. When
moving into the fluid layer, the isotherms pat-
terns take the shape of horizontal lines, while
when they are near to the non-adiabatic (left and
right) walls, the isotherms patterns appear ver-
tically. The high increase of ω (ω = 60◦) af-
fects the streamlines, the singular streamlines
cell along the adiabatic (top and bottom) walls
tend to becomes two cells on the interface walls.
The strength of the flow circulation is switched
into the anti-clockwise direction (positive signs
of Ψ) by the increase of ω. The isotherms pat-
terns within the cavity tend to take a diagonal
shape and appear from the opposite direction of
the vertical walls, as illustrated in Fig. 6(c).

Figure 7 shows the effect of various nanopar-
ticles on the strength of the streamlines with
nanoparticle volume fractions for Ra = 105,
Da = 10−3, S = 0.5 and ω = 0◦. We observe
different behavior of the fluid flow by consid-
ering various nanoparticles affected by the vis-
cosity forces and the inertial force. The strength
of the flow circulation increases by adding Ag
nanoparticle due to thermal conductivity in-
crement which leads to strong inertial force.
Adding Cu and Al2O3 nanoparticles tend to de-
crease the strength of the flow circulation due
to the lower thermal conductivity. The signif-
icant enhancement appears on the strength of
the streamlines obtained by higher nanoparticle
volume fractions (φ≥ 0.1).

Figure 8 summarizes the variations in the av-
erage Nusselt numbers with Rayleigh number
for different nanoparticle volume fractions of
water–Cu at Da = 10−3, S = 0.5 and ω = 0◦.
Naturally, the convection heat transfer is in-
creased with the rise of Rayleigh number. A
higher concentration of nanoparticle volume
fractions (φ = 0.2) leads to a higher average
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Nusselt number, but this value tends to drop
lower than other values (φ = 0 and 0.1) when
the concentration of Rayleigh number is be-
tween [104,105] due to the structure of the cav-
ity. The significant enhancement in average
Nusselt number appears with the high values of
Rayleigh number (Ra > 105).

Figure 9 shows the effect of the fluid layer
thickness on the average Nusselt number with
Rayleigh number for water–Cu at Da = 10−3,
φ = 0.05 and ω = 0◦. As a result, the con-
vection heat transfer enhancement occurs sig-
nificantly at high Rayleigh number (Ra > 105),
whereas lower Rayleigh number values have
less effect on the convection. As the Rayleigh
number increases, the average Nusselt number
increases. The smaller nanofluid thickness layer
(S = 0.4) has stronger effect on the heat transfer
rate which has a higher average Nusselt number
due to the lower thermal conductivity of pure
fluid compared to that of nanofluid.

Figure 10 depicts the effect of various nanopar-
ticles on the average Nusselt number with
nanoparticle volume fractions at Ra = 106,
Da = 10−3, S = 0.5 and ω = 0◦. Due to its
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Fig. 10. Variation of the average Nusselt
number interfaces with φφφ for different
nanoparticles at RRRaaa === 1110006, DDDaaa === 111000−3,

SSS === 000...555, and ωωω === 000◦.

Fig. 11. Variation of the average Nusselt
number interfaces with φφφ for different ωωω at

RRRaaa === 1110006, DDDaaa === 111000−3 and SSS === 000...555.

higher thermal conductivity, Ag helps water in
transporting more heat compared to what it does
with Cu and Al2O3 nanoparticles, also shown in
Table 2. The weak enhancement appears in the
convection by applying Al2O3 nanoparticle as
the nanoparticle volume fraction increases, due
to lower thermal conductivity of Al2O3. How-
ever, it can be seen that Cu transports marginally
more heat than Al2O3.

A very interesting result on the effect of vari-
ous inclination angle of the cavity on the aver-
age Nusselt number for water–Cu at Ra = 106,
Da = 10−3 and S = 0.5 can be seen in Fig.
11. We find that the average Nusselt number
increases with the increase of the nanoparticle
volume fractions, φ, due to high thermal con-
ductivity of the nanofluid which transfer more
heat than pure fluid. Furthermore, when the
value of the inclination angle of the cavity is
ω = 45◦, it has a strong enhancement in the heat
transfer rate which has the maximum value of
the average Nusselt number. Smaller inclination
angle ω = 30◦ transfers less heat which has the
minimum value of the average Nusselt number.

Figure 12 demonstrates the effect of various
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number interfaces with ωωω for different SSS at
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fluid layer thickness on the average Nusselt
number with the inclination angle of the cav-
ity for water–Cu at Ra = 106, Da = 10−5, and
φ = 0.05. As the inclination angle of the cavity
increases, the heat transfer enhances due to the
velocity changing. At lower S the average Nus-
selt number occurs with the maximum value, in-
creasing ω tends to reduce the convection for
the maximum S (S = 0.8) due to the lower ther-
mal conductivity of pure fluid. For the mini-
mum S (S = 0.4) and the increase of ω, the heat
transfer rate is not affected.

5. CONCLUSION

Some important conclusions from the study are
provided below:

1. It is found that when the nanoparticle
volume fraction is applied, the circula-
tion intensity increases due to the increase
in the thermal conductivity of nanofluid.
The conduction heat transfer pushes the
isotherms patterns within the nanofluid
layer to take an almost diagonal shape,
while the convection mode heat transfer
forces the isotherms patterns within the
fluid layer to appear as horizontal lines on
the vertical walls.

2. By increasing the nanofluid layer thick-
ness, the transfer of streamline intensity
into the fluid layer increases and this is af-
fected by the resistance of the nanofluid
(porous layer) hydrodynamic

3. A higher nanoparticle volume fraction
(φ = 0.2) leads to a higher overall Nusselt
number, but this value tends to drop lower
than other values (φ = 0 and 0.1) when the
concentration of Rayleigh number is be-
tween [104,105], due to the structure of the
cavity.

4. The smaller nanofluid thickness layer (S =
0.4) has a stronger effect on the heat trans-
fer rate which has a higher average Nusselt
number due to lower thermal conductivity
of pure fluid compared to that of nanofluid.

5. Qualitatively, the enhanced-heat transfer
situation is seen in all the three nanoliq-
uids compared to that of the base fluid but
the following general result holds:

Nuwater−Ag > Nuwater−Cu > Nuwater−Al2O3 .

6. The applications of this important result
can be seen in the context of heat removal
and heat storage systems like solar-energy
systems and nuclear energy systems.
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