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ABSTRACT
In the present work, enhancement of convective heat transfer rate in three-dimensional U-shaped
enclosures using nanofluids is numerically investigated. Two different types of nanoparticles, namely,
Cu, and Al2O3, with pure water, are the considered single-phase nanofluids. Natural convection and
geometric parameter effects on the averaged Nusselt numbers are investigated. Velocity vectors and
isothermfields for the Al2O3/H2O nanofluid are presented at various Rayleigh numbers. The governing
dimensionless equations are solved using the commercial finite-volume-based computational fluid
dynamics code, FLUENT. Our results are consistent with previously published predictions. In particu-
lar, heat transfer enhancement is found to increase with increasing nanoparticles volume fractions,
Rayleigh numbers, as well as cooled wall length extensions.

Introduction

By the end of the twentieth century, researchers world-
wide considered nanotechnology as one of the essential
rising forces that would drive the next major industrial
revolution for the better part of this century. Indeed,
nanofluids discovery in the early to mid-nineties served
to open a wide range of research projects by scientists
and engineers attempting to determine their feasibility
for commercial applications. Such applications include
working fluid systems, which due to their importance
in industrial applications instigated in-depth studies on
buoyancy-driven flows in enclosures connected with
electronics cooling, renewable energy systems, and
solidification processes, [1]–[3].

In this context, Oztop and Abu-Nada [4] studied the
effects on natural convection using different types and
concentrations of nanoparticles in a partially-heated rect-
angular enclosure. They have shown that heat transfer is
highly proportional to the types of nanoparticles provided
and the volume fractions used.

Aminossadati andGhasemi [5] andGhasemi andAmi-
nasossadati [6] showed an enhancement in heat transfer
by the addition of nanoparticles. Ravnik et al. [7] carried

CONTACT Dr. Noureddine Ouerfelli nouerfelli@yahoo.fr Institut Supérieur des Technologies Médicales de Tunis,  Avenue Dr. Zouhaier Essafi  Tunis,
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out a numerical study for the simulation of free convec-
tion in a cubic cavity filled with nanofluids, based on the
boundary element method solution. Godson et al. [8]
who also dealt with recent theoretical and experimental
studies on the nature and characteristics of heat transfer
of various nanofluids with different particle concentra-
tions and flow rates, based on the literature published so
far. It was found that the available experimental results
are insufficient to predict the trend for enhancement in
heat transfer characteristics under laminar and turbulent
regimes and therefore, further investigations are neces-
sary. Gümgüm and Tezer-Sezgin [9] reported a numerical
study on unsteady mixed convection flow of nanofluids
in lid-driven enclosures filled with aluminum-oxide and
copper–water based nanofluids by the method of dual
reciprocity boundary elementmethod. There, the authors
showed that the average Nusselt number increased with
the increase of the nanoparticles volume fraction, and
decreased with increases in both the Richardson number
(Ri) and the duration of the heat source application.

Mansouret al. [10] investigated the natural convection
in aC-enclosure partially heated from the bottomwith the
top filled with different types of nanofluids. They found
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that, independent of the aspect ratio of the enclosure, the
mean Nusselt number increased with increasing values of
the nanoparticles volume fraction and the Rayleigh num-
ber (Ra) of Cu nanoparticles. Likewise, the rate of heat
transfer increased with increasing nanoparticles volume
fractions and with decreasing aspect ratios of the cavity.
At low values of the Ra, the effect of the nanofluid on
enhancement of heat transfer for narrow enclosures was
greater than that for wider enclosures.

Several published papers in the open literature that
mainly focused on the prediction andmeasurement tech-
niques inside stationary nanofluids showed substantial
augmentation of heat transfer in a nanofluid consisting
of aluminum or copper nanoparticles in water and other
base fluids [11]–[14]. We note that only few papers
[7]–[9],[15]–[19] have evaluated the component frac-
tions and physical properties of nanofluids including the
experimental, numerical, and theoretical investigations.
Alumina (Al2O3) and copper are the most common and
inexpensive nanoparticles used by many researchers in
their numerical, analytical and experimental investiga-
tions. All results indicate the enhancement of the thermal
conductivity by addition of nanoparticles. In nanoflu-
ids research [20]–[23], solutions have been obtained
by employing either the single-phase approach or the
two-phase approach. In contrast to the single-phase
method and due to the complexity involved in modeling
two-phase flow, using the two-phase modeling approach
for nanofluids has been limited. Consequently, most of
the numerical solutions have been obtained using the
single-phase model. It should be mentioned that claiming
that the two-phase approach is a better model to describe
the nanofluid flow, some researchers have employed a
two-phase mixture theory to evaluate the heat transfer
enhancement in nanofluids [24], [25].

Garoosi et al. [26] have shown that the thermophoretic
effect is negligible for nanoparticles with a high thermal
conductivity (Cu, ks = 400W/m�K) and the single-phase
approach remains valid even for small values of theRa. On
the other hand, for high values of Ra, the homogeneous
single-phase approach is valid. This is explained by the
fact that the particle distribution remains almost uniform.
The prediction results addressing natural and mixed con-
vection heat transfer of a nanofluid in a 2D square cav-
ity with several pairs of heat source-sinks was reported
by Garoosi et al. [27]. The results of this study illustrated
that, for each Ra and Ri, there was an optimal volume
fraction of the nanoparticles at which the maximum heat
transfer rate occurred. Furthermore, it was observed that
at low Ra and high Ri, the particle distribution was fairly
non-uniform.Moreover, it was shown that for a high ther-
mal conductivity for nanoparticles, the thermophoretic
effects were negligible. Finally, in such conditions, it was

concluded that the use of homogeneous and single-phase
models was valid at any Ra and Ri [27].

The flow characteristics in a two-sided lid-driven cav-
ity with several pairs of heaters and coolers inside uti-
lizing nanofluids were simulated by Garoosi et al. [28]
using a two-phase mixture model. Their results indicated
that when natural convection was dominant at high Ri,
the drag and gravity forces played an important role in
the distribution of the solid particles with a diameter of
the nanoparticle ds greater than 145 nm. Therefore, the
values of the Ri greater than 10, reflected essential non-
homogeneous distribution of the nanoparticles inside the
cavity [28].

The most convenient application of U-shaped enclo-
sures can be cooling of some electronic parts in the man-
ufactures and micro-electro-mechanical systems devices.
A literature review on the enhancement of convective heat
transfer rate using nanofluids shows that, over the last
years, a lot of efforts have been done to investigate experi-
mentally this problem [15]. However, there are very few
studies related to numerical investigations on this sub-
ject. Therefore, there is no work that presents a three-
dimensional numerical study for this geometric shape.
Furthermore, all studies concentrated only on one type of
nanoparticles.

In the present work, three-dimensional laminar nat-
ural convection heat transfer of pure water, Al2O3-
water and Cu-water nanofluids in a U-shaped enclosure
is numerically investigated by using the finite-volume
method based computational fluid dynamics solver (FLU-
ENT) [29], the governing equations describing the heat
transfer and the performance of the fluid flow in enclo-
sures are modeled using the Boussinesq approximation
[30]. One novelty in the present numerical work is that
the governing equations are expressed in the dimension-
less form which dominates the convergence problems
for complex geometry or for natural convection problem
[31], [32]. The effects of the geometry parameters of the
U-shaped cavity, nanoparticles volume fraction and the
Ra on the average Nusselt number are discussed.

Mathematical formulation

The present study considers a numerical investigation
for natural convective heat transfer in a U-shape enclo-
sure filled with a nanofluid exposed to a constant heat
flux q on the exterior side walls, for which the concaves
of the enclosure are kept at a constant low temperature
Tc and the other walls are assumed to be adiabatic. In
the meantime, at all wall impermeable surfaces, a no-slip
velocity boundary condition is utilized. The nanofluids
Al2O3/water and Cu/water considered in this work are
assumed as single-phase fluids.
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Figure . Physical model of the problem.

In order to get accurate results, a large number of
nodes are generated for the full winding geometry model.
Simulations have been performed for the pertinent
parameters in the following ranges: the volume fraction
of alumina nanoparticles, ϕ = 0 – 0.15, and Ra = 103–
107. Our findings are compared with the available results
in the literature [20]–[26]. Moreover, based on the fact
that the presence of nanoparticles deteriorates the heat
transfer and decreases convection because of the high
increase of the fluid viscosity, empirical models corre-
lating some parameters with some physico-chemical,
thermo-physical and temperature effects on some pure
and mixed fluids, and electrolyte and non-electrolyte
solutions will be proposed and discussed [33]–[42].

Governing equations and boundary conditions

Figure 1 illustrates the U-shaped cavity which is exposed
to a constant heat flux q on the exterior side walls
(S1-S2-S3) and at the same time, a low temperature Tc
which remains constant on the interior walls (C1-C2-C3).
We have isolated the three remaining walls, the nanofluid
is assumed as a single-phase fluid with a local thermal
equilibrium between the base fluid and the nanoparti-
cles suspended in it. The thermophysical properties of the
base fluid and the Al2O3 and Cu nanoparticles are given
in Table 1. Tables 2 and 3 indicate, respectively, the physi-
cal and thermal properties of the alumina-water nanofluid
and the copper-water nanofluid. Except for the density
of the nanofluid which is approximated by the Boussi-
nesqmodel, the properties of the nanofluid are considered
constant.

The governing equations for a nanofluid are similar to
those for a base fluid flow; in the single-phase approach;
the nanoparticles and the base fluid are assumed to be

in local thermal equilibrium, with no relative motion
occurring between them. Therefore, the nanoparticles
have a uniform shape and size, and are well dispersed
within the base fluid. The density is then assumed to
vary in accordance with the Boussinesq approximation,
and that the nanofluid within the cavity is Newtonian,
laminar, incompressible, and in a steady state. Finally,
all other thermo-physical properties of the nanofluid are
presumed constant.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂u
∂x + ∂v

∂y + ∂w
∂z = 0

u ∂u
∂x + v ∂u

∂y + w ∂u
∂z = − 1

ρn f

∂ p
∂x + μn f

ρn f

(
∂2u
∂x2 + ∂2u

∂y2 + ∂2u
∂z2

)

u ∂v
∂x + v ∂v

∂y + w ∂v
∂z = − 1

ρn f

∂ p
∂y + μn f

ρn f

(
∂2v
∂x2 + ∂2v

∂y2 + ∂2v
∂z2

)

+ (ρβ)n f

ρn f
g (T − TC)

u ∂w
∂x + v ∂w

∂y + w ∂w
∂z = − 1

ρn f

∂ p
∂x + μn f

ρn f

(
∂2u
∂x2 + ∂2u

∂y2 + ∂2u
∂z2

)

u ∂T
∂x + v ∂T

∂y + w ∂T
∂z = αn f

(
∂2T
∂x2 + ∂2T

∂y2 + ∂2T
∂z2

)
(1)

In the present work, we are adopting the relations
which depend only on the volume fraction of nanopar-
ticles and which were proven and used in many earlier
studies as indicated in the following equations. The effec-
tive density of a nanofluid containing suspended particles
at a reference temperature, the heat capacity and thermal
expansion coefficient are as follows, respectively [1], [43]:

ρn f = (1 − ϕ)ρ f + ϕρs (2)
(ρCp)n f = (1 − ϕ)(ρCp) f + ϕ(ρCp)s (3)
(ρβ)n f = (1 − ϕ)(ρβ) f + ϕ(ρβ)s (4)

The thermal diffusivity and the thermal expansion
coefficient of the nanofluid are defined by Ostrach [15]
as:

αn f = kn f
(ρCp)n f

(5)

βn f = (1−ϕ) (ρβ) f + ϕ(ρβ)s

(1−ϕ) ρ f + ϕρs
(6)

The dynamic viscosity of the nanofluid containing
a dilute suspension of small rigid spherical-particles is
given by Brinkman model [16], as:

μn f = μ f (1 − ϕ)−2.5 (7)

Taking into consideration the analytical formulation
for the models of Maxwell [44] and Hamilton-Crosser
[45], the applicability of the theoretical approach for the
thermal conductivity of nanofluids may be questionable
for different nanoparticle types. Both models depend
only on the thermal conductivity of base fluid (kf),
particles (ks), and the volume concentration (ϕ). Most
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Table . Thermophysical properties of the base fluid and AlO and Cu nanoparticles at T=  K.

Thermophysical properties k (W/mK) μ·− (Pa.s) β·− (K−) ρ (kg/m) Cp (J/kg.K) α·− (ms−)

Fluid phase (water) . .  .  .
(Alumina) AlO  … .   .
(Copper) Cu  … .   .

Table . Thermophysical properties of alumina water nanofluid at
T=  K.

ϕ ρnf (Cp)nf μnf knf

. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .

of the static models were developed by directly mod-
ifying the Maxwell model and the Hamilton-Crosser
model. The newly Maxwell-Garnet’s model developed
by considering that the nanoparticles are isolated in the
base fluid and that there is no interaction between the
nanoparticles. Moreover, this model is developed based
on the effective medium theory approach.

The theoretical models of Maxwell and Hamilton-
Crosser are formulated as follows [46]:

kn f = k f [ks + 2k f − 2ϕ(k f − ks)]
× [ks + 2k f + ϕ(k f − ks)]−1 (8)

kn f = k[ks + (ξ − 1)k f − (ξ − 1)ϕ(k f − ks)]
× [ks + (ξ − 1)k f + ϕ(k f − ks)]−1 (9)

where ξ is the empirical shape factor given by 3/ψ , and
ψ is the particle sphericity, defined as the ratio of the
surface area of a sphere with volume equal to that of the
particle; for a spherical particle (ξ = 3). Equation (1)

Table . Thermophysical properties of copper water nanofluid at T
=  K.

ϕ ρnf (Cp)nf μnf knf

 . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .

can be converted to non-dimensional forms, using the
following dimensionless quantities [47]:

x∗ = x
H

; y∗ = y
H

; z∗ = z
H

u∗ = Hu
α f

; v∗ = Hv

α f
; w∗ = Hw

α f

p∗ = H2p
ρ fα

2
f

; 	∗ = T − Tc
qH
k f

(10)

Under the assumption of ignoring the viscous dis-
sipation and thermal radiation effects, the continuity,
momentum, and energy equations for the nanofluid in
dimensionless form are as follows:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂u∗
∂x∗ + ∂v∗

∂y∗ + ∂w∗
∂z∗ = 0

u∗ ∂u∗
∂x∗ + v∗ ∂u∗

∂y∗ + w∗ ∂u∗
∂z∗ = − ρ f

ρn f

∂ p∗

∂x

+ νn f

ν f
Pr

(
∂2u∗
∂x∗2 + ∂2u∗

∂y∗2 + ∂2u∗
∂z∗2

)

u∗ ∂v∗
∂x∗ + v∗ ∂v∗

∂y∗ + w∗ ∂v∗
∂z∗ = − ρ f

ρn f

∂ p∗

∂y

+ νn f

ν f
Pr

(
∂2v∗
∂x∗2 + ∂2v∗

∂y∗2 + ∂2v∗
∂z∗2

)

+ (1−ϕ)(ρβ) f +ϕ(ρβ)s
ρn f β f

RaPr	∗

u∗ ∂w∗
∂x∗ + v∗ ∂w∗

∂y∗ + w∗ ∂w∗
∂z∗ = − ρ f

ρn f

∂ p∗

∂z

+ νn f

ν f
Pr

(
∂2w∗
∂x∗2 + ∂2w∗

∂y∗2 + ∂2w∗
∂z∗2

)

u∗ ∂	∗
∂x∗ + v∗ ∂	∗

∂y∗ + w∗ ∂	∗
∂z∗ = αn f

α f

(
∂2	∗
∂x∗2 + ∂2	∗

∂y∗2 + ∂2	∗
∂z∗2

)
(11)

This system of equations shows that the dimensionless
numbers characterizing of natural convection, namely the
Prandlt number (Pr) and the Ra, are expressed by:

Ra = gβ f H4q
α f ν f k f

; Pr = ν f

α f
(12)

The boundary and initial conditions are given by:

u∗ = v∗ = w∗ = 0 , 	∗ = 0 , p∗ = 0

(13)
bondary C1, C2 andC3; 	∗ = 0; u∗ = v∗ = w∗ = 0

bondary S1, S2 and S3; ∂	
∗

∂n∗ = k f

kn f
; u∗ = v∗ = w∗ = 0

other surfaces; ∂	
∗

∂n∗ = 0; u∗ = v∗ = w∗ = 0 (14)

where n denotes the normal vector.
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Nusselt number

To estimate the heat transfer performance, we calculate
the local Nusselt number (Nuloc) as follows:

Nuloc = hH
k f

(15)

Where, h = q
(Tsr−T ) is the convection heat transfer coef-

ficient, and Tsr is the surface temperature.
In the dimensionless form, the Nusselt number

can be written via substituting Equation (10) into
Equation (15):

Nuloc = 1
	∗

s
(16)

and the average Nusselt number can be obtained as:

Nuavg =
∫∫

S1
NulocdS1 +

∫∫
S2
NulocdS2 +

∫∫
S3
NulocdS3

(17)

CFDmodel setting parameters

Numerical solutions are obtained for a three-dimensional
laminar natural convection in a U-shaped cavity filled
with nanofluids to examine the fluid flowandheat transfer
characteristics. The governing equations with the bound-
ary conditions are resolved using the FLUENT commer-
cial solver [48]. In this package, a GAMBIT program was
utilized to generate the mesh surface and geometries, and
to define the boundary conditions of the required system.
Computational fluid dynamics (CFD) is a tool or a tech-
nique which permits us to study the heat transfer, fluid
flow and associated phenomena based on computer sim-
ulations; Fluent [48] carries out dimensional analysis.

In this work, the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm which uses a rela-
tionship between velocity and pressure corrections to
enforce mass conservation and to obtain the pressure
field is used. The PRESTO (PREssure STaggering Option)
scheme is chosen for pressure interpolation which uses
the discrete continuity balance for a “staggered” con-
trol volume about the face to compute the face pressure.
For flows with Rayleigh-number natural convection, and
flows in strongly curved domains, this scheme is preferred
over other pressure interpolation schemes. The under-
relaxation factors used in the present study are 0.3 for
pressure and 0.7 for momentum conservation. The resid-
uals for the velocity components and continuity equation
were of the order of 10−5, and for temperature field, were
of the order of 10−8.

Figure . Variation of average Nusselt numberwith gridmesh size:
Note that ϕ = %.

Grid refinement and validation

Before simulations, a grid-independence analysis is car-
ried out to determine the mesh size. Figure 2 shows the
variation of the average Nusselt number against the grid
size. It is seen that a grid size of 1213 ensures a grid-
independent solution. The computational domain is thus
meshed accordingly.

In order to ascertain the accuracy of the numerical
computations, we indicate, in Figure 3, the surface aver-
aged values of the Nusselt number for a 2D-cavity are
compared with those reported for a square nanofluid-
filled cavity (ϕ = 0.01) in the open literature [49]. This
comparison shows that our results do not exceed 3% of
relative error, which is a good agreement.

Figure . Validation of CFD model with experimental results []
for average Nusselt number versus Rayleigh number for % AlO
nanofluid.
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Figure . Velocity vectors and isotherms for AlO/HO nanofluid at different Rayleigh numbers and ϕ = ..

Results and discussion

Water is the working fluid and the solid nanoparticles
are Al2O3 and Cu. The numerical results are presented in
terms of the non-dimensional parameters and the thermal
and dynamic fields. The velocity vectors and isotherms,
velocity profiles as well as the Nusselt number are investi-
gated in terms of the variation of Ra (103–107) for differ-
ent volume fractions, ϕ (0.01–0.15).

Figure 4 presents the velocity vectors and isotherms
fields in the U-shaped cavity for Al2O3/H2O nanofluid at

different Ra and for a nanoparticles volume fraction of
ϕ = 0.04. As can be seen, the thermal and flow fields are
strongly dependent on theRa. For smallRa, the isotherms
are nearly parallel to the active walls, indicating that most
of the heat transfer is by heat conduction. The corre-
sponding velocity vector field shows the formation of
two symmetrically and centrally-located clockwise rotat-
ing vortices in the U-shaped cavity. As the Ra increases,
the deformation of the isotherms becomes more accen-
tuated and the mechanism of heat transfer is gradually
shifted to natural convection. From Ra = 105, we note

HEAT TRANSFER ENGINEERING 1455



Figure . Average Nusselt number versus Rayleigh number for
pure fluid and nanofluids AlO/HO at Ra = – (Note that L= . H and L  = .).

the beginning of the formation of a thermal boundary
layer adjacent to the vertical walls, indicating that the
mechanism of heat transfer is gradually shifted to natu-
ral convection.With further increase in theRa (Ra>106),
the boundary layers become thin and more distinguished
and four adjacent cells rotating in the opposite directions
appear. Each rotating cell is generated by the tempera-
ture gradient across the section of the U-shaped cavity.
The isotherms show also steep temperature gradient near
the heated outside walls. These heat gradients initiate and
maintain the natural convection flow within the enclo-
sure. In each branch of the U-shaped cavity, warm fluid
adjacent to the hot outside wall is convected upward and
is replaced by cooled air. In fact, the ascending streams are
warmer than the descending ones, providing the driving
force in the respective direction of motion.

Figure 5 presents the variation of the average Nusselt
number as a function of the Ra for both a pure fluid
and nanofluids with different volume fractions of Al2O3
nanoparticles. For relatively low Ra, the values of the
average Nusselt number are weak because the buoyancy
effects are dominated by the conduction phenomenon
and the viscous effects are less dominant. It is clear that, by
increasing the Ra and hence, the buoyancy force, the fluid
is perturbed strongly in the U-shaped cavity by the con-
vectionmechanism. As a result, the average Nusselt num-
ber has a higher value. Also, it is found that the addition
of the nanoparticles in the water is more beneficial for the
heat transfer at lowRa than at highRa. For example, given
a nanoparticle volume fraction of ϕ = 0.15, the average
Nusselt number is around 13% higher than that for a pure
water for Ra= 104, and is about 4% higher than that for a
pure water for Ra> 105. A comparison of 2D [47] and 3D
results reveals consistently lower heat transfer rates in the
3D case with relative errors of about 2–3%.

Variation of the average Nusselt number for different
Ra against the volume fractions of the Al2O3 and Cu

Figure . Average Nusselt number for AlO/HO and Cu/HO
nanofluids versus volume fractions at Ra= –.

nanoparticles (0� ϕ� 0.15), is presented in Figure 6. It is
pointed out that for high values of the solid volume frac-
tions and lowvalues of theRa, the values of theNuavg prac-
tically increase linearly for both water-based nanofluids.
This is explained by the fact that, introducing nanopar-
ticles in a base liquid increases the thermal conductivity
which makes the heat energy be transported faster. Con-
sequently, in the range (103 < Ra <106), higher Nusselt
numbers are obtained for Cu nanoparticles, while Al2O3
nanoparticles reveal relatively less efficient cooling per-
formance due to lower thermal conductivity. For high Ra
(Ra= 107), the Cu/H2O nanofluid is characterized with a
non-linear increase in heat transfer enhancement. How-
ever, for high values of the Ra and the volume fractions of
nanoparticles, the convection mechanism overcomes the
heat transfer and the influence of nanoparticles elucidates
two opposing effects on the average Nusselt number: an
undesirable effect promoted by the high level of viscosity
at high volume fractions of nanoparticles and a favorable
effect driven by the presence of high thermal conductiv-
ity nanoparticles. So, at the highest Ra, the undesirable
effect of the high level of viscosity becomes more domi-
nant, which causes deterioration in heat transfer.

Figure 7 shows the variation of the average Nusselt
number with the Ra as a function of the geometry param-
eter L1. The length of the cooled walls also increases with
L1. While the length of the heated walls is kept constant
in this study, we note that heat will be removed faster as
L1 increases.

The influences of the Ra and the geometry length L2
on the Nuavg with respect to the condition L1 = 0.5H
are illustrated in Figure 8. It is clear that, for low val-
ues of the Ra, the value of Nuavg is almost maintained
constant. According to this profile, it is understood that
the conduction dominates the heat transfer performance
and the transition from a conduction-dominated regime
to a convection-dominated regime is found to be charac-
terized by the different increasing values of L2. For high
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Figure . Variation of average Nusselt number with Rayleigh num-
ber as function of geometry parameter L (Note that L = . Hand
ϕ= %).

Figure . Variation of averageNusselt numberwith Rayleigh num-
ber as function of geometry parameter L (Note that L = . Hand
ϕ= %).

Ra, upon increasing the length of L2, the Nuavg can effec-
tively be enhanced which accounts for higher heat trans-
fer rates. Finally, reduction or expansion of the length and
the width of the low temperature wall improves the heat
transfer performance.

Conclusions

The present work is an original numerical study of steady
state 3D laminar natural convection heat transfer of pure
water and two different types of nanofluids (Al2O3-water
and Cu-water) in a U-shaped enclosure. A single-phase
model is successfully applied to analyze heat transfer
performance of nanofluids using effective properties. In
performing the study, the momentum equations, the con-
tinuity equation, the energy equation and the Boussinesq
approximation are utilized. The CFDmodel’s dimension-
less equations which govern the flow behavior and its
heat transfer characteristics are solved numerically. The
effects of the Ra, the nanoparticles volume fraction and
the geometry parameters on the average Nusselt number
within the enclosure are examined.

The numerical results indicate that for high values of
the solid volume fractions and low values of the Ra, the
value of Nuavg increases nearly linearly for both water-
based nanofluids. Heat transfer is found to be greater
with the Cu/H2O nanofluid than with the Al2O3/H2O
nanofluid. The calculated results show that for the two
nanofluids the enhancements of heat transfer perfor-
mance are observed up to around 12% for the Al2O3-
water nanofluid and 14% for the Cu-water nanofluid
compared to the water-based fluids, respectively. A com-
parison of the 2D case [47] with the present 3D models
shows that the 3D simulations yield slightly lower heat
transfer rates with relative errors of about 2–3%.

Nomenclature

Cp Specific heat capacity, J·kg−1·K−1

C1 Left side concave surface, m2

C2 Bottom concave surface, m2

C3 Right side concave surface, m2

CFD Computational fluid dynamics
ds Nanoparticle diameter, m2

g Gravitational acceleration, m·s−2

H Domain height, m
h Heat transfer coefficient, W·m−2·K−1

k Thermal conductivity, W·m−1·K−1

L1 Width of the concave in the U-shaped cavity, m
L2 Height of the concave in the U-shaped cavity, m
n Normal vector

Nuloc Local Nusselt number
Nuavg Average Nusselt number

p Pressure, Pa = kg·m−1·s−2

p∗ Dimensionless pressure
Pr Prandtl number
q Constant heat flux, W·m−2

Ri Richardson number
Ra Rayleigh number ( = g βH3�T/να)
S1 Left side surface, m2

S2 Bottom surface, m2

S3 Right side surface, m2

T Temperature, K
Th Hot cube wall temperature, K
Tc Cold cube wall temperature, K

u, v, w Dimensional velocity components, m.s−1

u∗, v∗,w∗ Dimensionless velocity component
x, y, z Cartesian coordinates, m

x∗, y∗, z∗ Dimensionless Cartesian coordinates

Greek Symbols

α Thermal diffusivity, m2·s−1

β Thermal expansion coefficient, K−1

	∗ Dimensionless temperature
μ Dynamic viscosity, kg·m−1·s−1

ν Kinematic viscosity, m2·s−1

ξ Empirical shape factor
ρ Density, kg·m−3

ϕ Volume fraction of nanofluids
ψ Particle sphericity
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Subscripts

avg Average
f Fluid
s Solid particle
sr Surface
h Hot
c Cold
nf Nanofluid

Superscript
∗ Dimensionless quantity
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