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In this paper, we report the results of our numerical studies on laminar mixed convection heat transfer in
a circular Curved tube with a nanofluid consisting of water and 1 vol.% Al,03. Three dimensional elliptic
governing equations have been used. Two phase mixture model and control volume technique have been
implemented to study flow field. Effects of the diameter of particles on the hydrodynamic and thermal
parameters are investigated and discussed. Increasing the solid particles diameter decreases the Nusselt
number and secondary flow, while the axial velocity augments. When the particles are in order of nano
meter, increasing the diameter of particles, do not change the flow behaviors. The distribution of solid
nanoparticles is uniform and constant in curved tube.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, modern technologies have permitted the man-
ufacturing of metallic particles down to the nanometer scale,
which in turn created a new class of fluids, called nanofluids. This
term refers to a two phase mixture that is usually composed of a
saturated liquid and extremely fine metallic particles (40 nm or
smaller) called nanoparticles.

It has been known that the thermal conductivity of these nano-
fluids is considerably higher than that of the base fluid (Masuda
et al.,, 1993; Choi, 1995; Lee et al., 1999). The nanofluids constitute
a very interesting alternative for advanced thermal applications, in
particular in micro and nano scale heat transfer where a high heat
flux is required (Lee and Choi, 2000). In spite of their interesting
potential and features, these rather special fluids are still in their
early development stage. The very first and scarce experimental
works were mostly concerned with the measurement of the
nanofluids effective thermal conductivity and dynamic viscosity
(Masuda et al., 1993; Choi, 1995; Lee et al., 1999; Pak and Cho,
1998; Wang et al., 1999; Eastman et al., 1999, 2001; Xuan and Li,
2000). Das et al. (2003) and Putra et al. (2003) were likely the first
who investigated the influence of temperature on nanofluid ther-
mal properties. Their measurements for a water-Al,03 mixture,
although limited to two particular particle concentrations (e.g.
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1% and 4%), have clearly shown that with an increase of tempera-
ture the effective thermal conductivity augments considerably. On
the other hand the dynamic viscosity decreases appreciably, which
is quite interesting for potential uses of nanofluids in various ther-
mal applications. The experimental works by Pak and Cho (1998),
Li and Xuan (2002) and Wen and Ding (2004) have provided inter-
esting insights into the hydrodynamic and thermal behavior of
nanofluids in confined flows and have confirmed their superior
thermal performance. These results led to the first empirical Nus-
selt number correlations for both laminar and turbulent tube flow
of nanofluids composed of water and metallic particles such as Cu,
TiO, and cAl,0s. In their most recent work, Yang et al. (2005) have
measured the convective heat transfer coefficients of several nano-
fluids composed of graphitic nanoparticles and automatic trans-
mission fluid. Results from these pioneer works have clearly
shown that the inclusion of dispersed particles produces a remark-
able increase of the heat transfer flux since the convective heat
transfer coefficient of the nanofluids for a given Reynolds is, in gen-
eral, considerably higher than the corresponding one for the base
fluid (saturated water). This improvement increases with an aug-
mentation of the particle loading.

Numerous theoretical and experimental studies have been con-
ducted to determine the effective thermal conductivity of nanofl-
uids. Most of these have been confined to liquids containing
micro and milli-sized suspended solid particles. However, studies
show that the measured thermal conductivity of nanofluids is
much larger than the theoretical predictions (Choi et al., 2001).
Many attempts have been made to formulate efficient theoretical
models for the prediction of the effective thermal conductivity,
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Nomenclature

a radius of curved pipe (m)

a acceleration (ms2)

G specific heat (J/kg K)

d horizontal direction

D diameter of curved tube (m)
De Dean number (=Re - §'/%)

fo local skin friction coefficient
g gravitational acceleration (m s72)
Gr Grashof number (= %)
Nug local Nusselt number (= —42r)
P pressure (pa)

Pr Prandtl number (= j=)

q’ uniform heat flux (W m~2)
R curvature radius

Re Reynolds number (= ”"l‘lﬂ)
T temperature (k) "

1% velocity (ms™1)

y vertical direction

Greek symbols

o thermal diffusivity

volumetric expansion coefficient (K~ ')
curvature ratio (= a/R.)

thermal conductivity (W/m K)
angular coordinate in axial direction
volume fraction

dynamic viscosity (N s m—2)
kinematics viscosity (m=2s~1)

density (kg m~3)

V=TT ST

Subscripts

inlet condition
bulk

base fluid
mixture
particle

radial direction
solid phase
wall

axial direction
tangential direction

6 NgwmTgTO

but there is still a serious lack in this domain (Xue, 2003; Xuan
et al., 2003).

Convective heat transfer with nanofluids can be modeled using
the two phase or single phase approach. The first provides the pos-
sibility of understanding the functions of both the fluid phase and
the solid particles in the heat transfer process. The second assumes
that the fluid phase and particles are in thermal equilibrium and
move with the same velocity. This approach is simpler and requires
less computational time. Thus it has been used in several theoret-
ical studies of convective heat transfer with nanofluids (Maige
et al., 2004a,b; Roy et al., 2004; Khanfar et al., 2003; Akbarinia
and Behzadmehr, 2007; Akbarinia, 2008). However, due to the fact
that the effective properties of nanofluids are not known precisely,
the numerical predictions of this approach are, in general, not in
good agreement with experimental results. Therefore, the concerns
in single phase modeling consist in selecting the proper effective
properties for nanofluids and taking into account the chaotic
movement of ultra fine particles. To partially overcome this diffi-
culty, some researchers (for instance, Xuan and Li, 2000; Xuan
and Roetzel, 2000) have used the dispersion model which takes
into account the improvement of heat transfer due to the random
movement of particles in the main flow. Recently Behzadmehr
et al.(2006) have used the mixture model with turbulent nanofluid
flow. They have shown that the mixture model can predict behav-
iors of nanofluid accurately.

Due to several factors such as gravity, friction between the fluid
and solid particles and Brownian forces, the phenomena of Brown-
ian diffusion, sedimentation, and dispersion may coexist in the
main flow of a nanofluid. This means that the slip velocity between
the fluid and particles may not be zero (Xuan and Li, 2000), there-
fore it seems that the two phase approach is better model to apply
the nanofluid. The two phase approach is based on an assumption
of continuum phases. It provides a field description of the dynam-
ics of each phase (Eulerian-Eulerian or two fluid model) or, alter-
natively, the Lagrangian trajectories of individual particles
coupled with the Eulerian description of the fluid flow field (Fan
and Zhu, 1998; Gidaspow, 1994). One of the foremost approaches
in modeling two phase slurry flow is mixture theory, also called
the theory of interacting continua (Ishii, 1975; Crowe et al,,
1996; Manninen et al., 1996; Xu et al., 2004). The popularity of this

latter approach in multiphase applications stems from the fact that
it is simple in both theory and implementation. The required com-
putations are relatively inexpensive. Furthermore, it is straight-for-
ward to introduce a turbulence model into the mixture model, and
most of all, it is reasonably accurate for a wide range of two phase
flows.

In this paper, a two phase mixture model was applied to study
the laminar mixed convection of a nanofluid flow consisting of
water-Al,03 in a uniformly heated curved tube. Affects of magni-
tude of solid particles on thermal and hydrodynamic flow charac-
ters are investigated and presented.

2. Mathematical formulation
2.1. Mixture model

Laminar mixed convection of a nanofluid flow consisting of
water and Al,0s in a horizontal curved tube with uniform heat flux
at the solid-liquid interface has been considered. Fig. 1 shows the
geometry of the considered problem. The computation domain is
composed of a curved circular pipe where the axial angle 0 ranges
from 0° to 180°, with radius a and sectional angle ¢ which curva-
ture ratio ¢ is equal to 1. Gravitational force is exerted in the ver-
tical direction. The properties of the fluid are assumed constant
except for the density in the body force, which varies linearly with
the temperature (Boussinesq’s hypothesis). Dissipation and pres-
sure work are neglected.

The mixture model, based on a single fluid two phase approach,
is employed in the simulation by assuming that the coupling be-
tween phases is strong, and particles closely follow the flow. The
two phases are assumed to be interpenetrating, meaning that each
phase has its own velocity vector field, and within any control vol-
ume there is a volume fraction of primary phase and also a volume
fraction of the secondary phase. Instead of utilizing the governing
equations of each separately, the continuity, momentum and en-
ergy equations for the mixture are employed. A nanofluid com-
posed of water and Al,O3 nanoparticles flowing in a curved tube
with uniform heating at the wall boundary is considered. There-
fore, the dimensional equations for steady state mean conditions
are as follow:
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Fig. 1. Schematic of a horizontal curved tube.
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Fig. 2. Structured grid of the curved tube.
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Pm is the mixture density,
n
Pm = Z ¢kpk (5)
k=1
Um is the viscosity of the mixture that is obtained:
n
Hn = Y bl (6)
k=1

Vm is mass average velocity,

> PkP Vi
V=81 (7)
Pm

Jm is the mixture thermal conductivity coefficient,

=Y i (8)
k=1

Continuity: . L . . .
An effective solid viscosity model in terms of solid volume frac-
V- (pmVm) =0 (1) tion was obtained from the experimental work of Miller and
Momentum: Gidaspow (1992),
V- (pmvmvm) _ 7vp +V- ('umvvm) _ pm,oﬁg('r _ TO) +V ,Llp =—0.188 +537.42¢ (9)
n In Eq. (2), Vark is the drift velocity for the secondary phase k, i.e. the
: Z PePcVarkVark (2) nanoparticles in the present study,
k=1
Energy: Varke = Vi = Vi (10)
n The slip velocity (relative velocity) is defined as the velocity of a
V) (@Vi(pihe+p)) =V - (4nVT) 3) secondary phase (p) relative to the velocity of the primary phase (f),
k=1
Volume fraction: Ve =Vp = Vi (11)
V- (¢p0pVim) = =V - (¢pp,Varp) (4) The drift velocity is related to the relative velocity,
Table 1
Grid independent test.
Node number (¢ x r x z) VIV T|To
In ¢ direction 28 x 48 x 160 1.2022464 1.0036362
40 x 48 x 160 1.1849685 1.0039944
48 x 48 x 160 1.1812318 1.0040558
In r direction 40 x 40 x 160 1.1817556 1.0042161
40 x 48 x 160 1.1849685 1.0039944
40 x 60 x 160 1.1874105 1.0038967
In z direction 40 x 48 x 140 1.1835162 1.0040388
40 x 48 x 160 1.1849685 1.0039944
40 x 48 x 180 1.1852283 1.0039705
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P
18 :uf fdrag

(pm - pp)a

n
Vdr,p = fo - Z Mvﬂ( 0
P

k=1 m

(12) v,
The relative velocity is determined from Eq. (13) proposed by
Manninen et al. (1996) while Eq. (14) by Schiller and Naumann
(1935) is used to calculate the drag function fqrag

farag = 1+ 0.15Re)*

The acceleration (a) in Eq. (13) is:
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a=8—(Vm -V)Vn (15)

2.2. Boundary condition

This set of coupled non-linear differential governing equations
has been solved subject to following boundary conditions:

e At the tube inlet (0=0)and 0 <r < a:

Vi=0;, V,=0; V,=Vp; T=T, (16a)

where V;; V,; V, are radial, tangential and axial velocity respec-
tively. Subscript 0 refer to inlet conditions and 0 is angular coordi-
nate in axial direction.

e At the fluid wall interface (r = a):

iy

Vi=Vo=V:=0; qy=—iny

(16b)

e At the tube outlet (0 =180): the diffusion flux in the direction
normal to the exit plane is assumed to be zero for all variables
and an overall mass balance correction is applied.

2.3. Numerical methods

The sets of coupled non-linear differential equations were dis-
cretized using the control volume technique. A second order up-
wind method was used for the convective and diffusive terms
while the SIMPLEC procedure was introduced to couple the veloc-
ity-pressure. A structured non-uniform grid distribution has been
used to discretize the computational domain as shown in Fig. 2.
It is finer near the tube entrance and near the wall where the veloc-
ity and temperature gradients are large. Several different grid dis-
tributions have been tested to ensure that the calculated results
are grid independent. The selected grid for the present calculations
consisted of 160, 48 and 40 nodes in the axial, radial and circum-
ferential directions respectively. As it shows in Table 1 increasing
the grid numbers does not change significantly the dimensionless
velocity and temperature at the centerline region (see Table 1).

In order to demonstrate the validity and also precision of the
model assumptions and the numerical analysis, calculated velocity
of fluid at different axial positions is compared with the corre-
sponding experimental results carried out by Agrawal et al.
(1978) for water-glycerin at Re = 979. Due to adequate compari-

10000
= Experimental [Wen, Ding]
3000 - calculated results(two phase)
Re=1050
6.=0.01
6000 ‘
d =41 nm

4000

h{w/m’K]

2000

-2000

LA RN N B N L B L |
0 20 40 60 80 100 120 140 160 180 200 220

z/D

Fig. 4. Comparison of the calculated local heat transfer coefficient with pervious
experimental data (Wen and Ding, 2004) at d, =41 nm.
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Fig. 5. Comparison of the calculated axial velocity of solid particles with pervious
experimental data (Lareo et al., 1997) at d, =9 mm.
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Fig. 6. Effects of the diameter of solid particles on the dimensionless axial velocity
at the outlet with De = 187 (Re = 648), Gr = 5740, ¢ = 0.01.

son, it is assumed that the solid volume fraction is very low. There-
fore the fluid flow is solved with two phase approach then the
results are validated with experimental homogenous fluid flow.
As it is shown in Fig. 3 a significant agreement between the numer-
ical and experimental results are observed at different cross sec-
tions. On the other hand, calculated local heat transfer coefficient
is compared with the corresponding experimental results carried
out by Wen and Ding (2004) for Re = 1050, ¢ = 0.01 and d, = 41 nm.
In order to validate rang of the solid particles diameter, calculated
velocity of particles is compared with the corresponding experi-
mental results carried out by Lareo et al. (1997) is for Re =63, ¢
=0.3% and 9 mm particles diameter. As comparison are shown in
Figs. 4 and 5 a significant agreement between the calculated
numerical results and reported experimental results are observed.
Therefore the numerical method is reliable while it can predict the
developing mixed convection flow in a horizontal curved tube with
two phase approach and it can cover particles size between nano-
meter to millimeter.

3. Results

The results are presented for nanofluid consisting water-Al,05
with 0.01 solid particles concentration. Fig. 6 shows the effects of
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the diameter of particles on the radial variation dimensionless ax-
ial velocity (V/Vp) at the outlet. It is shown that, increasing the
diameter of particles increases the axial velocity. The variations
are more significant when the diameters of particles are high. For
a given De and solid particles concentration, increasing the diame-
ter of particles augment the bulk density. Therefore the centrifugal
force increases and it causes to the axial velocity augment. It is
interesting to note that, increasing the diameter of particles do
not have any significant effects on axial velocity, when the parti-
cles are in order of nano meter.

Fig. 7 shows that, increasing the diameter of solid particles re-
duces the secondary flow. Increasing the diameter of particles
causes an increase in the mass of particles. Therefore, the centrifu-
gal force and the buoyancy force can not move particles easily.
Consequently, the secondary flow resulting from the centrifugal
force and the buoyancy force decreases. When the diameter of par-

Inner

ticles is in order of nano meter, the secondary flow is not changed
by increasing the diameter of particles.

As illustrated in Fig. 8, increasing the diameter of particles de-
creases the non-dimensional temperature (T/Tp). The contact sur-
faces between the solid particles and the base fluid decrease, also
the secondary flow reduces with increasing the diameter of parti-
cles. Therefore, conductive heat transfer between flow components
decreases as well as temperature in flow. The temperature is not
affected by increasing the diameter of solid particles, when the
particles are in order of nano meter.

The radial variations of solid particles concentration are illus-
trated in Fig. 9a and b. The variations in the solid particles concen-
tration curves are very high at the outlet (6 = 180°), this is reason
for which we show them in two figures. The solid particles concen-
tration is uniform and constant, when the diameter of particles are
in order of nano meter. In this regards the particles are not moved

Outer

Fig. 7. The vector of non-dimensional secondary flow for various value of the solid particles diameter at the outlet with De = 187 (Re = 648), Gr = 5740, ¢ = 0.01.
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Fig. 9. Effects of the diameter of solid particles on the distribution of solid particles
at the outlet with De = 187 (Re = 648), Gr = 5740, ¢ = 0.01.

to the outer part by the centrifugal force. This issue confirms that
in the single phase approach the assumption of uniform distribu-
tion of the nanoparticles in the base flow (the homogenous flow)
is correct and reliable. For higher diameter of particles, the centrif-
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Fig. 10. The axial variation of solid particles concentration along the tube with

De =187 (Re = 648), Gr = 5740, ¢ = 0.01.
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Fig. 11. Effects of the diameter of solid particles on the local Nusselt number with
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Fig. 12. Effects of the diameter of solid particles on the local skin friction coefficient
with De = 187 (Re = 648), Gr = 5740, ¢ = 0.01.

ugal force causes to move particles to the outer bend. As a result,
increasing the diameter of particles reduces the solid particles con-
centration at the inner portion. The solid particles concentration at
the outer part increases because the effects of centrifugal force get
stronger with increasing the diameter of particles.

The axial variation of the particles concentration is shown in
Fig. 10a and b. These figures show that the centrifugal force does
not change the solid particles concentration, when the diameter
of particles is in order of nano meter. As a result, the distribution
of nano particles is uniform and constant along the tube. Increasing
the diameter of particles causes the centrifugal force stranger.
Therefore, after passing 6 = 65°, the particles move to outer bend
due to the effects of centrifugal force.

Augmenting the diameter of particles decreases the Nusselt
number (see Fig. 11). The contact surface between solid particles
and fluid is decreased with increasing the diameter of particles,
therefore heat transfer coefficient decreases. Furthermore, increas-
ing the diameter of particles reduces the secondary flow. Conse-
quently, the Nusselt number along the tube reduces, particularly
when the diameters of particles are order of micro meter. Increas-
ing the diameter of particles does not have any significant effects
on the Nusselt number when the diameter of particles is in order
of nano meter.

The effects of diameter of particles on the skin friction coeffi-
cient are shown in Fig. 12. The skin friction reduces due to the aug-
mentation in the diameter of particles. The skin friction is
proportional to reverse velocity square. Increasing the diameter
of particles augments the axial velocity (see Fig. 6), as a result skin
friction decreases. But at high diameter of particles the skin friction
leaps to higher value, because the contacts between solid particles
and wall augment and its effects become more significant than ef-
fects of increasing axial velocity. When the diameter of particles is
in order of nano meter the skin friction coefficient is not changed
by increasing the diameter of particles, too.

4. Conclusions

Laminar mixed convection of a nanofluid flow consisting of
water and Al,Os in a circular curved tube has been studied numer-
ically using three dimensional elliptic governing equations. Two
phase mixture model and control volume technique have been
implemented to study the flow field. It has been shown that for a
given solid volume fraction, increasing the diameter of particles
causes to augments axial velocity while the secondary flow as well

as the temperature reduces. Increasing the diameter of particles
decreases the Nusselt number while the skin friction augments.
After passing 6 = 65°, the centrifugal force causes to move particles
to outer bend when the particles are large, while the particles con-
centration is uniform and constant when the particles are in the or-
der of nano meter. It is important that in order of nano meter
(nanoparticles), increasing the diameter of particles have not any
significant effect on the flow pattern. Consequence, the homoge-
nous assumption in simulation of laminar mixed convection nano-
fluids flow is correct and reliable.
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