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Abstract

Three-dimensional elliptic governing equations were solved to investigate laminar mixed convection of a nanofluid consists of water
and Al,O3, buoyancy-affected and heat transfer of a curved tube. Simultaneous effects of the buoyancy force, centrifugal force and nano-
particles concentration on the fluid flow developing and heat transfer along the pipe is investigated in this paper. The nanoparticles con-
centration does not have any significant effect on the secondary flow, while the axial velocity, Nusselt number, skin friction factor as well
as fluid temperature have been affected considerably. In this paper, some important new results are obtained. Firstly, for a given flow
rate; nanoparticles concentration have positive effects on the axial velocity and skin friction factor. Secondly, buoyancy force has neg-

ative effect on the Nusselt number and skin friction factor.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In order to cope with growing demand from different
industries such as electronic, automotive and aerospace
industries, heat exchanger devices have to be small in size,
light in weight and of high performance. Low thermal con-
ductivity of conventional heat transfer fluids such as water,
oil, and ethylene glycol mixture is a serious limitation in
improving the performance and compactness of these engi-
neering equipments. To overcome those disadvantages,
there is strong motivation to develop advanced heat trans-
fer fluids with substantially higher conductivity. An inno-
vative w ay of improving the thermal conductivities of
fluids is to suspend small solid particles in the fluid. How-
ever, more than a century ago Maxwell (1873, 1904)
showed the possibility of increasing thermal conductivity
of a mixture by more volume fraction of solid particles.

Various types of powders such as metallic, non-metallic
and polymeric particles can be added into fluids to
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form slurries. An industrial application test was carried
out by Liu et al. (1988) and the effects of flow rates on
the slurry pressure drop and heat transfer behavior was
investigated. In conventional cases, the suspended particles
are of pm or even mm in dimensions. However, such large
particles may cause severe problems such as abrasion
and clogging. Therefore, fluids with suspended large par-
ticles have little practical application in heat transfer
enhancement.

Nanofluids are a new kind of heat transfer fluid contain-
ing a small quantity of nano-sized particles (usually less
than 100 nm) that are uniformly and stably suspended in
a liquid. The dispersion of a small amount of solid nano-
particles in conventional fluids changes their thermal
conductivity remarkably. Compared to the existing tech-
niques for enhancing heat transfer, the nanofluids show a
superior potential for increasing heat transfer rates in a
variety of cases. Choi (1995) quantitatively analyzed some
potential benefits of nanofluids for augmenting heat trans-
fer and reducing size, weight and cost of thermal appara-
tuses, while incurring little or no penalty in the pressure
drop.
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Nomenclature

a radius of curved pipe (m)
C, specific heat (J/kg K)

d horizontal direction

D diameter of curved tube (m)
De Dean number (:Re.él/ 2)

fo local skin friction coefficient

gravitational acceleration (m s 2)
74
Gr Grashof number (: gﬁer#)

Keirvgg
k thermal conductivity (W/m K)
m flow rate (=2nDpegtto)
Nuy local Nusselt number (: %)
P pressure (Pa)
Pr Prandtl number (: %_«)

Vel

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

Re Reynolds number (= %)
T temperature (K)

u, v velocity (ms™")

y vertical direction

Greeks

o thermal diffusivity

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

0 angular coordinate in axial direction
¢ volume fraction

U dynamic viscosity (N's m 2

v kinematics viscosity (m*s™!)

0 density (kg m~—3)

Subscripts

b bulk

eff effective

f base fluid

m average

0 inlet condition

r radial direction

w wall

z axial direction

@ tangential direction

Researchers have demonstrated that oxide ceramic
nanofluids consisting of CuO or Al,O3 nanoparticles in
water or ethylene glycol exhibit enhanced thermal conduc-
tivity (Lee et al., 1999). A maximum increase in thermal
conductivity of approximately 20% was observed in that
study, having 4 vol.% CuO nanoparticles with mean diam-
eter 35 nm dispersed in ethylene glycol. A similar behavior
has been observed in Al,Os/water nanofluid. For example,
using Al,Oj3 particles having a mean diameter of 13 nm at
4.3% volume fraction increased the thermal conductivity of
water under stationary conditions by 30% (Masuda et al.,
1993). On the other hand, larger particles with an average
diameter of 40 nm led to an increase of less than 10% (Lee
et al., 1999). Furthermore, the effective thermal conductiv-
ity of metallic nanofluid increased by up to 40% for the
nanofluid consisting of ethylene glycol containing approx-

Outer

imately 0.3 vol.% Cu nanoparticles of mean diameter less
than 10 nm (Choi, 1995).

Different concepts have been proposed to explain this
enhancement in heat transfer. Xuan and Li (2000) and
Xuan and Roetzel (2000) have identified two causes of
improved heat transfer by nanofluids: the increased ther-
mal dispersion due to the chaotic movement of nanoparti-
cles that accelerates energy exchanges in the fluid and the
enhanced thermal conductivity of nanofluids considered
by Choi (1995). On the other hand Keblinski et al. (2002)
have studied four possible mechanisms that contribute to
the increase in nanofluid heat transfer: Brownian motion
of the particles, molecular-level layering of the liquid/parti-
cle interface, heat transport in the nanoparticles and nano-
particles clustering. Similarly to Wang et al. (1999), they
showed that the effects of the interface layering of liquid

Inner Pa Outer

Bottom

Fig. 1. Schematic of a horizontal curved tube.
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molecules and nanoparticles clustering could provide paths
for rapid heat transfer. Numerous theoretical and experi-
mental studies have been conducted to determine the effec-
tive thermal conductivity of nanofluids. Most of these have
been confined to liquids containing micro and milli-sized

Table 1
Grid independent test
Node number (¢ X r X z) Axial velocity (m/s) Temperature (K)
40 x 60 x 180 0.076556 293.776
52 x 60 x 180 0.076548 293.773
40 x 40 x 180 0.076534 293.770
40 x 48 x 180 0.076555 293.773
40 x 72 x 180 0.076560 293.774
40 x 48 x 130 0.076624 293.771
Fig. 2. Structured non-uniform grid of the curved tube. 40x 48 x 160 0.076572 293.773
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Fig. 3. Comparison of developing axial velocity profiles. (I) 2= —0.0668 and (II) 2 = —0.668.
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suspended solid particles. However, studies show that the
measured thermal conductivity of nanofluids is much lar-
ger than the theoretical predictions (Choi et al., 2001).
Many attempts have been made to formulate efficient the-
oretical models for the prediction of the effective thermal
conductivity, but there is still a serious lack in this domain
(Xue, 2003; Xuan et al., 2003).

As nanofluids are rather new, relatively few theoretical
and experimental studies have been reported on convective
heat transfer coefficients in confined flows. Pak and Cho
(1998) and Xuan and Li (2000, 2003) obtained experimen-

tal results on convective heat transfer for laminar and tur-
bulent flow of a nanofluid inside a tube. They produced the
first empirical correlations for the Nusselt number using
nanofluids composed of water and Cu, TiO, and Al,O3
nanoparticles. The results indicate a remarkable increase
in heat transfer performance over the base fluid for the
same Reynolds number.

Despite the fact that nanofluid is a two phase mixture,
since the solid particles are very small size they are easily
fluidized and can be approximately considered to behave
as a fluid (Xuan and Li, 2000). Therefore, considering the

Table 2

Comparison of the calculated Nusselt number with pervious numerical data (Goering et al., 1997)

Gr 1000 3000 9700 29300 48,600 97,900 146,600

Present work Nu 2.852953 2.85272 2.848779 2.8044276 2.7191752 2.58915 2.52724

Numerical Goering data Nug 2.84543 2.84543 2.84543 2.77518 2.63466 2.42389 2.36534
inner 1 II I Vv outer

9=45"

8=90"

0=135"

0=180"

q'=243
(Gr=8000)

q"=20000
(Gr=654000)

q'=243
(Gr=3460)

q"=20000
(Gr=285000)

Fig. 4. Computed non-dimensional secondary flow at different axial position for iz = 0.0024 (kg/s).
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ultrafine and low volume fraction of the solid particles, it
might be reasonable to treat nanofluid as single phase flow
in certain conditions (Yang et al., 2005).

The single phase approach 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 theo-
retical studies of convective heat transfer with nanofluids
(for example Maiga et al., 2004; Roy et al., 2004; Khanafer
et al., 2003; Koo and Kleinstreuer, 2005). However, due to
the fact that the effective properties of nanofluids are not
known precisely, the numerical predictions of this
approach are; in general, dependent on the considered
effective physical properties.

Many researchers have become interested in mixed
convection in a horizontal curved tube at the macro level
(for instance Agrawal et al., 1978; Goering et al., 1997,
Yang and Chang, 1994; Zheng et al., 2003). At such

inner

p=45"

6=90"

p=135"

6=180"

q'=243
(Gr=8000)

q"=20000
(Gr=654000)

conditions buoyancy force and also the centrifugal force
become important. Each of these forces could alone
increase the Nusselt number. However, their simultaneous
effects in the presence of the nanoparticles have not been
studied.

The objective of the present paper is to study the effects
of particles concentration on the hydrodynamic and ther-
mal parameters of laminar mixed convection of a nanofluid
in a horizontal curved tube at different mass flow rate and
heat flux. Simultaneous effects of buoyancy force, centrifu-
gal force and nanoparticles volume fraction in the base
fluid on heat transfer augmentation are studied. Therefore,
the axial velocity, secondary flow and temperature profiles
for different values of the particles concentrations are pre-
sented at different axial angle and i — ¢” combinations.
Also, the effects of nanoparticles concentration on periph-
eral Nusselt number and the peripheral skin friction at dif-
ferent ¢” are shown and discussed.

I v outer

$=0.04

q"=243
(Gr=3460)

q"=20000
(Gr=285000)

Fig. 5. Stream lines tracer for /i = 0.0024.
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2. Mathematical modeling
2.1. Mathematical formulation and numerical procedure

Mixed convection of a nanofluid consists of water and
Al,O3 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 com-
putation domain is composed of a curved circular pipe
where the axial angle 6 ranges from 0° to 180° and with
radius aand sectional angel ¢ Gravitational force is exerted
in the vertical 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 pressure work are neglected.
It is also assumed that the fluid phase and nanoparticles
are in thermal equilibrium with zero relative velocity. With

inner 1 I

9=45°
6=90°
9=135"
0=180"
q"=243 q"=20000
(Gr=8000) (Gr=654000)

these assumptions the dimensional conservation equations
for steady state mean conditions in the Cartesian coordi-
nate are as follows:
Continuity:
— =0 1
o (1)
Momentum:

0 0 Ou; op
aj (Perrttitty) = G_xj (Heff <©_x,>) - a_x, - Peff,ogiﬂeff(T —To)
(2)

Energy:

0 0 oT
o [(pcp)egruiT) = o, (keff 6_x,) (3)

where i = 1,2,3 and u; = (vy,v,,v.) are velocity vectors.

1 \'% outer

q'=243
(Gr=3460)

q"=20000
(Gr=285000)

Fig. 6. Computed dimensionless iso-axial velocity contour at different axial position for i = 0.0024 (kg/s).
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2.2. Thermal and physical properties of nanofluids

The effective properties of the nanofluid (fluid contain-
ing suspended nanoparticles) are defined as follows:
Density:

Peiro = (1 = @)pro + dpgo (4)
Viscosity:
per = (12307 +7.3¢ + 1) (5)

This was presented by Maiga et al. (2004) for water — Al,O3
nanofluid based on available experimental results in the
literature.

Heat capacitance:

c . (1- (f))(pCp)f + ¢(Pcp)s
e = [0 g+ . ©

inner I I

0=45°

0=135°

0=180°

q'=243
(Gr=8000)

q"=20000
(Gr=654000)

Effective thermal conductivity:

ks+ (n— Dk — (n — 1) (ke — k)

ta = (G TR F gy ) 7
This was introduced by Hamilton and Crosser (1962).
Where n is a shape factor and is equal to 3 for spherical
nanoparticles. This model appears appropriate for nanofl-
uids (Xuan and Roetzel, 2000; Maiga et al., 2004; Roy
et al., 2004; Palm et al., 2006; Zhang et al., 2006).

Thermal expansion coefficient:

1B 1 ]
> : ﬁf (8)
(1=¢)p¢ ¢ ps
1+ ¢psl By 1+

ﬁeff =

=6 pr
This was presented and used by Khanafer et al. (2003).
Thermal diffusivity:
tp = ket
¢ (1= @) (pcyp); + d(pcy)s

©)

I \'% outer

q'=243
(Gr=3460)

q"=20000
(Gr=285000)

Fig. 7. Computed dimensionless iso-temperature contour at different axial position for iz = 0.0024 (kg/s).
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2.3. Boundary condition

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

e At the tubeinlet (0 =0):and 0 <r < a:v, =0;

(10a)

e At the fluid-solid interface (r =a) : v, = v, = v, = 0;
oT

— —ke —
9y ff or

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.

Vo, =0; v.=vy; T =T

(10b)

2.4. Numerical method and validation

The sets of coupled non-linear differential equations
were discretized using the control volume technique. A sec-
ond order upwind method was used for the convective and
diffusive terms while the SIMPLEC procedure was intro-
duced to couple the velocity—pressure. A structured non-
uniform grid distribution has been used to discretize the
computational domain as shown in Fig. 2. It is finer near

0.8 -

—-— p=180"

the tube entrance and near the wall where the velocity
and temperature gradients are large. Several different grid
distributions have been tested to ensure that the calculated
results are grid independent. The selected grid for the pres-
ent calculations consisted of 160, 48 and 40 nodes in the
axial, radial and circumferential directions respectively.
As it shows in Table 1 increasing the grid numbers does
not change significantly the velocity and temperature at
the centerline region (see Table 1).

In order to demonstrate the validity and also preci-
sion of the model assumptions and the numerical analysis,
calculated velocity at different axial positions is com-
pared with the corresponding experimental results carried
out by Agrawal et al. (1978) for water-glycerin at
Re =979. As it is shown in Fig. 3 a significant agreement
between the numerical and experimental results are
observed at different cross sections. On the other hand,
calculated Nusselt number is compared with the corre-
sponding numerical results carried out by Goering et al.
(1997) for De =200 and Pr=1. As it is shown in Table
2, a significant agreement between the calculated numerical
results and reported numerical results are observed. There-
fore the numerical method is reliable while it can predict
the developing mixed convection flow in a horizontal
curved tube.
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Fig. 8. Axial velocity profiles at horizontal plane.
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3. Results and discussion

Numerical simulations are implemented on a wide range
of heat flux values as well as flow rates considering five
different values of nanoparticles concentrations. However,
because of similar behavior and simplicity the results
presented here are just for s = 0.0024, 0.0048 and
0.0071(kg/s) with different values of nanoparticles concen-
trations (0%, 2%, 4%).

Flow developing and the effects of heat flux value for a
given flow rate with two values of nanoparticles concentra-
tion at four cross sections are shown in Figs. 4-7. These
Figures are oriented in the same manner as shown in
Fig. 1 with outer, top, inner and bottom corresponding
to ¢ =0° ¢ =90° ¢ = 180° and ¢ = 270°, respectively.

It can be said that the characteristics of convective heat
transfer in curved tubes are strongly dependent on the

inner 1 1T

6=45

0=90°

0=135"

0=180"

m=0.0071

m=0.0024

(De=57.7) (De=173.1)

Dimensionless secondary flow

behavior of the secondary flow. As it is stated in literature,
in mixed convection in curved tubes, the secondary flow
pattern are influenced by both centrifugal and buoyancy
force.

Development of non-dimensional secondary flow
(v:D/teqr, v, D/ oter), dimensionless axial velocity (v,/vg) and
dimensionless temperature (7' — Ty)/(Ty — T3)) are shown
in Figs. 4, 6 and 7, respectively.

Fig. 4 (columns I and IIT) shows that at low heat flux
values, there are two vortices at the bottom and at the
top of secondary flow vector. At low heat flux values the
impact of buoyancy force is not significant; but due to cen-
trifugal force symmetry is established with respect to the
horizontal plane. This figure also shows those vortices are
established in the secondary flow vectors at 6 =45°.
Because of centrifugal force the flow rate in the core of
the tube begins to move to the outer bend, where it is

1T v

m=0.0024 m=0.0071

(De=57.7) (De=173.1)

Stream line tracer

Fig. 9. Effects of flow rate increasing on secondary flow for ¢ = 0.04, ¢” = 20000 (Gr = 285,000).
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clearly shown in Fig. 5. Fig. 6 shows that at 0 = 45° centrif-
ugal force causes the medium near the outer bend to be
accelerated increasingly. Therefore the maximum axial
velocity zone appears at the outer part. This issue causes
decreasing the temperature near the outer bend which is
illustrated in Fig. 7. Fig. 6 (columns I and III) shows at
low heat flux values the axial velocity has been developed
at 0 =90°, where it can be seen in Fig. 8(a). Increasing
the buoyancy force augments the secondary flow; therefore
the axial velocity is developed far away towards the stream
direction. So at high heat flux values the axial velocity has
been developed at 0 = 135° that is shown in Figs. 6 (col-
umns II and IV) and 8(b).

At high heat flux value, in developing flow; the vortices
in the top and bottom zone become smaller towards the
stream direction, which is shown in Figs. 4 and 5. Fig. 7
shows by developing in contours of temperature two circu-
lar zones corresponding to the vortices will be established.
It is interesting to note that circular zones temperature are

inner 1 11

0=45"

0=90"

m=0.0024

m=0.0071
(De=57.7) (De=173.1)

Dimensionless axial velocity

very low; therefore vortices cause temperature decrease
around themselves.

Figs. 4-7 show that increasing heat flux values augments
the buoyancy force; hence the symmetry in the vector of
secondary flow, contour of axial velocity, streamline tracer
and contour of temperature will be distorted. The buoy-
ancy force creates flow in the vertical plane, the distortion
of symmetry is due to the interaction between vertical flow
and horizontal flow resulted from centrifugal force.

Fig. 6 shows that at a given flow rate increasing nano-
particles concentration causes the augment of axial veloc-
ity, while the flow patterns do not change. It occurs in
both high and low heat flux values. Based upon Eq. (6)
by increasing nanoparticles concentration the density of
nanofluid increases. As the effects of centrifugal force on
the medium become stronger, the flow will be accelerated
that is shown in Fig. 8(c) and (d). Increasing nanoparticles
concentration causes the increase of non-dimensional tem-
perature, which is shown in Fig. 7. It is revealed that

m=0.0024 m=0.0071

(De=57.7) (De=173.1)

Dimensionless temperature

Fig. 10. Effects of flow rate increasing on axial velocity and temperature for ¢ = 0.04, ¢” = 2000 (Gr = 285,000).
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increasing nanoparticles concentration augments specific
heat and thermal conductivities coefficient. Therefore bulk
temperature increases and the difference between bulk tem-
perature and wall temperature becomes low. According to
the non-dimensional approach, dimensionless temperature
decreases. Increasing nanoparticles concentration does not
have any significant impact on the vector of secondary
flow. Increasing flow rates increases the centrifugal forces.
The effect of increasing centrifugal force is significant at the
outer region, where it is dominant at the outer part and
symmetry is established at this zone; which is illustrated
in Figs. 9 and 10.

Fig. 11 shows developing of local Nusselt number, while
the curves for all situations show an initial decrease in the
Nusselt number. Initially, the secondary flow causes a few
increasing on the boundary layer temperature. After reach-
ing to a minimum, the local Nusselt number beings to
increase in the axial direction. This is a sign that the sec-
ondary flow resulting from the centrifugal and buoyancy
force starts to influence the temperature boundary layer.
In a given flow rate an increase in nanoparticles concentra-
tion causes a decrease in local Nusselt number. It is accept-
able for low as well as high flow rate that are shown in
Fig. 11(a) and (b). It can be argued that an increase in
nanoparticles concentration causes an increase in heat

a 24 4=0
- == ¢=1%
20 e 0=2%
—-=-0=3%
207 -m 0=4%
Flow rate=0.0024 (kg/s)
P— .
=H q'=243.03 (W/m?)
pz
16
144
12
10 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
0
c 30 -
sl | —— Flow rate=0.0024  (Kg/s)
1'| ~~~~~ Flow rate=0.0048
26 | \ - - - Flow rate=0.0071
. 9=4%
#1 \ q'=20000 (W/m?)
22 4 L Gr=285000
3® 20
b4

T T T T T
0 20 40 60 80 100 120 140 160 180 200

transfer and effective density. In order to keep flow rate
constant the inlet velocity should be decreased. Therefore,
the influence of decreasing velocity on Nusselt number is
more significant than increasing nanoparticles concentra-
tion. At a given heat flux and at a given nanoparticle con-
centration, increasing flow rates can augment local Nusselt
number that is shown in Fig. 11(c). It is interesting that at a
given flow rate and at a given nanoparticles concentration,
increasing heat flux value initially increases local Nusselt
number but after passing 8 = 65° the local Nusselt number
decreases. The reason is that, the effects of buoyancy force
become stronger towards the stream direction, while the
interaction between these effects and the effects of centrifu-
gal force causes the secondary flow becomes weak; result-
ing local Nusselt number decreases. The developing of
the skin friction factor shown in Fig. 12 is similar to the
local Nusselt number shown in Fig. 11. Fig. 12(a) and (b)
shows that increasing concentration of nanoparticles
increases the skin friction factor, which is significant for
low and high heat flux values. Fig. 12(c) shows that for a
given flow rate and a nanoparticles concentration, heat flux
values increment causes a curvy shape of skin friction fac-
tor that initially increases but after 0 =45° it will be
decreased. Because along the pipe, the effects of buoyancy
force is increased and its interaction with the effect of

b 32
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i | 0=2%
28 == 0=3%
- 0=4%
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> i b
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22 -
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T T T T T T T T T T
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d % ——q=243.03 (W/m?
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24 .
----- q'=58000
23] —----q'=90000
0=4%
22| Flow rate=0.0071 (kg/s)
De=173.1
S 214
z

— T T T T T T T T T T
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)

Fig. 11. Effects of volume fraction on the Nusselt number (a, b), effects of mass flow on the Nusselt number (c), effects of heat flux on the Nusselt

number (d).
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Fig. 12. Effects of volume fraction on the skin friction factor (a, b), effects of heat flux on the skin friction factor (c), effects of mass flow on the skin friction

factor (d).

centrifugal force on secondary flow causes a decreasing
impact of secondary flow on boundary layer. Increasing
flow rate decreases skin friction coefficient that is shown
in Fig. 12(d). As skin friction coefficient is proportional
to reverse velocity square therefore increasing flow rate
causes to decrease skin friction coefficient.

4. Conclusions

Three-dimensional elliptic governing equations is solved
to investigate laminar mixed convection of a nanofluid con-
sists of water and Al,Os. The effects of buoyancy and heat
transfer in a curved tube are studied in this paper. It is
shown that for a given flow rate at a given nanoparticles
concentration, the increasing in buoyancy force postpone
the developing of axial velocity. For a given flow rate,
increasing nanoparticles concentration increases axial
velocity as well as bulk temperature. In addition, increasing
the buoyancy forces augment the Nusselt number and skin
friction factor. As soon as the buoyancy force becomes
stronger, Nusselt number and skin friction factor are
reduced by increasing heat flux. For a given heat flux
increasing centrifugal force augments Nusselt number but
reduces the skin friction factor. For a given heat flux at a
given flow rate, skin friction factor is increased and Nusselt
number is reduced by augmenting nanoparticles concentra-

tion. Decreasing Nusselt number for a given flow rate by
increasing nanoparticles concentration is a crucial issue
that reduces the centrifugal force. It is more significant
than increasing the buoyancy force in curved tubes.
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