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a b s t r a c t

Nanofluid is a suspension of nanoparticles with high thermal conductivity. Many investigations have
been performed to find out the mechanism of enhanced heat transfer in the nanofluids. In the present
work, we model the Al2O3/H2O nanofluid employing the pseudo-single-phase continuum model and
investigate the fully-developed forced convection in a coaxial cylinder under a fixed pressure drop. It
is found that the heat transfer coefficients of both the cold inner wall and hot outer wall increase with
respect to the inlet mass fraction of nanoparticles. The enhancement of convective heat transfer coeffi-
cient is found to be slightly higher than that of thermal conductivity of nanofluid itself due to the drift
of nanoparticles. On the other hand, the Nusselt number of cold inner wall increases but that of hot outer
wall decreases as the inlet mass fraction of nanoparticles increases. It is revealed that this peculiar behav-
ior of Nusselt number on the hot outer wall is caused by the drift of nanoparticles from the cold inner wall
to the hot outer wall due to the thermophoresis. As the inlet mass fraction of nanoparticles increases
under the condition of fixed pressure drop, the mixture viscosity increases and the volumetric flow rate
is retarded, since the viscous dissipation must balance the input rate of mechanical energy at the steady
state.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanofluids are colloidal dispersion of nano-sized particles in
traditional heat transfer fluids such as water, oil and ethylene gly-
col. By adding nanoparticles, the thermal conductivity increases.
Therefore, in the well-mixed state, the enhanced thermal conduc-
tivity is expected to promote heat transfer rate as the particle mass
fraction of nanofluids increases. Several investigators performed
experimental works on the effects of nanoparticles in the heat
transfer characteristics of nanofluids. Xuan and Li [1] investigated
turbulent convective heat transfer of copper-oxide in water
nanofluids. Yang et al. [2] measured laminar convective heat trans-
fer performance of graphite nanofluids in a circular tube. Wen and
Ding [3] investigated laminar forced convection of nanofluids in
the entrance region. Heris et al. [4] also studied experimentally
the laminar forced convection of nanofluids in a circular tube
under constant well temperature. Williams et al. [5] considered
turbulent forced convection of nanofluids in horizontal tubes. Most

of these studies concluded that the presence of nanoparticles
enhances heat transfer rate in the nanofluids as compared to their
respective base fluids. However, the cause of heat transfer
enhancement is still controversial. Is it simply due to the changes
in the thermophysical properties of the nanofluids or due to other
dynamic effects of nanoparticles?

In the present investigation, we adopt a rigorous continuum
model of nanofluids to resolve these controversies. In most models
of nanofluids [6], it has been assumed that nanoparticles do not
affect the dynamics of nanofluids and adopted the momentum
and energy balance equations of the base fluid as those for nanoflu-
ids, only with the modification of thermophysical properties
induced by nanoparticles [7,8]. However, the effects of particle
mass loading on the dynamics of nanofluids are significant, espe-
cially in the nonisothermal systems where the thermophoretic
drift of particles cannot be neglected [9,10]. In Park [9], a
pseudo-single-phase continuum model of nanofluids have been
developed from a two-phase model when the particle mass loading
is not negligible. In the present investigation the pseudo-
single-phase continuum model is implemented for a steady-state,
fully-developed forced convection in a coaxial cylinder. It shall
be investigated how the nanoparticles effect the heat transfer
characteristics in the forced convection in the coaxial cylinder.
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2. The pseudo-single-phase continuum model of nanofluids

Nanofluids are basically multiphase fluids. Our starting point is
to describe the nanofluids as a two-phase mixture, with each phase
having its own velocity, temperature and density. These two
phases interact through the interfacial exchange of momentum
and energy. Let the superscript ‘ indicate the liquid phase and p
the nanoparticle phase. Then qi denotes the i phase bulk density,

vi the i phase velocity field, pi the i phase stress tensor, Ti the i

phase temperature, Ci
p the i phase heat capacity, ki the i phase ther-

mal conductivity, tmom the momentum relaxation time, tT the ther-
mal relaxation time, Dp the particle Brownian diffusivity and aT is
the thermal diffusion coefficient. Then the base liquid phase and
the nanoparticle phase balance equations are given by;

(Base liquid phase)

@q‘

@t
þr � ðq‘v‘Þ ¼ 0 ð1Þ

@

@t
ðq‘v‘Þ þ r � ðq‘v‘v‘Þ ¼ r � p‘ þ q‘gþ FP ð2Þ

q‘C‘
p
@T‘

@t
þ q‘C‘

pv
‘ � rT‘ ¼ r � k‘rT‘ þ Qp ð3Þ

where the momentum and energy source terms are:
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(Nanoparticle phase)
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The momentum and thermal interactions between the two co-
existing phases are contained in Fp and Qp terms. Eq. (4) indicates
that the nanoparticles drift under the mechanism of thermophore-
sis [10] and Brownian motion [11]. The last two terms of the right
hand side of Eq. (4) shall take care of the effect of particle drifts on
the enhancement of heat transfer coefficient. In [9], it is shown that
the momentum relaxation time tmom and thermal relaxation time tT
are very small. Then, we find from Eqs. (7) and (8) that

vp � v‘ ¼ �aTDpr ln T‘ � Dpr lnxp ð9Þ

Tp � T‘ ¼ 0 ð10Þ
Now, we introduce the following mixture variables [9,12]

q � q‘ þ qp;

qv � q‘v‘ þ qpvp;

p� qvv � ðp‘ � q‘v‘v‘Þ þ ðpp � qpvpvpÞ;

qCpT � q‘C‘
pT

‘ þ qpCp
pT

p ð11Þ
where q;v;p; T;Cp are the mixture density, velocity, stress tensor,
temperature and heat capacity, respectively. Exploiting the defini-
tions of mixture variables and Eq. (10), which implies T ¼ TP ¼ T‘,
the governing equations of the base liquid phase and the nanopar-
ticle phase may be combined to yield the following set of mixture
conservation equations.

(Mixture conservation equations)

@q
@t

þr � ðqvÞ ¼ 0 ð12Þ

Nomenclature

Cl
p liquid phase heat capacity

Cp
p particle phase heat capacity

Dp particle Brownian diffusivity
Fp momentum interaction defined in Eq. (4)
g gravity vector
jp diffusion flux of particle defined in Eq. (15)
k mixture thermal conductivity
kl liquid phase thermal conductivity
kp particle thermal conductivity
L length of the coaxial cylinder
P mixture pressure
Qp energy interaction (Eq. (5))
T mixture temperature
Tl liquid phase temperature
Tp particle phase temperature
v mixture velocity vector
vr ; v z components of mixture velocity vector
v l liquid phase velocity vector
vp particle phase velocity vector

Greek symbols
aT thermal diffusion coefficient

b thermal conductivity ratio defined in Eq. (20)
l mixture viscosity
ll liquid phase viscosity
p mixture stress tensor
pdiff difusive stress tensor defined in Eq. (16)
q mixture density
ql bulk density of liquid phase
qp bulk density of particle phase
q̂l intrinsic density of liquid
q̂p intrinsic density of particle
/ volume fraction of particle phase
xp mass fraction of particle phase

Superscript
l liquid phase
p particle phase

Subscript
in inlet condition
out outlet condition
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