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a b s t r a c t

The difference between the experimental thermophysical properties of nanofluids and the values
obtained by ideal mixture theory was investigated. It is shown that by ignoring fluid adsorption around
nanoparticles in a nanofluid, ideal mixture theory underestimates the density, thermal conductivity, and
viscosity and overestimates the heat capacity and thermal expansion coefficient of the nanofluids.
Dependency of these deviations upon the adsorption of nanofluid molecules on the surface of nanopar-
ticles was investigated and a linear correlation was observed at different temperatures, concentrations,
and nanoparticle diameters. The excess adsorption of the nanofluid molecules is obtained by using an
accurate version of the density functional theory.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nanofluid is a stable and uniform suspension consisting of
nanoparticles in fluids such as water or ethylene glycol [1]. Follow-
ing the presentation of nanofluid by Choi in 1995 [1], a large num-
ber of researchers have focused on studying the thermophysical
properties of nanofluids such as thermal conductivity, viscosity,
heat capacity, and density. Experimental results show that the
nanofluids have improved thermophysical properties compared
to the bulk fluid or colloidal fluids containing micrometer sized
particles [2]. For example, by adding 1.5 wt% of carbon coated Cu,
Al, and Fe nanoparticles, the thermal conductivity of polyethylene
glycol can be enhanced up to 49%, 40%, and 30%, respectively [3];
for a nanofluid containing ethylene glycol and 0.3 vol% of Cu
nanoparticles, the effective thermal conductivity increases by up
to 40% [2] or with increase in nanoparticle volume fraction by
up to 5%, the viscosity of Al2O3/water nanofluid can increase by
up to 60% [4] and the specific heat of nanofluid containing 4 vol%
of CuO nanoparticles in water is 20% lower than that of the pure
water [5].

One of the oldest models to predict thermal conductivity of a
solid–liquid mixture is the Maxwell model. This model has been
proposed for an ideal liquid–solid mixture and by ignoring interac-
tions between these two parts [6],

kth ¼
ksp þ 2kbf þ 2 ksp � kbf

� �
ksp þ 2kbf � ðksp � kbf Þu ð1Þ

where, k is thermal conductivity, sp and bf denote solid particle (like
spherical nanoparticles) and base fluid, respectively, and kth refers
to the theoretical value of nanofluid’s thermal conductivity. How-
ever, many experimental results show that the Maxwell model
underestimates thermal conductivity of the nanofluids.

Although the reason for the improvement in thermophysical
properties of nanofluids is not clear, some mechanisms, for exam-
ple for thermal conductivity enhancement of nanofluid, have been
proposed: Brownian motion of the nanoparticles, the nature of
heat transport in the nanoparticles, and the effects of nanoparticle
clustering and interfacial molecular layering of the fluid. Among
these mechanisms, Evans et al. [7] and Babaei et al. [8] showed that
the effect of Brownian motion of the nanoparticles on the enhance-
ment of thermal conductivity of nanofluids is not considerable. In
contrast, layering of liquid molecules on the nanoparticle surface
has an important role in the anomalous enhanced thermal conduc-
tivity of nanofluids [9–17]. It has been shown that the thermal con-
ductivity of nanofluids depends on the nanolayer structure, and
there is a linear regularity between thermal conductivity enhance-
ment and total excess adsorption of fluid molecules on the
nanoparticle surface [18].

Thermal performance of a nanofluid depends not only on its
thermal conductivity, but also on its other thermophysical proper-
ties which include heat capacity, viscosity, and density [19]. Den-
sity measurement of nanofluids demonstrated an increase in
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density by increasing volume fraction of nanoparticles [20]. In
addition, the heat capacity of nanofluid plays an important role
in the heat transfer process [21]. Specific heat capacity of nanoflu-
ids depends on many factors, such as specific heat capacity of fluid
and nanoparticles, concentration, shape and size of nanoparticles,
and temperature of suspension [17]. According to the experimental
results, the specific heat capacity of nanofluids decreases with an
increase in volume fraction of the nanoparticles [22,23]. The speci-
fic heat capacity of nanofluids also increases with increasing tem-
perature. The solid–fluid interaction energy, absence of thermal
equilibrium between nanoparticles and fluid molecules, and layer-
ing of liquid molecules on the surface of nanoparticles are several
proposed mechanisms for how nanoparticles affect heat capacity
of the nanofluid [24]. The reduced specific heat capacity of nanoflu-
ids is due to the lower specific heat capacity of nanoparticles.
Although, in the literature, there is no satisfactory mechanism for
the reduced specific heat capacity of nanofluids, theoretical studies
have been performed to obtain models to predict it. By ignoring the
interaction between the nanoparticles and the fluid molecules, the
specific heat capacity of nanofluids is usually predicted by:

Cp;nf ¼ uCp;sp þ 1�uð ÞCp;bf ð2Þ
where, u is the volume fraction of solid particles (like nanoparti-
cles); nf, sp, and bf refer to the nanofluid, solid particle, and base
fluid, respectively; and Cp is the specific heat capacity. In this model,
the nanofluid is assumed to be an ideal mixture. Experimental
results demonstrate that using this model leads to an overestima-
tion in the calculated specific heat capacity values [22]. Also, two
similar equations for density (qÞ and thermal expansion coefficient
(aÞ of the nanofluids are reported:

qnf ¼ uqsp þ 1�uð Þqbf ð3Þ

anf ¼ uasp þ 1�uð Þabf ð4Þ
It should be noted that Eq. (3) underestimates density and Eq.

(4) overestimates the thermal expansion coefficient of nanofluids.
In addition to the above properties, viscosity of the nanofluid is
more than that of the base fluid and it is dependent on tempera-
ture, volume fraction, and nanoparticles diameter. At first, Einstein
proposed a simple correlation, g ¼ gf ð1þ 2:5uÞ, for viscosity of a
solid–liquid mixture, where g is viscosity. After Einstein, Brinkman
generalized the Einstein model for non-interacting hard-sphere
particles suspension [25]:

gnf ¼
gbf

ð1�uÞ2:5
ð5Þ

The Brinkmanmodel underestimates viscosity of the nanofluids,
too. Deviation of Eqs. (1)–(5) from experimental values clearly
shows that the interaction between nanoparticles and the base fluid
molecules should be considered. Therefore, based on the assump-
tion of thermal equilibrium between the nanoparticles and the base
fluid, Eq. (2) was improved by Xuan and Roetzelas [26]:

Cp;nf ¼
uqspCp;sp þ 1�uð Þqbf Cp;bf

uqsp þ 1�uð Þqbf
ð6Þ

In this model, the effects of density of nanoparticle and fluid
(qsp and qf, respectively) are also considered; and the deviation
of heat capacity estimated by this model from experimental data
is lower than that by Eq. (2). Generally, there is a large deviation
between the specific heat capacity values obtained from Eqs. (2)
and (6) [27]. Also, a similar modified equation is reported for accu-
rate calculation of the thermal expansion coefficient [28]:

anf ¼
uqspasp þ 1�uð Þqbfabf

uqsp þ 1�uð Þqbf
ð7Þ

The main reason for deviation of Eqs. (1)–(5) from experimental
data is the entropic effects and energetic interactions between
nanoparticles and the base fluid molecules that are ignored in
these equations. These interactions lead to aggregation of the base
fluid molecules around nanoparticles [29]. In fact, in a dense fluid,
the molecules accumulate on the surface of a central molecule and
form a solid-like layered structure [30]. Although there are no
long-range Van-der Waals forces between nanoparticles and fluid
molecules, there is an entropic attraction between them due to
which the nanolayer is formed [29]. In the nanofluid, distribution
of molecules around the nanoparticle is named nanolayer. Density
and hence other thermophysical properties of the nanolayer are
different from those of the base fluid. Therefore, a part of the base
fluid molecules in the nanofluid has different properties from those
of the base fluid; and this difference is ignored in Eqs. (1)–(5). The
local structure of a nanolayer can be shown by one-body density
distribution function (density profile), q(r) [31]. Density profile is
affected by factors such as diameter of central molecule, tempera-
ture, and intermolecular interactions. Increasing size of the
nanoparticle leads to increase in tendency of the molecules to be
adsorbed on the surface of the central molecule [31]. Due to the
large diameter (in comparison with fluid molecules diameter) of
the nanoparticles, the number of adsorbed molecules in a volume
element about the nanoparticle surface is usually greater than that
in the pure fluid. These additional adsorbed molecules are shown
with a property called excess adsorption. Excess adsorption may
be calculated by the following equation [30]:

C ¼
Z

q rð Þ � qb½ � dr ¼ 4p
Z

q rð Þ � qb½ �r2dr ð8Þ

where, C is excess adsorption of fluid molecules on the surface of
each nanoparticle, qb is average bulk density, and r is the distance
between the surface of nanoparticle and the center of fluid mole-
cules. CN = C � N is the total excess adsorption around all nanopar-
ticles in which N is the number of all nanoparticles dispersed in the
nanofluid. In this paper, dependency of the anomalous behavior of
the thermophysical properties of nanofluids on excess adsorptions
will be investigated. To calculate the excess adsorption of fluid
molecules on the surface of nanoparticle, the density profile can
be obtained by using experimental or theoretical methods. One of
the powerful and accurate theoretical methods is density functional
theory (DFT) by which the density profile of the base fluid around
nanoparticles can be obtained.

The remainder of this paper is organized as follows. In Section 2,
DFT method is explained briefly; in Section 3, the effects of excess
adsorption on the density, thermal expansion coefficient, specific
heat capacity, thermal conductivity, and viscosity of nanofluids
are investigated; and in Section 4, some concluding remarks are
exposed.

2. Density functional theory

In the density functional theory of an inhomogeneous fluid, the
grand potential, X, of the system related to its Helmholtz free
energy, F, is obtained via a Legendre transformation [32],

X½qðrÞ� ¼ Fint½qðrÞ� þ
Z

drqðrÞ½VextðrÞ � l� ð9Þ

where, q(r) is the one-body density distribution, Vext(r) is the exter-
nal field due to the nanoparticles, l is the chemical potential, and
Fint[q(r)] is the intrinsic Helmholtz free energy of the fluid. The
intrinsic Helmholtz free energy functional can be expressed as an
ideal-gas contribution Fid[q(r)] plus an excess term Fex[q(r)] that
accounts for the non-ideal interactions [32],

Fint½qðrÞ� ¼ Fid½qðrÞ� þ Fex½qðrÞ� ð10Þ
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