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a b s t r a c t

A critical synthesis of the variants within the thermophysical properties of nanofluids is presented in this
work. The experimental results for the effective thermal conductivity and viscosity reported by several
authors are in disagreement. Theoretical and experimental studies are essential to clarify the discrepan-
cies in the results and in proper understanding of heat transfer enhancement characteristics of nanofl-
uids. At room temperature, it is illustrated that the results of the effective thermal conductivity and
viscosity of nanofluids can be estimated using the classical equations at low volume fractions. However,
the classical models fail to estimate the effective thermal conductivity and viscosity of nanofluids at var-
ious temperatures. This study shows that it is not clear which analytical model should be used to describe
the thermal conductivity of nanofluids. Additional theoretical and experimental research studies are
required to clarify the mechanisms responsible for heat transfer enhancement in nanofluids. Correlations
for effective thermal conductivity and viscosity are synthesized and developed in this study in terms of
pertinent physical parameters based on the reported experimental data.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in nanotechnology have led to the develop-
ment of a new, innovative class of heat transfer fluids (nanofluids)
created by dispersing nanoparticles (10–50 nm) in traditional heat
transfer fluids [1]. Nanofluids appear to have the potential to sig-
nificantly increase heat transfer rates in a variety of areas such as
industrial cooling applications, nuclear reactors, transportation
industry (automobiles, trucks, and airplanes), micro-electrome-
chanical systems (MEMS), electronics and instrumentation, and
biomedical applications (nano-drug delivery, cancer therapeutics,
cryopreservation) [2]. Possible improved thermal conductivity
translates into higher energy efficiency, better performance, and
lower operating costs.

A large number of research work related to the heat transfer
enhancement using nanofluids both experimentally and theoreti-
cally was conducted by a number of investigators [1–15]. Although
various studies have shown that nanofluids illustrate higher heat
transfer enhancement than those of base fluids, contradictory re-
sults on nanofluids behavior were also reported. For example,
Pak and Cho [16] demonstrated that the Nusselt number for
Al2O3–water and TiO2–water nanofluids increased with increasing
volume fraction as well as the Reynolds number. However, the
convective heat transfer coefficient for nanofluids at a volume frac-
ll rights reserved.

: +1 951 827 2899.
tion of 3% was found to be 12% smaller than that of pure water
when considering a constant average velocity [16]. Yang et al.
[17] reported a similar conclusion for graphite nanofluids in the
laminar flow regime. On the contrary, many other researchers have
reported heat transfer enhancement using nanofluids [6,11,15,18–
22]. For instance, Xuan and Li [15] conducted an experimental
study to investigate convective heat transfer and flow features of
nanofluids. Their results show that convective heat transfer coeffi-
cient of the nanofluid increased with the flow velocity as well as
the volume fraction of nanoparticles and it was larger than that
of the base water under the same flow velocity. Das et al. [22]
had shown experimentally that the thermal conductivity of nano-
fluid increases with an increase in temperature. They observed that
a 2 to 4-fold increase in the thermal conductivity can be achieved
over the temperature range of 21–52 �C.

In contrast to research investigations related to forced convec-
tive heat transfer using nanofluids, few studies are found in the lit-
erature on the use of nanofluids in natural convective heat transfer.
Khanafer et al. [6] conducted a numerical study to determine nat-
ural convection heat transfer of nanofluids in an enclosure under
various physical constraints. Their results illustrated that the aver-
age Nusselt number increases with an increase in the particle vol-
ume fraction for different Grashof numbers. Kim et al. [23]
proposed a factor which described the effect of nanoparticle addi-
tion on the convective instability and heat transfer characteristics
of a base fluid. The new factor included the effect of the ratio of
the thermal conductivity of nanoparticles to that of the base fluid,
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Nomenclature

ceff heat capacity of nanofluids
cf heat capacity of the base fluid
cp heat capacity of nanoparticles
dp nanoparticles diameter
h inter-particle spacing
k thermal conductivity
kB Stefan–Boltzmann constant
keff thermal conductivity of nanofluids
kH Huggins coefficient
klayer thermal conductivity of the nano-layer
m mass
n empirical shape factor
Pr Prandtl number
Re Reynolds number
t thickness of the nano-layer
T temperature
V volume

Greek symbols
beff thermal expansion coefficient of nanofluids
bf thermal expansion coefficient of the base fluid
bp thermal expansion coefficient of nanoparticle
q density
qeff density of nanofluids
w particle sphericity
/p volume fraction of nanoparticles
/p;max maximum volume fraction of nanoparticles
leff dynamic viscosity of nanofluids
lf dynamic viscosity of the base fluid
lBrownian dynamic viscosity due to Brownian motion

Subscripts
f fluid
p nanoparticle
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shape factor of the nanoparticles, volume fraction of nanoparticles,
and the heat capacity ratio. Their results indicate that the heat
transfer coefficients in the presence of nanofluids increases with
an increase in the volume fraction of nanoparticles. Convective
heat transfer enhancement using nanofluids was also observed
experimentally by Nanna et al. [24] and Nanna and Routhu [25].

On the other hand, Putra et al. [13] found experimentally that
the presence of nanoparticles (Al2O3 and CuO) in water based
nanofluids inside a horizontal cylinder decreased natural convec-
tive heat transfer coefficient with an increase in the volume frac-
tion of nanoparticles, particle density as well as the aspect ratio
of the cylinder. Ding et al. [26] have also reported experimentally
that natural convective heat transfer coefficient decreases system-
atically with an increase in nanoparticle concentration, and the
deterioration was partially attributed to the higher viscosity of
nanofluids. Chang et al. [27] performed natural convection experi-
ments with Al2O3 microparticle (�250 nm) aqueous suspensions in
thin enclosures. Their results seem to indicate that the particles
have a negligible effect on the Nusselt number values for a vertical
enclosure. However, for horizontal enclosure, there was a decrease
in Nusselt number compared to presence of pure water at lower
Rayleigh numbers and higher particle concentrations. The authors
attributed this anomalous behavior to sedimentation.

Ho et al. [28] had experimentally investigated natural convec-
tion heat transfer of a nanofluid in a vertical enclosure for different
particle sizes and various volume fractions of nanoparticles (Al2O3)
ranging from 0.1% to 4% and Rayleigh number variations in the
range of 105–108. Systematic heat transfer degradation was ob-
served in their measurements for nanofluids containing nanoparti-
cles with volume fractions greater than 2% over the entire range of
Rayleigh numbers. However, heat transfer enhancement around
18% compared with pure water was exhibited for nanofluid con-
taining lower nanoparticle concentrations of 0.1% at high Rayleigh
numbers.

Currently, there are no reliable theoretical models to determine
the anomalous thermal conductivity of nanofluids. Many research-
ers have based the thermal conductivity of nanofluids on thermal
conductivities of fluid and nanoparticles, shape and surface area
of nanoparticles, volume fraction, and temperature [29]. Keblinski
et al. [30] and Eastman et al. [31] proposed four main mechanisms
for thermal conductivity enhancement of nanofluids. These include
Brownian motion of nanoparticles, molecular-level layering of the
liquid at the liquid/particle interface, heat transport within the
nanoparticles and the effects of nanoparticle clustering. They had
reasoned that the effect of Brownian motion can be neglected
due to the greater input of the thermal diffusion as compared to
the Brownian diffusion. Evans et al. [32] had also demonstrated
that the hydrodynamics effects associated with Brownian motion
have a minor effect on the thermal conductivity of the nanofluid
using the molecular dynamics simulations and the simple kinetic
theory.

The effect of the solid/liquid interfacial layer on the thermal
conductivity enhancement of nanofluids was studied theoretically
by many researchers [33–38]. For example, Yu and Choi [33,34]
proposed a theoretical model for the effect of a solid/liquid inter-
face based on the Hamilton–Crosser model for suspensions of non-
spherical particles. They attempt to demonstrate that the solid/
liquid interfacial layers plays an important role in augmenting
the thermal conductivity of nanofluids through the use of their
Hamilton–Crosser model. However, their proposed model was un-
able to predict the nonlinear behavior of the nanofluid thermal
conductivity. Considering the interface effect between the nano-
particles and base fluid, Xue [36] developed a theoretical model
for the effective thermal conductivity for nanofluids based on Max-
well theory and average polarization theory. Xue [36] postulated
that the developed model can interpret the anomalous enhance-
ment of the effective thermal conductivity of the nanofluid. Other
theoretical studies in the literature indicate additional conflicting
results. Based on molecular dynamic simulations and simple li-
quid-solid interfaces, Xue et al. [38] illustrated that the layering
of the liquid atoms at the liquid–solid interface does not have
any considerable effect on thermal transport properties.

One can notice from the earlier cited information that neither
Brownian motion nor interfacial liquid layering can be a dominant
mechanism and that the findings from experimental and analytical
investigations on the heat transfer enhancement using nanofluids
are in disagreement for both natural and forced convection. Hence,
further theoretical and experimental research are essential in order
to explain the basis for possible heat transfer enhancement when
using nanofluids. Although many possible mechanisms were pro-
posed in the literature, there is no robust description of the anom-
alous behavior of nanofluids including higher thermal conductivity
and viscosity. The thermal conductivity and viscosity data of nano-
fluids are still contradictory in various research publications. As
such, it is still unclear as to what are the best models to use for
the thermal conductivity and viscosity of nanofluids. Therefore,
the aim of this study is to analyze the variants within the thermo-
physical characteristics of nanofluids especially with respect to the
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thermal conductivity and viscosity models and propose possible
physical reasons for the deviations between experimental and ana-
lytical studies.
1.1. Analytical models for physical properties of nanofluids

1.1.1. Density
The density of nanofluid is based on the physical principle of the

mixture rule. As such it can be represented as:

qeff ¼
m
V

� �
eff
¼ mf þmp

Vf þ Vp
¼

qf V f þ qpVp

Vf þ Vp
¼ ð1� /pÞqf þ /pqp; ð1Þ

where f and p refer to the fluid and nanoparticle respectively and
/p ¼

Vp

VfþVp
is the volume fraction of the nanoparticles. To examine

the validity of Eq. (1), Pak and Cho [16] and Ho et al. [28] conducted
experimental studies to measure the density of Al2O3–water nano-
fluids at room temperature as depicted in Fig. 1a. Fig. 1a shows an
Fig. 1. Effect of the volume fraction on the density of the Al2O3–wa
excellent agreement between the experimental results and the pre-
dictions using Eq. (1).

The physical properties at different temperatures are very
important for engineering calculations. Ho et al. [28] measured
the density of Al2O3–water nanofluid at different temperatures
and nanoparticle volume fractions. In the present work, a correla-
tion for the density of Al2O3–water nanofluid using the experimen-
tal data of Ho et al. [28] as a function of temperature and volume
fraction of nanoparticles has been developed. The present devel-
oped correlation can be expressed as:

qeff ¼ 1001:064þ 2738:6191/p � 0:2095T; 0 6 /p

6 0:04;5 6 Tð�CÞ 6 40: ð2Þ

The R2 of the regression is 99.97% and the maximum relative er-
ror is 0.22%. It is clear from Fig. 1b that the current regression (Eq.
(2)) is in excellent agreement with the measurements of Ho et al.
[28]. In addition, Fig. 1b shows that the rate of decrease of the
effective density of Al2O3–water nanofluid with increasing temper-
ter nanofluid (a) room temperature; (b) various temperatures.
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ature is insignificant. This is due to the fact that the density of the
Al2O3 nanoparticles is even less sensitive to the temperature when
compared to the density of water.

2. Heat capacity of nanofluids

The specific heat of nanofluid can be determined by assuming
thermal equilibrium between the nanoparticles and the base fluid
phase as follows:

ðqcÞeff ¼ qeff
Q

mDT

� �
eff

¼ qeff

Q f þ Q p

ðmf þmpÞDT

¼
ðmcÞf DT þ ðmcÞpDT
ðmf þmpÞDT

! ðqcÞeff

¼ qeff

ðqcÞf Vf þ ðqcÞpVp

qf Vf þ qpVp
) ceff ¼

ð1� /pÞqf cf þ /pqpcp

qeff
ð3Þ

where qp is the density of the nanoparticle, qf is the density of the
base fluid, qeff is the density of the nanofluid, and cp and cf are the
heat capacities of the nanoparticle and the base fluid, respectively.
However, some authors [16,22,39–41] prefer to use a simpler
expression given as:

ceff ¼ ð1� /pÞcf þ /pcp: ð4Þ

Fig. 2 shows a comparison of the specific heat of Al2O3–water
nanofluid at room temperature using both equations with the
experimental data of Zhou and Ni [42] for various volume fractions
ð/p ¼ 0—21:7%Þ. This figure shows that the specific heat of the
nanofluid based on the models given in Eqs. (3) and (4) decreases
with an increase in the volume fraction of nanoparticles. The
experimental results were compared with the predictions obtained
from the models given in Eqs. (3) and (4) as shown in Fig. 2. Fig. 2
shows that model I compares very well with the experimental data
of Zhou and Ni [42].

3. Thermal expansion coefficient of nanofluids

The thermal expansion coefficient of nanofluids can be esti-
mated utilizing the volume fraction of the nanoparticles on a
weight basis as follows [6]:

beff ¼
ð1� /pÞðqbÞf þ /pðqbÞp

qeff
; ð4Þ
Fig. 2. Comparison of the heat capacity of Al2O3–water nanofluid obtained by models
where bf and bp are the thermal expansion coefficients of the base
fluid and the nanoparticle, respectively. A simpler model for the
thermal expansion coefficient of the nanofluid is suggested as
[43,44]:

beff ¼ ð1� /pÞbf þ /pbp: ð5Þ

To the best of our knowledge, there is one experimental mea-
surement of the volumetric expansion coefficient of nanoparticles
that has been reported in the literature [28]. Ho et al. [28] con-
ducted an experimental study to determine the thermal expansion
of Al2O3–water nanofluid at various volume fractions of nanoparti-
cles. For water, bf varies from 1.5 � 10�4 �C�1 to 6.2 � 10�4 �C�1

over a temperature range of 15 �C 6 T6 80 �C, which is two orders
of magnitude higher than bp. The values of the thermal expansion
of Al2O3–water nanofluid predicted by Eqs. (4) and (5) were com-
pared with the experimental data of Ho et al. [28] at a temperature
of 26 �C. Fig. 3a shows that neither Eq. (4) nor Eq. (5) can be used to
properly estimate the thermal expansion of nanofluid as compared
to the experimental data of Ho et al. [28].

Ho et al. [28] also studied the effect of temperature and volume
fraction of nanoparticles on the thermal expansion coefficient of
Al2O3–water nanofluid. A correlation for the thermal expansion
coefficient of Al2O3–water nanofluid as a function of temperature
and volume fraction of nanoparticles based on the data presented
in Ho et al. [28] has been developed in the current work. This cor-
relation can be presented as:

beff ¼ �0:479/p þ 9:3158� 10�3T � 4:7211
T2

� �
� 10�3;

0 6 /p 6 0:04; 10 �C 6 T 6 40 �C ð6Þ

The R2 of the above correlation is 99%. The validity of this correla-
tion (Eq. (6)) is depicted in Fig. 3b.

4. Effective viscosity of nanofluids

4.1. Analytical studies

Different models of viscosity have been used by researchers to
model the effective viscosity of nanofluid as a function of volume
fraction. Einstein [45] determined the effective viscosity of a sus-
pension of spherical solids as a function of volume fraction (vol-
ume concentration lower than 5%) using the phenomenological
hydrodynamic equations. This equation was expressed by:
I and II given in Eqs. (3) and (4) and the experimental data of Zhou and Ni [42].



Fig. 3. Effect of the volume fraction and temperature on the thermal expansion coefficient of Al2O3–water nanofluid (a) effect of volume fraction as displayed by Eqs. (4) and
(5) at room temperature; (b) temperature effect as displayed by a comparison between Eq. (6) and experimental data of Ho et al. [28].
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leff ¼ 1þ 2:5/p

� �
lf : ð7Þ

Since Einstein’s analysis of the viscosity of a dilute suspension
of rigid spheres in a viscous liquid, several equations have been
developed in an effort to extend Einstein’s formula to suspensions
of higher concentrations, including the effect of non-spherical par-
ticle concentrations [46–50]. For example, Brinkman [46] pre-
sented a viscosity correlation that extended Einstein’s equation
to concentrated suspensions:

leff ¼
1

ð1� /pÞ
2:5 ¼ ð1þ 2:5/p þ 4:375/2

p þ � � �Þlf : ð8Þ

The effect of Brownian motion on the effective viscosity in a
suspension of rigid spherical particles was studied by Batchelor
[47]. For isotropic structure of suspension, the effective viscosity
was given by:

leff ¼ 1þ 2:5/p þ 6:2/2
p

� �
lf : ð9Þ

Lundgren [48] proposed the following equation under the form of a
Taylor series in /p:
leff ¼
1

1� 2:5/p
lf ¼ 1þ 2:5/p þ 6:25/2

p þ Oð/3
pÞ

� �
lf : ð10Þ

It is obvious that if the terms Oð/2
pÞ and higher are neglected,

the above correlation reduces to that of Einstein. Table 1 summa-
rizes the most common analytical expressions for the viscosity of
nanofluids as a function of the volume fraction of the
nanoparticles.

4.2. Experimental studies

Compared with the experimental studies on thermal conductiv-
ity of nanofluids, there are limited rheological studies reported in
the literature [16,55–63]. Models of the effective viscosity of nano-
fluids based on the experimental data are limited to certain nano-
fluids. Masuda et al. [56] were the first to measure the viscosity of
several water-based nanofluids for temperatures ranging from
room condition to 67 �C. Wang et al. [55] obtained, using three dif-
ferent preparation methods, some data for the dynamic viscosity of
Al2O3–water and Al2O3–ethylene glycol mixtures at various
temperatures.



Table 1
Summarizes a significant number of models found in the literature.

Models Effective viscosity Physical model Remarks

Einstein [45] leff ¼ ð1þ 2:5/pÞlf – Based on the phenomenological hydrody-
namic equations

– Considered a suspension containing n sol-
ute particles in a total volume V

– Infinitely dilute suspension of
spheres (no interaction between
the spheres)

– Valid for relatively low particle
volume fraction (/p 6 2%)

Brinkman [46] leff ¼ 1
ð1�/pÞ2:5

¼ ð1þ 2:5/p þ 4:375/2
p þ . . .Þlf

– Based on Einstein model
– Derived by considering the effect of the

addition of one solute-molecule to an
existing solution

– Spherical particles
– Valid for high moderate particle

concentrations
– Used Einstein’s factor: (1 + 2.5/p)

Batchelor [47] leff ¼ ð1þ g/p þ kH/2
pÞlf ¼ ð1þ 2:5/p þ 6:2/2

pÞlf
– Based on reciprocal theorem in Stokes flow

problem to obtain an expression for the
bulk stress due to the thermodynamic
forces

– Incorporated both effects: hydrodynamic
effects and Brownian motion

– Rigid and Spherical particles
– Brownian motion
– Isotropic structure
– Huggins coefficient: kH = 6.2 (5.2

from hydrodynamic effects and
1.0 from Brownian motion)

Lundgren [48] leff ¼ 1
1�2:5/p

lf ¼ ð1þ 2:5/p þ 6:25/2
p þ . . .Þlf

– Based on a Taylor series expansion in terms
of /p

– Dilute concentration of spheres
– Random bed of spheres

Graham [49]
leff ¼ ð1þ 2:5/pÞlf þ 4:5

ðh=rpÞ:ð2þh=rpÞ:ð1þh=rpÞ2

� 	
lf

– A cell theory was used to derive the depen-
dence of the zero-shear-rate viscosity on
volume concentration for a suspension of
uniform, solid, neutrally buoyant spheres

– Agrees well with Einstein’s for
small /p

– rp is the particle radius and h is
the inter-particle spacing

Simha [50] leff ¼ 1þ 2:5/p þ 125
64/p max

� �
/2

p þ . . .
h i

lf
– Based on Cage model of liquids and

solutions
– Spherical particles

Mooney [51] leff ¼ exp 2:5/p

1�k/p

� �
lf ¼ f1þ 2:5/pþ

½3:125þ ð2:5kÞ�/2
p þ . . .glf 1:35 < k < 1:91

– Einstein’s viscosity equation for an infi-
nitely dilute suspension of spheres was
extended to apply to a suspension of finite
concentration

– Based on first-order interaction between
particles (crowding effect)

– Rigid spherical spheres
– Monodisperse suspension of

finite concentration
– Not valid at high concentrations
– Considered the volume fraction of

a suspension to be divided into
two portions

Eilers [52] leff ¼ lf ½1þ
1:25/p

1�/p=0:78� ¼ ð1þ 2:5/p þ 4:75/2
p þ . . .Þlf

– Based on experimental data – Suspensions of bitumen spheres
– Curve fitting of the experimental

data
Saito [53] leff ¼ 1þ 2:5

1�/p
/p

� �
lf ¼ ð1þ 2:5/p þ 2:5/2

p þ . . .Þlf
– Developed based on a theory for spherical

solute-molecules in which a single solute-
molecule is placed in the field of flow,
obtained by averaging over all the possible
positions of a second solute-molecule

– Spherical rigid particles
– Brownian motion
– Very small particles

Frankel and
Acrivos [54]

leff ¼ 9
8
ð/p=/p maxÞ1=3

1�ð/p=/p maxÞ1=3

� �
lf

– An asymptotic technique was used to
derive the functional dependence of effec-
tive viscosity on concentration for a sus-
pension of uniform solid spheres, in the
limit as concentration approaches its max-
imum value

– Uniform solid particles
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Because the formulas such as the one proposed by Einstein [45]
and later improved by Brinkman [46] and Batchelor [47] underes-
timate the viscosity of the nanofluids when compared to the mea-
sured data, Maiga et al. [57,58] performed a least-square curve
fitting of some experimental data of Wang et al. [55] including
Al2O3 in water and Al2O3 in ethylene glycol. Table 2 illustrates a
summary of the viscosity models at room temperature based on
the experimental data available in the literature. Moreover, Fig. 4
shows a comparison of the relative dynamic viscosity of Al2O3–
water nanofluid from various sources at room temperature. This
figure shows that Brinkman model [46], which was derived for
two-phase mixture, is to some extent sufficient to estimate the vis-
cosity for relatively low volume fraction of particles (i.e., /p 6 2%).
However, it considerably underestimates the nanofluid viscosity
when compared to experimental data at high particle concentra-
tions. The differences in the relative viscosity among the experi-
mental data as shown in Fig. 4 may be due to the difference in
the size of the particle clusters, dispersion techniques, and the
methods of measurements. This clearly shows the disagreement
between the researchers in measuring the viscosity of nanofluids.

4.3. Effect of temperature on the dynamic viscosity of nanofluids

It should be noted that all the above mentioned correlations
were developed to relate viscosity as a function of volume fraction
only; without any temperature dependence considerations. It
should be mentioned that there exists a few studies in the litera-
ture associated with the effect of temperature on the viscosity of
nanofluids. For example, Nguyen et al. [60] investigated experi-
mentally the influence of the temperature on the dynamic
viscosities of two particular water-based nanofluids, namely
Al2O3–water (dp = 47 nm, 36 nm) and CuO–water (dp = 29 nm)
mixtures. The following formulas were proposed by Nguyen et al.
[60] for computing the dynamic viscosity for all three nanofluids
tested and particle concentrations of 1% and 4%, respectively:

leff ¼ 1:125� 0:0007� Tð Þlf ; /p ¼ 1%; ð11Þ

leff ¼ 2:1275� 0:0215� T þ 0:0002� T2
� �

lf ; /p ¼ 4%: ð12Þ

As can be seen from Eqs. (11) and (12), Nguyen et al. [60] did
not explicitly express the dynamic viscosity as a function of tem-
perature and volume fraction. Palm et al. [68] proposed equations
for the dynamic viscosity (Pa s) by means of the polynomial curve
fitting based on the data reported by Putra et al. [13]. The resulting
equations as a function of temperature, expressed in Kelvin, are:

For Al2O3–water:

leff ¼ 0:034� 2� 10�4T þ 2:9� 10�7T2; /p ¼ 1%; ð13Þ

leff ¼ 0:039� 2:3� 10�4T þ 3:4� 10�7T2; /p ¼ 4%: ð14Þ



Table 2
Summary of viscosity models at room temperature based on experimental data.

Models Effective viscosity (regression) Remarks

Maiga et al. [57] leff ¼ ð1þ 7:3/p þ 123/2
pÞlf

– Least-square curve fitting of Wang et al. [55] data
– Al2O3–water, dp = 28 nm

Maiga et al. [57] leff ¼ ð1� 0:19/p þ 306/2
pÞlf

dp ¼ 28 nm

– Least-square curve fitting of experimental data [55,56]
– Al2O3–ethylene glycol

Present work leff ¼ ð1þ 0:164/p þ 302:34/2
pÞlf

dp ¼ 28 nm

– Least-square curve fitting of experimental data [55,56]
– Al2O3–ethylene glycol

Buongiorno [67] leff ¼ ð1þ 39:11/p þ 533:9/2
pÞlf

– Curve fitting of Pak and Cho [16] data
– Al2O3–water, dp = 13 nm

Buongiorno [67] leff ¼ ð1þ 5:45/p þ 108:2/2
pÞlf

– Curve fitting of Pak and Cho [16] data
– TiO2–water, dp = 27 nm

Present work leff ¼ ð1þ 23:09/p þ 1525:3/2
pÞlf

0 6 /p 6 0:04

– Curve fitting of Pak and Cho [16] data
– Al2O3–water, dp = 13 nm

Present work leff ¼ ð1þ 3:544/p þ 169:46/2
pÞlf

0 6 /p 6 0:1

– Curve fitting of Pak and Cho [16] data
– TiO2–water, dp = 27 nm

Nguyen et al. [60] leff ¼ lf � 0:904e0:148/p ; dp ¼ 47 nm;

leff ¼ ð1þ 0:025/p þ 0:015/2
pÞlf ; dp ¼ 36 nm

– Curve fitting of the experimental data
– Al2O3–water

Nguyen et al. [60] leff ¼ ð1:475� 0:319/p þ 0:051/2
p þ 0:009/3

pÞlf
– Curve fitting of the experimental data
– CuO–water, dp = 29 nm

Tseng and Lin [61] leff ¼ 13:47 expð35:98/pÞlf ; 0:05 6 /p 6 0:12 – TiO2–water
Shear rate = 100 s�1

Fig. 4. Relative viscosity measurement as a function of the volume fraction, /p , at ambient temperature. (See above-mentioned references for further information.)
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Tables 3 and 4 provide a summary of different models of the dy-
namic viscosity of nanofluids as a function of temperature and vol-
ume fraction of nanoparticles. In the present work, a general
correlation (Eq. (15)) for the effective viscosity of Al2O3–water, one
of the most commonly studied nanofluids, is developed using vari-
ous experimental data found in the literature (Fig. 5a) as a function
of volume fraction, nanoparticles diameter, and temperature as
follows:

leff ¼ �0:4491þ 28:837
T

þ 0:574/p � 0:1634/2
p þ 23:053

/2
p

T2

þ 0:0132/3
p � 2354:735

/p

T3 þ 23:498
/2

p

d2
p

� 3:0185
/3

p

d2
p

;

1% 6 /p 6 9%; 20 6 Tð�CÞ 6 70; 13 nm 6 dp 6 131 nm:

ð15Þ
The R2 of the regression is 99%. The validity of the above corre-
lation (Eq. (15)) is depicted in Fig. 5b. As can be seen in Fig. 5a, the
viscosity of the nanofluid decreases with an increase in the tem-
perature. Moreover, there is no agreement between researchers
about the experimentally observed magnitude of the nanofluid’s
viscosity. Published results indicate a surprising range of variation
of the results.
5. Thermal conductivity of nanofluids

A wide range of experimental and theoretical studies were con-
ducted in the literature to model thermal conductivity of nanofl-
uids. Published results illustrated neither agreement about the
mechanisms for heat transfer enhancement nor a unified possible
explanation regarding the rather large discrepancies in the results
even for the same base fluid and nanoparticles size. Currently,



Table 3
Effect of temperature and volume fraction on the dynamic viscosity of nanofluids (Al2O3–water).

Reference Model (regression) Remarks

Present work leff ¼ 0:444� 0:254/p þ 0:0368/2
p þ 26:333 /p

T � 59:311 /2
p

T2

20 6 TðoCÞ 6 70; /p ¼ 1:34%;2:78%

– Curve fitting of Pak and Cho [16] data dp = 13 nm
– Units: mPa s

Palm et al. [68] leff ¼ 0:034� 2� 10�4TðKÞ þ 2:9� 10�7T2ðKÞ;/p ¼ 1%

leff ¼ 0:039� 2:3� 10�4TðKÞ þ 3:4� 10�7T2ðKÞ;/p ¼ 4%

– Curve fitting of the experimental data Putra et al. [13] dp = 131.2 nm
– Units: Pa s

Nguyen et al. [60] leff ¼ ð1:125� 0:0007� Tð�CÞÞlf ; /p ¼ 1%

leff ¼ ð2:1275� 0:0215� Tð�CÞ þ 0:0002� T2ð�CÞÞlf ; /p ¼ 4%

– Units: mPa s

Present work leff ¼ �0:4892þ 26:9036
T þ 0:6837/p þ 24:1141

T2 � 0:1785/2
pþ

0:1818 /p

T þ 27:015 /2
p

T2 þ 0:0132/3
p � 2940:1775 /p

T3 ;

1% 6 /p 6 9:4%;20 6 Tð�CÞ 6 70

– Curve fitting of Nguyen et al. [60] data dp = 47 nm
– Units: mPa s

Present work leff ¼ �0:1011þ 18:0162
T þ 0:3619/p þ 164:0837

T2 � 0:0966/2
pþ

0:1609 /p

T þ 22:4901 /2
p

T2 þ 0:0078089/3
p � 2316:3754 /p

T3 ;

1% 6 /p 6 9:1%;20 6 Tð�CÞ 6 70

– Curve fitting of Nguyen et al. [60] data dp = 36 nm
– Units: mPs s

Present work leff ¼ �0:4491þ 28:837
T þ 0:574/p � 0:1634/2

p þ 23:053 /2
p

T2 þ

0:0132/3
p � 2354:735 /p

T3 þ 23::498 /2
p

d2
p
� 3:0185 /3

p

d2
p

;

1% 6 /p 6 9%;20 6 Tð�CÞ 6 70;13 nm 6 dp 6 131 nm

– Curve fitting of various experimental data available in the literature
[13,16,60,65]

– Units: mPa s

Namburu et al.
[70,71]

Logðleff Þ ¼ Ae�BT ; in mm Pa s

A ¼ �0:29956/3
p þ 6:7388/2

p � 55:444/p þ 236:11

B ¼ ð�6:4745/3
p þ 140:03/2

p � 1478:5/p þ 20341Þ=106

– Experimental Al2O3–ethylene glycol and water mixture
1% 6 /p 6 10%; dp ¼ 53 nm
238 < T < 323 K

Table 4
Effect of temperature and volume fraction on the dynamic viscosity of nanofluids (TiO2–water, CuO–water).

Models Effective viscosity (regression) Remarks

Duangthongsuk and
Wongwises [69]

leff
lf
¼ 1:0226þ 0:0477/p � 0:0112/2

p ; T ¼ 15 �C
leff

lf
¼ 1:013þ 0:092/p � 0:015/2

p ; T ¼ 25 �C
leff

lf
¼ 1:018þ 0:112/p � 0:0177/2

p ; T ¼ 35 �C

9>>=
>>;

– Experimental data
– TiO2–Water, 0:2 6 /p 6 2%

– dp = 21 nm

Present work leff

lf
¼ 1:0538þ 0:1448/p � 3:363� 10�3T � 0:0147/p þ 6:735� 10�5T2�

1:337 /p
T 15 �C 6 T 6 35 �C; 0:2% 6 /p 6 2%

– Curve fitting of the experimental data [69]
– TiO2–water
– dp = 21 nm

Present work leff ¼ 0:6002� 0:569/p þ 0:0823/2
p þ 28:8763 /p

T � 204:2202 /2
p

T2 þ

561:3175 /3
p

T3 20 6 Tð�CÞ 6 70; /p ¼ 0:99%; 2:04%; 3:16%

– Curve fitting of Pak and Cho [16] data
– TiO2–Water
– dp = 27 nm
– Units: mPa s

Present work leff ¼ �0:4262þ 8:4312
T þ 0:898/p þ 524:7147

T2 � 0:2217/2
p � 4:7329 /p

T þ

70:3105 /2
p

T2 þ 0:0176/3
p � 5559:4641 /p

T3 ; 1% 6 /p 6 9%; 20 6 Tð�CÞ 6 70

– Curve fitting of Nguyen et al. [60] data
– CuO–water dp = 29 nm
– Units: mPs s

Namburu et al. [71] Logðleff Þ ¼ Ae�BT , in mm Pa s

A ¼ 1:8375/2
p � 29:643/p þ 165:56

B ¼ 4� 10�6/2
p � 0:001/p þ 0:0186

CuO–ethylene glycol and water
mixture1 6 /p 6 6%; dp ¼ 29 nm;238 < T < 323 K

Kulkarni et al. [62,63] ln leff ¼ Að1TÞ � B, in mm Pa s

A ¼ 20587/2
p þ 15857/p þ 1078:3

B ¼ �107:12/2
p þ 53:54/p þ 2:8715

– CuO–water
0:05 6 /p 6 0:15 dp = 29 nm
278 6 T 6 323 K
Shear rate = 100 1/s

Koo and Kleinstreuer [72] leff ¼ lstatic þ lBrownian – CuO–water

lBrownian ¼ 5� 104bqf /p

ffiffiffiffiffiffiffiffi
jT

qpdp

q
f ð/p; TÞ

f ð/p ; TÞ ¼ ð�6:04/þ 0:4705ÞT þ ð1722:3/p � 134:63Þ

b ¼ 0:0137ð100/pÞ�0:8229/p < 0:01
0:0011ð100/pÞ�0:7272/p > 0:01

(

1% < /p < 4%;300 < T < 325K
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there are no theoretical results available in the literature that
predicts accurately the thermal conductivity of nanofluids. The
existing results were generally based on the definition of the effec-
tive thermal conductivity of a two-component mixture as follows
[73]:

keff ¼
kf ð1� /pÞðdT=dxÞf þ kp/pðdT=dxÞp

/pðdT=dxÞp þ ð1� /pÞðdT=dxÞf
; ð16Þ

where (dT/dx)f is the temperature gradient within the fluid and (dT/
dx)p is the temperature gradient through the particle. The Maxwell
model [74] was one the first models proposed for solid–liquid mix-
ture with relatively large particles. It was based on the solution of
heat conduction equation through a stationary random suspension
of spheres. The effective thermal conductivity is given by:

keff ¼
kp þ 2kf þ 2/pðkp � kf Þ
kp þ 2kf � /pðkp � kf Þ

kf

¼ kf þ
3upðkp � kf Þ

kp þ 2kf � /pðkp � kf Þ
; ð17Þ



Fig. 5. Effect of the volume fraction and temperature on the effective viscosity of Al2O3–water nanofluid (a) experimental measurements; (b) comparison of Eq. (15)
developed in the current work with the experimental data.
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where kp is the thermal conductivity of the particles, kf is the fluid
thermal conductivity, and /p is the volume fraction of the sus-
pended particles. Maxwell model is accurate to order /1

p and appli-
cable to up� 1 or kp

kf
� 1

��� ���� 1. Bruggeman [75] proposed a model
to study the interactions between randomly distributed spherical
particles. The Bruggeman model can be expressed as:

keff

kf
¼
ð3/p � 1Þ kp

kf
þ f3ð1� /pÞ � 1g þ

ffiffiffiffi
D
p

4
; D

¼ ð3/p � 1Þ kp

kf
þ f3ð1� /pÞ � 1g

� 	2

þ 8
kp

kf
: ð18Þ

The Bruggeman model [75] is applicable for large volume frac-
tion of spherical particles. For low volume fractions, the Brugg-
eman model [75] results in approximately the same results as
the Maxwell model [74]. For non-spherical particles, Hamilton
and Crosser [73] developed a model for the effective thermal con-
ductivity of two-component mixtures. Their model was a function
of the thermal conductivity of both the base fluid and the particle,
volume fraction of the particles, and the shape of the particles. For
the thermal conductivity ratio of two phases larger than 100 (kp/
kf > 100), the thermal conductivity of two-component mixtures
can be expressed as follows [73]:

keff ¼
kp þ ðn� 1Þkf þ ðn� 1Þ/pðkp � kf Þ

kp þ ðn� 1Þkf � /pðkp � kf Þ
kf ; ð19Þ

where n is the empirical shape factor given by n = 3/w, and w is the
particle sphericity, defined by the ratio of the surface area of a
sphere with volume equal to that of the particle, to the surface area
of the particle. Maxwell’s model [74] is a special case of Hamilton
and Crosser’s model for sphericity equal to one (for spheres:
n = 3). The shape factor for cylinders is n = 6. Apparently, the most
notable drawback of the Hamilton Crosser model [73] is that impor-
tant physical parameters such as temperature and particle size are
not considered. Tables 5–7 summarize some pertinent models for
the effective thermal conductivity of nanofluids including the ef-
fects of Brownian motion and nano-layer.



Table 5
Summary of theoretical models for the effective thermal conductivity of nanofluids.

Models Expressions Physical model Remarks

Maxwell
[74]

keff

kf
¼ kpþ2kfþ2/pðkp�kf Þ

kpþ2kf�/pðkp�kf Þ
– Based on the conduction solution through a stationary ran-

dom suspension of spheres
– Spherical particles
– Accurate to order /1

p

Bruggeman
[75]

keff

kf
¼
ð3/p�1Þkp

kf
þf3ð1�/pÞ�1gþ

ffiffiffi
D
p

4

D ¼ ½ð3/p � 1Þ kp

kf
þ f3ð1� /pÞ � 1g�2 þ 8 kp

kf

– Based on the differential effective medium (DEM) theory to
estimate the effective thermal conductivity of composites at
high particle concentrations

– It consists in building up the composite medium through a
process of incremental homogenization

– Applicable to high volume frac-
tion of spherical particles

– Suspension with spherical
inclusions

– No shape factor
Hamilton–

Crosser
[73]

keff

kf
¼ kpþðn�1Þkfþðn�1Þ/pðkp�kf Þ

kpþðn�1Þkf�/pðkp�kf Þ
– Based on the effective thermal conductivity of a two-compo-

nent mixture
– Spherical and non-spherical

particles
– n = 3 (spheres), n = 6 (cylinders)

Wasp [76] keff

kf
¼ kpþ2kfþ2/pðkp�kf Þ

kpþ2kf�/pðkp�kf Þ
– Based on effective thermal conductivity of a two-component

mixture
– Special case of Hamilton and

Crosser’s model with n = 3
Jeffery [77] keff

kf
¼ 1þ 3g/p þ /2

p 3g2 þ 3g2

4 þ
9g3

16
jþ2

2jþ3þ . . .
� �

j ¼ kp

kf
;g ¼ j�1

jþ2

– Based on the conduction solution through a stationary ran-
dom suspension of spheres

– High order terms represent pair
interactions of randomly dis-
persed spherical particles

– Accurate to order /2
p

Davis [78] keff

kf
¼ 1þ 3ðj�1Þ

ðjþ2Þ�/pðj�1Þ ½/p þ f ðjÞ/2
p þ Oð/3

pÞ� – Green’s theorem was applied to the space occupied by the
matrix material (spherical inclusions)

– Decaying temperature field was used

– Accurate to order /2
p

– High order terms represent pair
interactions of randomly dis-
persed particles

– f(j) = 2.5 for j = 10; f(j) = 0.5 for
j =1

Lu and Lin
[79]

keff

kf
¼ 1þ a/p þ b/2

p
– The effective conductivity of composites containing aligned

spheroids of finite conductivity was modeled with the pair
interaction

– The pair interaction was evaluated by solving a boundary
value problem involving two aligned spheroids

– Spherical and non-spherical
particles

– Spherical particles: a = 2.25,
b = 2.27 for j = 10; a = 3, b = 4.51
for j =1

Table 6
Summary of theoretical models for the effective thermal conductivity of nanofluids (nano-layer effect).

Models Expressions Physical model Remarks

Yu and Choi [33] keff ¼
kpeþ2kfþ2/pðkpe�kf Þð1þbÞ3

kpeþ2kf�/pðkpe�kf Þð1þbÞ3
kf

kpe ¼ 2ð1�cÞþð1þbÞ3ð1þ2cÞc
�ð1�cÞþð1þbÞ3ð1þ2cÞ

kp

(b = t/rp) and c(= klayer/kp)

– Modified Maxwell model [74] – Spherical particles
– Nano-layer

Yu and Choi [34] keff ¼ 1þ nfeA
1�feA

� �
kf

A ¼ 1
3

P
j¼a;b;c

ðkpj�kf Þ
kpjþðn�1Þkf

fe ¼ f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2þtÞðb2þtÞðc2þtÞ
p

abc

– Modified Hamilton–Crosser
model [73]

– Non spherical particles
– Nano-layer

Xue [36] 9 1� /p

k

� �
keff�kf

2keffþkf
þ /p

k
keff�kc;x

keffþB2;xðkc;x�keff Þ þ
/p

k 4 keff�kc;y

2keffþð1�B2;xÞðkc;y�keff Þ ¼ 0 – Based on the Maxwell model and
the average polarization theory
and on the assumption that there
is an interfacial shell between the
nanoparticles and the base fluid

– Spherical particles
– Nano-layer

Xue and Xu [35] 1� /p

a

� �
keff�kf

2keffþkf
þ /p

a
ðkeff�kshellÞð2kshellþkpÞ�aðkp�kshellÞð2kshellþkeff Þ
ð2keffþkshellÞð2kshellþkpÞþ2aðkp�kshellÞðkshell�keff Þ

¼ 0 – A modified Bruggeman model
[75] including the effect of inter-
facial shells

– Spherical particles
– Nano-layer

Xie et al. [37] keff�kf

kf
¼ 3H/T þ

3H2/2
T

1�H/T

/T ¼ 4
3 pðrp þ tÞ3Np ¼ /pð1þ bÞ3;b ¼ t

rp

– Based on Fourier’s law of heat
conduction

– Low particle loadings
– Nano-layer
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5.1. Experimental investigations

Several experimental studies were conducted in the literature
to measure the thermal conductivity of nanofluids using different
techniques such as transient hot wire, steady-state parallel plates,
and temperature oscillation. Despite numerous studies motivated
by the significant benefits of utilizing nanofluids in various appli-
cations, the pertinent mechanisms of the thermal conductivity
enhancement of nanofluids have not been well understood. More-
over, published results demonstrate thermal conductivity
enhancement varying from anomalously large to small values as
shown in Table 8. Table 8 shows a comparison of the experimental
thermal conductivity enhancements of Al2O3 nanofluids cited in
the literature. Al2O3 and CuO are the most common nanoparticles
used in the literature.
Several studies have reported enhancement in the thermal con-
ductivity of nanofluids at room temperature [84]. Fig. 6a and b
show the effective thermal conductivity measurements at ambient
temperature for Al2O3–water and CuO–water nanofluids at various
volume concentrations and nanoparticle diameters. Fig. 9 shows
that the effective thermal conductivity increases with an increase
in the volume fraction. In addition, the size of the particles is found
to have a significant effect on the thermal conductivity enhance-
ment. It should be noted that smaller particles exhibit larger sur-
face area – to – volume ratio than the larger particles. As such,
smaller particle diameters can possibly result in a larger augmen-
tation in the effective thermal conductivity. It is interesting to note
from Fig. 6a and b that the Hamilton–Crosser model [73] may rep-
resent a good approximation for the effective thermal conductivity
value for smaller volume fractions (/p 6 4%).



Table 7
Summary of theoretical models for the effective thermal conductivity of nanofluids (Brownian effect).

Models Expressions Physical model Remarks

Wang et al.
[19]

keff

kf
¼
ð1�/pÞþ3/p

R1
0

kcl ðrÞnðrÞ
kcl ðrÞþ2kf

dr

ð1�/pÞþ3/p

R1
0

kf ðrÞnðrÞ
kcl ðrÞþ2kf

dr

– Based on the effective medium
approximation and the fractal
theory for predicting the ther-
mal conductivity of nanofluids

– Accounts for the size effect and
the surface adsorption of
nanoparticles

Xuan et al. [80] keff

kf
¼ kpþ2kf�2/pðkf�kpÞ

kpþ2kfþ/pðkf�kpÞ þ
qp/p cp

2kf

ffiffiffiffiffiffiffiffiffiffi
kB T

3prcl

q
– Based on Maxwell model
– The theory of Brownian motion

and the diffusion-limited aggre-
gation model are applied to sim-
ulate random motion and the
aggregation process of the
nanoparticles

– Includes the effect of random
motion, particle size, concen-
tration, and temperature

Jang and Choi
[10]

keff ¼ kf ð1� /pÞ þ kp/p þ 3C df

dp
kf Re2

dp
Pr/p

– A theoretical model was devel-
oped based on kinetics, Kapitza
resistance, and convection

– A general expression for the
thermal conductivity of nanofl-
uids involving four modes of
energy transport in nanofluids
was derived

– Considered four modes of
energy transport: collision
between fluid molecules, ther-
mal diffusion of nanoparticles,
collision between nanoparticles
due to Brownian motion, and
thermal interactions of
dynamic nanoparticles with
fluid molecules

– Collision of nanoparticles due
to Brownian motion is
neglected

Prasher et al.
[81]

keff ¼ ð1þ ARemPr0:333/pÞ � ½
kpþ2kfþ2/pðkp�kf Þ
kpþ2kf�/pðkp�kf Þ �kf

– Based on Maxwell model and
heat transfer in fluidized beds

– Accounts for convection caused
by the Brownian motion from
multiple nanoparticles

Koo and
Kleinstreuer
[72,82]

keff ¼ kstatic þ kBrownian ¼
kpþ2kfþ2/pðkp�kf Þ
kpþ2kf�/pðkp�kf Þ

kf þ 5� 104b/pqpcp

ffiffiffiffiffiffiffi
kB T
qp D

q
f ðT;/pÞ – Based on Maxwell model

– Curve fitting of the available
experimental data to determine
the effective conductivity due
to Brownian motion

– Considered surrounding liquid
traveling with randomly mov-
ing nanoparticles

Chon et al. [83] keff

kf
¼ 1þ 64:7/0:74

p ðdf

dp
Þ0:369ðkp

kf
Þ0:747 � Pr0:9955Re1:2321 – Based on the curve fitting of the

experimental data
– Reynolds number is based on

the Brownian motion velocity

Pr ¼ lf

qf af
;

Re ¼ qf VBr dp

lf
¼ qf kB T

3pl2
f

lf

Table 8
Comparison of the experimental thermal conductivity enhancements of Al2O3 nanofluids cited in the literature.

Base fluid Dp /p (%) %Thermal conductivity enhancement Method

[22] Water 38.4 nm 4 9.4% (21 �C), 24.3% (51 �C) Temperature Oscillation
[13] Water 131 nm 4 24% (51 �C) Steady-state parallel plates
[56] Water 13 nm 4.4 33% Transient hot wire
[85] Water 38.4 nm 4.3 11% Transient hot wire
[85] EG* 38.4 5 19% Transient hot wire
[55] Water 28 nm 5.5 16% Steady-state parallel plates
[55] EG 28 nm 5 24.5% Steady-state parallel plates
[83] Water 11 nm 1 14.8% (70 �C) Transient hot wire
[83] Water 47 nm 1 10.2% (70 �C) Transient hot wire
[83] Water 150 nm 1 4.8% (60 �C) Transient hot wire
[83] Water 47 nm 4 28.8 % (70 �C) Transient hot wire
[86] Water 36 nm 6 28.2% Steady-state parallel plates
[86] Water 47 nm 6 26.1% Steady-state parallel plates
[87] Water 20 nm 5 15% Transient hot wire
[88] Water 11 nm 5 8% Transient hot wire
[88] Water 20 nm 5 7% Transient hot wire
[88] Water 40 nm 5 10% Transient hot wire

* EG: ethylene glycol.
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A general correlation for the effective thermal conductivity of
Al2O3–water and CuO–water nanofluids at ambient temperature
accounting for various volume fractions and nanoparticles diame-
ters is obtained by the present authors using the available experi-
mental data in the literature. This model can be expressed as:

keff

kf
¼ 1:0þ 1:0112/p þ 2:4375/p

47
dpðnmÞ

� �
� 0:0248/p

kp

0:613

� �
;

R2 ¼ 96:5%; ð20Þ

where kf is the thermal conductivity of water. Fig. 7 demonstrates
that the general correlation, represented by Eq. (20), is in good
agreement with the experimental measurements of Al2O3–water
and CuO–water nanofluids.

Thermal conductivity measurements at different temperatures
are essential because the measurements at ambient temperature
are not adequate for estimating the heat transfer characteristics.
Fig. 8 shows a comparison of the relative effective thermal conduc-
tivity (ratio of the effective thermal conductivity of the nanofluid
to the thermal conductivity of the base fluid at the same tempera-
ture) results of Al2O3–water nanofluid obtained from various
experimental results as a function of volume fraction and nanopar-
ticle’s diameter. Fig. 8 shows that temperature has a significant



Fig. 6. Effect of the volume fraction on the effective thermal conductivity measurements (a) Al2O3–water; (b) CuO–water. (See above-mentioned references for further
information.)
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effect on the thermal conductivity enhancement. A general correla-
tion is developed for Al2O3–water nanofluid by the present authors
using the available experimental data at various temperatures,
nanoparticle’s diameter, and volume fraction. The developed corre-
lation is expressed in terms of nanoparticle’s diameter, volume
fraction, dynamic viscosity of water, effective dynamic viscosity
of the nanofluid, and temperature as follows:
keff

kf
¼ 0:9843þ 0:398/0:7383

p
1

dpðnmÞ

� �0:2246 leff ðTÞ
lf ðTÞ

 !0:0235

� 3:9517
/p

T
þ 34:034

/2
p

T3 þ 32:509
/p

T2 0 6 /p 6 10%;

11 nm 6 d 6 150 nm; 20 �C 6 T 6 70 �C; ð21Þ
where the dynamic viscosity (Pa s) of water at different tempera-
tures can be expressed as:
lf ðTÞ ¼ 2:414� 10�5 � 10247:8=ðT�140Þ:

The validity of the above correlation (Eq. (21)) is depicted in
Fig. 9. Fig. 9 shows a very good agreement between the predicted
relative effective thermal conductivity by our model and the exper-
imental data.

Different models were developed in the past for the effective
thermal conductivity of a two-component mixture such as
Hamilton–Crosser model [73]. Although this model gave a good
approximation for the effective thermal conductivity of the
Al2O3–water and CuO–water nanofluids for small volume fractions
at room temperature, it does not provide a good approximation of
the effective thermal conductivity at various temperatures shown
in Fig. 9 because this model as well as a number of other models
in this area do not properly account for the variations of the effec-
tive thermal conductivity with temperature. Therefore, these ana-
lytical models cannot be used to determine the effective thermal
conductivity of nanofluids at various temperatures. Instead, Eq.



Fig. 7. Comparison of the general correlation, Eq. (20) developed in the current work, with the experimental data (Al2O3–water, CuO–water) at room temperature.

Fig. 8. Comparison of the experimental data for the thermal conductivity enhancement of Al2O3–water nanofluid at different temperatures and volume fractions.
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(21) developed in this work should be used. Table 9 summarizes all
the correlations that were developed in the present work for
nanofluids.
5.2. Natural convection heat transfer utilizing nanofluids

Conflicting results were reported in the literature regarding nat-
ural convection heat transfer enhancement using nanofluids. The
findings of both experimental and analytical investigations are still
in disagreement. Analytical studies show an increase in heat trans-
fer with an increase in the volume fraction of nanoparticles which
is not in agreement with the experimental results. Since Rayleigh
number, which is the ratio of the buoyancy to the viscous forces,
represents a significant parameter in natural convection processes,
comparison of nanofluid Rayleigh number to the base fluid Ray-
leigh number at various volume fractions and temperature is high-
lighted in this section. Using a scale analysis approach, the viscous
and buoyancy forces can be expressed as:
Viscous force :
m

H3 a ðN=kgÞ; ð22Þ

Buoyancy force : gbDT ðN=kgÞ: ð23Þ

The ratio of nanofluid Rayleigh number to that of the base fluid can
then be expressed as:

Ranf

Raf
¼

bnf

bf

mf

mnf

af

anf
: ð24Þ

Fig. 10a shows that the ratio of the Rayleigh number of nano-
fluid to that of the base fluid decreases with an increase in the
Al2O3 volume fraction. Higher volume fractions of the solid nano-
particles causes an increase in the viscous force of nanofluids and
consequently suppresses heat transfer. Moreover, Fig. 10a shows
the effect of varying particle diameter on the Rayleigh number ra-
tio. As the particle diameter increases, the ratio of the Rayleigh
numbers decreases because the effective thermal conductivity of
nanofluids decreases and the kinematic viscosity increases with
an increase in the size of nanoparticles. However, the rate of



Fig. 9. Comparison of the general correlation, Eq. (21) developed in the current work, with the experimental data (Al2O3–water) at various temperatures and volume fractions
(a) Das et al. [22] and Chon et al. [83]; (b) Minsta et al. [89].
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increase of the kinematic viscosity of the nanofluid with the parti-
cle size is larger than the resulting decrease of the effective thermal
conductivity. This may provide a physical reason for the reduction
of natural convection heat transfer enhancement with an increase
in the volume fraction of nanoparticles at room temperature.

The effect of varying the temperature of nanofluids and volume
fraction on the ratio of Rayleigh numbers is illustrated in Fig. 10b
for nanoparticles diameter of 36 nm. Fig. 10b shows that the ratio
of nanofluid Rayleigh number to the base fluid Rayleigh number in-
creases with an increase in the temperature. Moreover, this ratio is
higher for volume fraction of 1% compared to 4% for various tem-
peratures. This is because the kinematic viscosity and the effective
thermal conductivity of nanofluids increase with an increase in the
volume fraction of nanoparticles. For volume fraction of 1%,
Fig. 10b shows an interesting result associated with the fact that
nanofluid Rayleigh number is smaller than the Rayleigh number
of water base below 31 �C. For temperatures greater than 31 �C,
Fig. 10b shows that nanofluid Rayleigh number is higher than that
of the base water. Hence, nanofluids may exhibit natural convec-
tion heat transfer enhancement at high temperatures. This is asso-
ciated with the behavior of the kinematic viscosity and the thermal
diffusivity for both nanofluid and the base water at various tem-
peratures as shown in Fig. 11. Hence, Fig. 10a and b shows that nat-
ural convection heat transfer is not exclusively characterized by
the effective thermal conductivity of nanofluids but also depends
on the viscosity of nanofluids.

5.3. Surface tension

Studies on surface tension of nanofluids are limited in the liter-
ature [92–96]. Golubovic et al. [92] showed experimentally that
the surface tension of Al2O3–water nanofluid does not change for
concentrations of nanoparticles considered in their work (0–
0.01 g/l) and the surface tension is approximately equal to surface
tension of pure water at T = 24 �C. Xue et al. [93] showed insignif-
icant effect of carbon nanotube nanofluid on surface tension



Table 9
Summary of the correlations developed in the present work.

Physical
properties

Room temperature Temperature dependent

Density qeff = (1 � up)qf + upqp qeff ¼ 1001:064þ 2738:6191/p � 0:2095T0 6 /p 6 0:04;5 6 Tð�CÞ 6 40
Specific hat ceff ¼

ð1�/pÞqf cfþ/pqpcp

qeff

N/A

Thermal
expansion
coefficient

beff ¼
ð1�/pÞðqbÞfþ/pðqbÞp

qeff
beff ¼ ð�0:479/p þ 9:3158� 10�3T � 4:7211

T2 Þ � 10�3

beff ¼ ð1� /pÞbf þ /pbp 0 6 /p 6 0:04;10�C 6 T 6 40�C
Viscosity N/A – Al2O3

leff ¼ �0:4491þ 28:837
T þ 0:574/p � 0:1634/2

p þ 23:053 /2
p

T2 þ 0:0132/3
p

�2354:735 /p

T3 þ 23::498 /2
p

d2
p
� 3:0185 /3

p

d2
p

1% 6 /p 6 9%;20 6 Tð�CÞ 6 70;13 nm 6 dp 6 131 nm
Thermal

conductivity
– Al2O3 and CuO – Al2O3

keff

kf
¼ 1:0þ 1:0112/p þ 2:4375/p

47
dpðnmÞ

� �
� 0:0248/p

kp

0:613

� �
keff

kf
¼ 0:9843þ 0:398/0:7383

p
1

dpðnmÞ

� �0:2246 leff ðTÞ
lf ðTÞ

� �0:0235
� 3:9517 /p

T þ 34:034 /2
p

T3 þ 32:509 /p

T2

0 6 /p 6 10%;11 nm 6 d 6 150 nm; 20�C 6 T 6 70�C

Fig. 10. Effect of volume fraction and temperature on the ratio of the Rayleigh numbers for different particle diameters (Al2O3–water nanofluid) (a) room temperature; (b)
various temperatures.
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Fig. 11. Effect of varying temperature on the thermophysical properties (a) Al2O3–water nanofluid; (b) water.
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compared with pure water. Similarly, Kim et al. [94] found that the
surface tension of Al2O3–water nanofluids (0.1% volume fraction)
differed negligibly from those of pure water. The effect of temper-
ature on the surface tension of nanofluids was studied by Murshed
et al. [95]. Their experimental results showed that nanofluids
having TiO2 nanoparticles of 15 nm diameter in deionized water
exhibit substantially lower surface tension than those of the base
fluid (i.e. deionized water). Similarly, Zhu et al. [96] showed that
the surface tension of nanofluids was highly dependent on the
temperature. One can note from the above that as expected
temperature plays a significant role on the surface tension of
nanofluids.

5.4. Nucleate pool boiling and critical heat flux (CHF) of Nanofluids

Several experimental studies on the nucleate pool boiling and
CHF characteristics of nanofluids have been investigated in the lit-
erature. Many researchers expected that the addition of nanoparti-
cles would have a potential to enhance the boiling heat transfer
characteristics. Conflicting results were reported on the effect of
the nanoparticles concentration on the pool boiling characteristics
of nanofluids. Some studies have shown that the addition of nano-
particles exhibited a decrease or no change in the nucleate boiling
heat transfer rate [20,21,97–99] while other studies have illus-
trated an increase [100–103]. However, most CHF experiments
using nanofluids were in agreement in reporting an enhancement
in CHF for pool boiling conditions [98,99,104,105]. The mechanism
for the CHF enhancement may be attributed to the deposition and
sintering of nanoparticles on the boiling surfaces resulting in an in-
crease in the nucleation sites [98]. For example, Kim et al. [94] con-
ducted an experimental study on the CHF characteristics of
nanofluids in pool boiling. Their results show that the CHF of nano-
fluids containing TiO2 or Al2O3 were enhanced up to 100% over that
of pure water.

You et al. [98] conducted an experimental study to determine
the boiling curve and the CHF at pool boiling conditions from a flat
square polished copper heater immersed in Al2O3–water nanofluid
at various volume fractions ranging between 0.0 g/l and 0.05 g/l.
Their results illustrate a drastic enhancement in the CHF for
Al2O3–water nanofluids (�200% higher than pure water; measured
in nanofluids containing 0.005 g/l of Al2O3 nanoparticles). How-
ever, heat transfer enhancement or degradation was not observed
in the nucleate boiling regime for nanofluids. For example, Vassallo
et al. [106] experimentally demonstrated a marked increase in the
CHF for both nano- and micro-solutions (silica–water) at the same
concentration (0.5% volume fraction) compared to the base water.
However, from boiling curves data, no heat transfer enhancement
of nanofluids was observed in the nucleate boiling regime.



4426 K. Khanafer, K. Vafai / International Journal of Heat and Mass Transfer 54 (2011) 4410–4428
5.5. Nucleate pool boiling heat transfer and CHF mechanisms of
nanofluids

Several studies have been conducted in the literature to explore
the enhancement mechanisms or deterioration of nucleate pool
boiling heat transfer using nanofluids. These mechanisms include
formation of nanoparticles coatings on the surface during pool
boiling of nanofluids [99], decrease in active nucleation sites due
to nanoparticle sedimentation on the boiling surface [107], and
the wettability change of the surface [20,21]. The available exper-
imental results on nucleate pool boiling heat transfer coefficient of
nanofluids are in disagreement. While the CHF enhancement re-
sults by nanofluids are consistent in the literature, the responsible
mechanisms are not verified. Golubovic et al. [92] concluded that
the major reason behind the increase of CHF in pool boiling of
nanofluids is a decrease in the static surface contact angle.

Many other studies consider the primary reason for CHF
enhancement is due to the surface coating effect [99,100,106,
108–111]. For example, Bang and Chang [99] conducted an exper-
imental study on boiling heat transfer characteristics of nanofluids
with nanoparticles suspended in water using different concentra-
tions of alumina nanoparticles. The CHF performance was en-
hanced for both horizontal (32%) and vertical (13%) flat surfaces
and the authors related this enhancement to a change of surface
characteristics by the deposition of nanoparticles. If this reasoning
is accepted, it might be easier to modify the boiling surface in pur-
suit of a greater number of nucleation sites per area rather than
using nanofluids. The CHF enhancement is normally achieved by
increasing boiling surface area using a variety of fin shapes and
sizes [112,113]. Anderson and Mudawar [112] illustrated that the
surfaces with microgrooves and square microstuds are highly
effective in enhancing the nucleate boiling heat transfer coefficient
in Fluorinert electronic liquid (FC-72) and increasing CHF values by
up to 2.5 times compared to a smooth surface. Honda et al. [114]
and Wei et al. [115] showed that CHF values for the nano-rough-
ened surface and micro-pin-finned surfaces were respectively
1.8–2.2 and 2.3 times those for a smooth silicon surface. Ujereh
et al. [116] performed experiments to assess the impact of coating
silicon and copper substrates with nanotubes on pool boiling per-
formance. Fully coating the substrate surface with carbon nano-
tubes was found to be highly effective at reducing the incipience
superheat and significantly enhancing both the nucleate boiling
heat transfer coefficient and CHF.

More robust physical models are essential to explain the effect
of nanofluids on nucleate pool boiling and CHF. The thermophysi-
cal properties of nanofluids such as surface tension, density, viscos-
ity, specific heat, etc; may also have an effect on nucleate pool
boiling heat transfer coefficient and CHF. Detailed knowledge of
the thermophysical properties of nanofluids, structure of the boil-
ing surface, and coating of nanoparticles can be helpful in resolving
the controversies in the pool boiling heat transfer coefficient of
nanofluids as well as in illustrating the mechanisms that cause
the significant increase in CHF.
6. Conclusions

Thermophysical characteristics of nanofluids and their role in
heat transfer enhancement are analyzed in this work. General cor-
relations for the effective thermal conductivity and viscosity of
nanofluids are developed based on the pertinent experimental data
in terms of the volume fraction, particle diameter, temperature,
and the base fluid physical properties. The effective viscosity of
nanofluids is found to increase with an increase in the volume frac-
tion and decrease with an increase in the temperature. The effec-
tive thermal conductivity of nanofluids increases with an
increase in temperature and volume fraction and decreases with
an increase in the particle diameter. At room temperature, classical
models can be used to estimate the thermal conductivity and vis-
cosity of nanofluids for low volume fractions. However, these mod-
els cannot predict the thermal conductivity at other temperatures.
Correlations based on available experimental data accounting for
the temperature effect are developed in this work. The findings
from experimental and analytical investigations are still in dis-
agreement regarding natural convection enhancement utilizing
nanofluids. The current work illustrates that the viscosity of
nanoflluids plays a key role in predicting the heat transfer
characteristics. Differences in thermal conductivity and viscosity
measurements in the literature using different measurement tech-
niques are highlighted. Moreover, for high heat flux applications,
the experimental results illustrate conflicting results in pool
boiling heat transfer characteristics while the critical heat flux of
nanofluids shows a significant increase with the addition of nano-
particles. While the addition of nanoparticles appear not to have a
significant effect on the surface tension of the nanofluid,
experiment show that the surface tension of the nanofluids is
significantly dependent on the temperature. Several pertinent cor-
relations for the thermophysical properties of nanofluids were
developed in this work based on the available experimental data.
This work clearly illustrates the need for additional investigations
in measuring the nanofluid properties.
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