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Experimental investigations have been carried out for determining the thermal conductivity of three
nanofluids containing aluminum oxide, copper oxide and zinc oxide nanoparticles dispersed in a base
fluid of 60:40 (by mass) ethylene glycol and water mixture. Particle volumetric concentration tested
was up to 10% and the temperature range of the experiments was from 298 to 363 K. The results show
an increase in the thermal conductivity of nanofluids compared to the base fluids with an increasing vol-
umetric concentration of nanoparticles. The thermal conductivity also increases substantially with an
increase in temperature. Several existing models for thermal conductivity were compared with the
experimental data obtained from these nanofluids, and they do not exhibit good agreement. Therefore,
a model was developed, which is a refinement of an existing model, which incorporates the classical Max-
well model and the Brownian motion effect to account for the thermal conductivity of nanofluids as a
function of temperature, particle volumetric concentration, the properties of nanoparticles, and the base
fluid, which agrees well with the experimental data.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Nanofluids are the suspensions of nanometer-sized (<100 nm)
solid particles in base fluids such as water, ethylene glycol or oil.
In the last few years, nanofluids have gained significant attention
due to their enhanced thermal characteristic. According to East-
man et al. [1], the effective thermal conductivity of ethylene glycol
is increased by up to 40% when a 0.3 volumetric percent of copper
nanoparticles of mean diameter less than 10 nm are dispersed in it.
From heat transfer theory, for a constant Nusselt number, the con-
vective heat transfer coefficient is directly proportional to the ther-
mal conductivity. With this observation, many researchers have
been motivated to determine the thermal conductivity of nanofl-
uids accurately.

Lee et al. [2] measured thermal conductivity of Al2O3 and CuO
nanoparticles in water and ethylene glycol via a transient hot-wire
apparatus and concluded that thermal conductivity can be
enhanced by more than 20% at a particle volumetric concentration
of 4% for CuO/ethylene glycol mixture. Das et al. [3] presented
experimental data on the temperature dependence of thermal
conductivity of Al2O3 and CuO particles in water up to a volumetric
concentration of 4% and within the temperature range of 21–51 �C.
Their experimental data showed that for 1% particle volumetric
ll rights reserved.

: +1 907 474 6141.
concentration of CuO/water nanofluids, the thermal conductivity
ratio increased from 6.5% to 29% over a temperature range of
21–51 �C. Yu and Choi [4] proposed a renovated Maxwell model
including the effect of a nanolayer surrounding nanoparticles. They
found that this nanolayer has a major impact on the effective ther-
mal conductivity of nanofluids, for the particle diameter of less
than 10 nm. Wang et al. [5] described a fractal model considering
the surface adsorption of nanoparticles and showed a favorable
comparison with their experiment for 50 nm CuO/deionized water
of dilute concentration (<0.5%). Koo and Kleinstreuer [6,7] pre-
sented a thermal conductivity model for nanofluids which com-
prised of a static part and a dynamic part due to the Brownian
movement of nanoparticles. Murshed et al. [8] measured the ther-
mal conductivity of water-based TiO2-nanofluid by the transient
hot-wire method. Their results showed that the Hamilton and
Crosser [9] model and the Bruggemen [10] model differed from
their experimental data by about 17% for a 5% particle volumetric
concentration. Xue and Xu [11] developed a model for thermal
conductivity of nanofluids considering the effective thermal con-
ductivity of an interfacial shell between the particle and the fluid.
Chon et al. [12] presented an empirical correlation for Al2O3 nano-
fluid in water, based upon the Buckingham-Pi theorem; as a func-
tion of Prandtl number, particle Reynolds number based on the
Brownian velocity, thermal conductivity of the particle and base
fluid, volume fraction and particle size. Liu et al. [13] described a
chemical reduction method for synthesizing copper nanofluid
and showed thermal conductivity enhancement of 23.8% for 0.1%

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.027
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Nomenclature

Cp specific heat, J/kg K
dp particle diameter, m
k thermal conductivity, W/m K
T temperature, K
T0 reference temperature, 273 K

Greek letters
b fraction of liquid volume traveling with a particle
l coefficient of dynamic viscosity of the fluid, kg/m s

/ particle volumetric concentration
q density of the fluid, kg/m3

j Boltzmann constant, 1:381� 10�23 J=K

Subscripts
bf base fluid
nf nanofluid
p particle
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volumetric concentration of copper particles in water. Prasher et al.
[14] also presented a Brownian motion based convective–conduc-
tive model for thermal conductivity of nanofluids. Jang and Choi
[15] developed a model for nanofluid thermal conductivity that
took into account the collision between base fluid molecules, ther-
mal diffusion of nanoparticles in fluids, collision between nanopar-
ticles and nano-convection due to Brownian motion. Li et al. [16]
presented experimental data on Al2O3/water nanofluid of concen-
tration up to 6% and temperature up to 37 �C by transient hot-wire
method as well as a steady-state method. They observed that at
room temperature both transient and the steady-state methods
yield nearly identical values of the thermal conductivity of nanofl-
uids, while at higher temperatures the onset of natural convection
resulted in larger conductivity for the transient method than those
obtained using steady-state method A comprehensive review of
experimental and theoretical investigations on the thermal con-
ductivity of nanofluids by various researchers was compiled by
Wang and Mujumdar [17].

In cold regions of the world, such as Alaska, Canada, Northern
Europe and Russia, it is a common practice to use 60% ethylene gly-
col and 40% water by mass (60:40 EG/W) as a heat transfer fluid in
building heating systems, automobiles and heat exchangers (ASH-
RAE, [18]). At present no data exists for thermal conductivity of
nanoparticles dispersed in 60:40 EG/W mixture, although it is
the most widely used fluid for cold regions. All data available at
present are for pure water, glycol or oil as base fluids. For this rea-
son, in the present experiments, 60:40 EG/W is used as the base
fluid in which nanoparticles are dispersed. This paper provides a
comprehensive set of carefully measured thermal conductivity
data for three nanofluids: aluminum oxide (Al2O3), copper oxide
(CuO) and zinc oxide (ZnO) all dispersed in the base fluid 60:40
EG/W. Furthermore, in this study new correlations have been
developed from the thermal conductivity data of three nanofluids
for application over a wide range of temperatures and particle vol-
umetric concentrations. These correlations have been tested for
base fluids, water and 60:40 EG/W and show good agreement.
Therefore, they can be used to determine accurately the thermal
conductivity of nanofluids for different concentrations, different
temperatures and different base fluids. For analytical and compu-
tational heat transfer studies, a relationship for thermal conductiv-
ity is necessary as input. The new correlations developed in this
paper can fulfill those needs to evaluate the convective heat trans-
fer coefficient of nanofluids.

The characteristics of nanofluids whose thermal conductivities
were measured are summarized in Table 1. These nanofluids were
procured from Alfa Aesar [19], as 50% dispersion in water. Subse-
quent particle volumetric concentrations were prepared by adding
different proportions of 60:40 EG/W mixture to the manufacturer’s
fluid. Each nanofluid sample was agitated in an ultrasonicator for
about 2 h before the experiments to ensure uniform particle dis-
persion. The temperature range (298–363 K) of experiments was
selected to match the range at which building heating fluids, auto-
mobile coolants and many industrial heat exchangers operate in
cold regions.

2. Existing theoretical and empirical equations

Starting from Maxwell [22], numerous experimental and theo-
retical studies have been conducted to predict the effective ther-
mal conductivity of solid particles suspended in base fluids. The
Maxwell model for effective thermal conductivity of solid–liquid
mixtures is given for micro or millimeter sized particles suspended
in base fluids.

keff ¼
kp þ 2kbf þ 2ðkp � kbf Þ/
kp þ 2kbf � ðkp � kbf Þ/

kbf ð1Þ

where keff is the thermal conductivities of the solid–liquid mixture.
Maxwell’s model is good for spherical shaped particles with low
particle volume concentrations.

Bruggemen [10] proposed an implicit model for the effective
thermal conductivity of solid–liquid mixtures, taking into account
the interactions among the randomly distributed particles which is
given as

/
kp � keff

kp þ 2keff

� �
þ ð1� /Þ kbf � keff

kbf þ 2kneff

� �
¼ 0 ð2Þ

Bruggemen’s model can be applied to spherical particles with no
limitations on the particle volumetric concentrations.

Hamilton and Crosser [9] extended the Maxwell’s model by
introducing a shape factor to account for the effect of the shape
of particles. The effective thermal conductivity of the solid/liquid
mixture is given as

keff ¼
kp þ ðn� 1Þkbf � ðn� 1Þ/ðkbf � kpÞ

kp þ ðn� 1Þkbf þ /ðkbf � kpÞ
kbf ð3Þ

where n is the empirical shape factor given by 3/w, and w is the par-
ticle sphericity, defined as surface area of a sphere (with the same
volume as the given particle) to the surface area of the particle.
For spherical particle the value of n is 3.

However, all the above models were developed to predict the
thermal conductivity of micro/millimeter sized particles sus-
pended in base fluids. As these theories fail to predict the thermal
conductivity of nanofluids, many new theories have been proposed
in recent years. Based on the effective medium theory, Yu and Choi
[4] proposed a modified Maxwell model to include the effect of a
nanolayer surrounding the particles by replacing the thermal con-
ductivity of solid particles with the equivalent thermal conductiv-
ity of particles kpe which is given as

kpe ¼
½2ð1� cÞ þ ð1þ vÞ3ð1þ 2cÞ�c
�ð1� cÞ þ ð1þ vÞ3ð1þ 2cÞ

kp ð4aÞ

where c = klayer/kp is the ratio of nanolayer thermal conductivity to
particle thermal conductivity and v = h/r is the ratio of the nanolayer



Table 1
Characteristics of nanofluids used in this study.

Type of nanoparticle Density (kg/m3) Thermal conductivity (W/m K) Particle size (nm) Base fluid

Al2O3 3600 [19] 36 [20] 53 60:40 EG/W
ZnO 5600 [19] 13 [21] 29 and 77 60:40 EG/W
CuO 6500 [19] 17.65 [21] 29 60:40 EG/W and water
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thickness to the particle radius. In their study, the nanolayer thick-
ness h and the thermal conductivity klayer are given to range from
1 to 2 nm and 10kbf < klayer < 100kbf, respectively. Finally the thermal
conductivity of the nanofluid is given as

knf ¼
kpe þ 2kbf þ 2ðkpe � kbf Þð1þ vÞ3/
kpe þ 2kbf � ðkpe � kbf Þð1þ vÞ3/

kbf ð4bÞ

Xuan et al. [23] proposed a model considering the Brownian
motion of nanoparticles and their aggregation. The modified corre-
lation for the apparent thermal conductivity of nanofluid is the
sum of the Maxwell’s model and the term due to Brownian motion
of the nanoparticles and clusters.

knf ¼
kp þ 2kbf � 2ðkbf � kpÞ/
kp þ 2kbf þ ðkbf � kpÞ/

kbf þ
qp/Cpp

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jT

3plbf rc

s
ð5Þ

Here rc is the mean radius of gyration of the cluster and lnf is the
viscosity of basefluid. Upon inspection, it is found that the second
term of Eq. (5) does not yield the unit of the thermal conductivity
(W/m K). Therefore, the equation is not dimensionally homoge-
neous. In order to satisfy the dimensional homogeneity, the con-
stant coefficient ð 1

2
ffiffiffiffi
3p
p Þ should have a unit instead of being

dimensionless. The only condition under which the Eq. (5) is dimen-
sionally correct is by assigning a unit of ðm=

ffiffi
s
p
Þ to this constant

coefficient, so that the whole term matches the unit of thermal
conductivity.

Koo and Kleinstreuer [6,7] presented a thermal conductivity
model which has a similar two-term function presented by Xuan
et al. [23]. It takes into account the effect of particle size, particle
volumetric concentration, temperature and properties of base fluid
as well as nanoparticles subjected to Brownian motion. When
compared with experimental data, this model predicts better than
other models as shown in Fig. 9 presented in Section 4. According
to their model the effective thermal conductivity of nanofluid is gi-
ven as

knf ¼
kp þ 2kbf � 2ðkbf � kpÞ/
kp þ 2kbf þ ðkbf � kpÞ/

kbf þ 5� 104b/qbf Cpbf

�
ffiffiffiffiffiffiffiffiffiffi
jT
qpdp

s
f ðT;/; etc:Þ ð6aÞ

where b represents the fraction of the liquid volume which travels
with a particle and decreases with the particle volumetric concen-
tration because of the viscous effect of moving particles. Table 2
shows the function b obtained by them for different nanoparticles
as a function of particle volume concentration. Since from the ki-
netic theory, the dependence of thermal conductivity on tempera-
ture is weak, they introduced an empirical function f(T, /) using
the experimental data of Das et al. [3] on CuO nanofluids.
Table 2
Curve-fit relations proposed by Koo and Kleinstreuer [6].

Type of particles b Concentration

Au-citrate, Ag-citrate and CuO 0.0137(100/)�0.8229 / < 1%
CuO 0.0011(100/)�0.7272 / > 1%
Al2O3 0.0017(100/)�0.0841 / > 1%
f ðT;/Þ ¼ ð�6:04/þ 0:4705ÞT þ ð1722:3/� 134:63Þ ð6bÞ

They recommended the above equation in the ranges 1% < / < 4%
and 300 < T < 325 K. The first part of the Eq. (6a) is the particles’
conventional static conductivity obtained directly from the Max-
well model while the second part accounts for the Brownian
motion.

Xue and Xu [11] developed an implicit relation for the effective
thermal conductivity of copper oxide/water and copper oxide/EG
nanofluids based on a model of nanoparticles with interfacial shells
between the surface of the solid particle and the surrounding
liquid.

1� /
x

� �

� knf � kbf

2knf þ kbf
þ /

x
ðknf � k2Þð2k2 þ kpÞ �xðkp � k2Þð2k2 þ knf Þ
ð2knf þ k2Þð2k2 þ kpÞ þ 2xðkp � k2Þðk2 � knf Þ

¼ 0

ð7aÞ

where x ¼ rp

rp þ t

� �3

ð7bÞ

In the above equation k2 is the thermal conductivity of the interfa-
cial shell and t represents the thickness of the interfacial shell,
which are different for different nanofluids. The radius of the nano-
particle is rp.

Chon et al. [12] proposed an empirical correlation for the ther-
mal conductivity of Al2O3 nanofluid from their experimental data
using Buckingham-Pi theorem with a linear regression scheme.
They concluded that the Brownian motion of the suspended nano-
particle is the most important factor in the enhancement of ther-
mal conductivity of nanofluids. The correlation is given as

knf

kbf
¼ 1þ 64:7/0:7460 dbf

dp

� �0:3690 kp

kbf

� �0:7476

Pr0:9955Re1:2321 ð8Þ

where dbf is the molecular diameter of the base fluid; Pr ¼ Cpbf lbf

kbf
is

the Prandtl number of the base fluid and Re ¼ ðqbf jTÞ
ð3pl2

bf
lbf Þ

is the Rey-

nolds number; lbf is the mean-free path for the base fluid. A constant
value of 0.17 nm for the mean-free path lbf was used in their paper
for water for the entire tested temperature range.

Prasher et al. [14] proposed that the enhancement in the ther-
mal conductivity of nanofluids is primarily due to the convection
caused by the Brownian motion of the nanoparticles. They intro-
duced a convective–conductive model, which is a combination of
Maxwell–Garnett conduction model and the convection caused
by the Brownian motion of suspended nanoparticles.

knf

kbf
¼ 1þ ARemPr0:333/
� � ½kpð1þ 2aÞ þ 2km� þ 2/½kpð1� aÞ � km�

½kpð1þ 2aÞ þ 2km� � /½kpð1� aÞ � km�

� �
ð9Þ

where the coefficient A = 4 � 104; m = 2.5 ± (15% of 2.5) for water-
based nanofluids, m = 1.6 ± (15% of 1.6) for EG-based nanofluids
and m = 1.05 ± (15% of 1.05) for oil-based nanofluids;

km = kbf[1 + (1/4)Re�Pr] is the matrix conductivity; Re ¼ 1
m

ffiffiffiffiffiffiffiffiffiffi
18jT
pqpdp

q
is

the Brownian–Reynolds number; a ¼ 2Rbkm=dp is the nanoparticle
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Biot number; Rb is the interfacial thermal resistance between nano-
particles and different fluids; m is the kinematic viscosity and Pr is
the Prandtl number of the base fluid.

Jang and Choi [15] proposed a theoretical model that involves
four modes contributing to the energy transfer resulting in
enhancement of thermal conductivity of nanofluids. The first mode
is collision between base fluid molecules, the second mode is the
thermal diffusion in nanoparticles, the third mode is the collision
of nanoparticles with each other due to the Brownian motion,
and the fourth mode is collision between base fluid molecules
and nanoparticles by thermally induced fluctuations. Including
all the above four modes, the effective thermal conductivity of
nanofluid is given as

knf ¼ kbf ð1� /Þ þ b1kp/þ C1
dbf

dp
kbf Re2

dp
Pr/ ð10Þ

where b1 = 0.01 is a constant for considering the Kapitza resistance
per unit area; C1 = 18 � 106 is a proportionality constant; Pr is the
Prandtl number of the base fluid, and the Reynolds number is de-

fined by Redp ¼
CR:M:dp

m where CR:M: ¼ jT
3plbf dplbf

is the random motion

velocity of a nanoparticle and m is the kinematic viscosity of base
fluid. They recommend, for water-based nanofluids the equivalent
diameter dbf ¼ 0:384 nm and mean-free path lbf ¼ 0:738 nm at a
temperature of 300 K.

Vajjha and Das [24] measured thermal conductivity of Al2O3

nanofluid and showed its variation with particle volumetric con-
centration and temperature. Following the polynomial approach
of Yaws [25] that has been successfully applied to many industri-
ally important compounds, they proposed an empirical model
which included the dependence of temperature and concentration
in the following form.

knf ð/; TÞ ¼ Að/Þ þ Bð/ÞT þ Cð/ÞT2 ð11Þ

The coefficients A, B, C are polynomial functions of concentration /
and are listed in [24].
3. Experimental setup and procedure

The apparatus constructed by Hilton [26] for thermal conduc-
tivity measurements of liquids and gases has been used in this
study for the nanofluids. A schematic diagram of the experimental
setup is shown in Fig. 1. The apparatus consists of a cylindrical
Fig. 1. Thermal conductivity
water jacket surrounding an aluminum cylindrical plug, which
houses a cartridge heater. The fluid whose thermal conductivity
is to be measured is injected into the small radial clearance Dr be-
tween the heated plug and the water cooled jacket. The radial
clearance has been designed to be very small (Dr = 0.3 mm) so that
natural convection in the fluid lamina is prevented. The power in-
put to the cartridge heater heating the aluminum plug is measured
with precision through the voltmeter and ammeter of the heat
transfer service unit shown in Fig. 1. The aluminum plug is de-
signed to possess low thermal inertia and a minimal temperature
variation along its length.

The plug is held centrally in the water jacket by ‘O’ rings that
seal the radial clearance holding the fluid. Precision thermocou-
ples are placed close to the external surface of the plug and the
internal surface of the cooling jacket. Due to the positioning of
the thermocouples and the high thermal conductivity of the mate-
rials involved, the temperatures measured are effectively the tem-
peratures of the hot and cold faces of the fluid lamina. As
recommended by the manufacturer of the apparatus, a calibration
curve is prepared using air as the test fluid, whose thermal con-
ductivity is accurately known to represents the incidental heat
transfer _Qi versus the temperature difference DT of the hot and
cold surfaces. This incidental heat transfer includes all heat trans-
fer from the element in plug other than that transferred by the
conduction through the fluid. Temperatures are measured by the
heat transfer service unit and a data logger for comparison. Heater
voltage and current are increased in steps and temperatures are
measured when they reach steady state for each power input. Un-
like the transient hot-wire method, the present procedure is a
steady-state method for determining the thermal conductivity of
fluids.

Electrical power input _Qe is measured by the standard panel
mounted voltmeter and ammeter of the heat transfer service unit
and they can be controlled using the panel mounted control knob.
The conduction heat transfer rate _Qc is obtained by taking the dif-
ference between the electrical power input and the incidental heat
transfer rate _Q i from the calibration curve. The thermal conductiv-
ity of nanofluid is obtained from the following equation

knf ¼
_QcDr

AðDTÞ ð12Þ

In the above equation A is the effective area of conducting path
through the fluid provided by the manufacturer.
measuring apparatus.
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3.1. Uncertainty of experimental data

The uncertainty of thermal conductivity measurements was
determined from the standard approach presented by Coleman
and Steele [27].

dk
k
¼ d _Q e

_Q e

 !2

þ d _Q i

_Qi

 !2

þ dðDrÞ
Dr

� �2

þ dA
A

� �2

þ dðDTÞ
DT

� �2
2
4

3
5

1=2

ð13aÞ

Heat conducted through the nanofluid _Qc ¼ _Q e � _Qi and _Q e ¼ VI
where V is the voltage and I is the current applied to the cartridge
heater. For the voltmeter and ammeter of modern design in the
heat transfer service unit, the uncertainty in measurements dV

V

and dI
I are about 0.5%. Therefore, the uncertainty in _Q e is

d _Q e

_Qe

¼ dV
V

� �2

þ dI
I

� �2
" #1=2

ð13bÞ

Incidental heat transfer _Qi is obtained from the calibration
curve which is a plot of _Q i versus temperature difference
ðT1 � T2Þ between the plug temperature and jacket temperature,
respectively.

d _Q i

_Qi

¼ dT1

T1

� �2

þ dT2

T2

� �2
" #1=2

ð13cÞ

The uncertainty in measurements of temperature for type-K ther-
mocouple [28] used in this apparatus is 0.6 �C between 0 and
100 �C. Therefore, at the mean temperature of 60 �C within the
range of measurements, ðdT

T Þ ¼ 1%.The uncertainty in length mea-
surement dr

r by the modern metrological gage is about 0.5%. The area
A is proportional to the square of the linear dimension L, so the

uncertainty in area measurement is dA
A ¼ ½ð2 dL

L Þ
2�1=2. The uncertainty

in DT measurement is dðDTÞ
DT ¼ ½ð

dT1
T1
Þ2 þ ðdT2

T2
Þ2�1=2. Finally combining all

the above uncertainties together, the uncertainty in measurement
of thermal conductivity is

dk
k
¼ dV

V

� �2

þ dI
I

� �2

þ dT1

T1

� �2

þ dT2

T2

� �2

þ dr1

r1

� �2

þ dr2

r2

� �2
"

þ 2
dL
L

� �2

þ dT1

T1

� �2

þ dT2

T2

� �2
#1=2

¼ 2:45%: ð13dÞ
kwater = - 8E-06 T2 + 0.0064 T - 0.5831

R2 = 1

k60:40EG/W= -3.2E-06 T2 + 0.00251188 T - 0.105411

R2 = 1
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Fig. 2. Benchmark test cases for the thermal conductivity of water and 60:40 EG/W.
3.2. Benchmark test cases

Before applying the apparatus and the experimental procedure
to nanofluids, they were first tested with water and 60:40 EG/W
whose thermal conductivities are accurately known. Fig. 2 shows
the comparison between measured thermal conductivity and the
values from Bejan [29] and ASHRAE [18] for water and 60:40 EG/
W, respectively. A maximum deviation of 1.8% at 323 K for water
and a maximum deviation of 1.7% at 298 K for 60:40 EG/W were
observed when compared between measured values and the data
from Bejan and ASHRAE, respectively. In the equations given if
Fig. 2, the temperature is in Kelvin and the thermal conductivity
is in W/m K. The base fluid thermal conductivity kbf equation de-
rived for 60:40 EG/W using ASHRAE data in Fig. 2 has been used
in all subsequent calculations.

3.3. Al2O3 nanofluid

After qualifying the apparatus and the procedure with the
benchmark test cases, the experimental setup was used for mea-
suring the thermal conductivity of nanofluids. Fig. 3 presents a
comparison between the experimental data and those predicted
by Hamilton and Crosser [9] correlation for thermal conductivity
of Al2O3 nanofluid of 6% particle volumetric concentration in a base
fluid of 60:40 EG/W. The data shows that the thermal conductivity
increases as the square of the temperature for this nanofluid within
the range of temperature of the experiment. It is noticed that the
Hamilton–Crosser correlation underpredicts the thermal conduc-
tivity values. The thermal conductivity kbf of the base fluid
(60:40 EG/W) from the ASHRAE curve-fit data is shown in Fig. 3
to illustrate the magnitude of conductivity enhancement by the
nanoparticles over the base fluid. The percentage increase of ther-
mal conductivity with temperature of the nanofluid predicted by
Hamilton–Crosser’s correlation is of the same magnitude as that
of the base fluid, as both curves run nearly parallel. With increase
in temperature the deviation between experimental data and the
Hamilton–Crosser correlation increases.

The ratio of thermal conductivity of nanofluid to base fluid var-
iation with temperature for volumetric concentrations ranging
from 0% to 10% of Al2O3 nanofluid is displayed in Fig. 4. It is ob-
served that the thermal conductivity ratio increases with an in-
crease in temperature and also with an increase in particle
volumetric concentration. As an example, for a 6% concentration,
the thermal conductivity ratio increases from 1.224 to 1.478, a
21% increase between 298 and 363 K. For the 10% concentration
knf = -1E-05T2 + 0.0095T - 1.3731

R2 = 0.99
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Fig. 3. Comparison of thermal conductivity variation with temperature between
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nanofluid at a temperature of 365 K, the thermal conductivity ratio
increases over the base fluid by 69%.

After examining the temperature dependency of thermal con-
ductivity, its dependence on particle concentration was examined.
Fig. 5 shows the variation of thermal conductivity ratio of Al2O3

nanofluid as a function of the particle volumetric concentration.
As observed, the thermal conductivity ratio increases with temper-
ature as well as concentration. The Hamilton–Crosser correlation is
unable to predict the correct thermal conductivity values. The val-
ues calculated from this correlation for four temperatures varying
from 295 to 363 K overlap on one another to give a single curve in
Fig. 5. Therefore, the Hamilton–Crosser correlation is not able to
capture the influence of temperature. To asses the thermal conduc-
tivity ratio enhancement with concentration, we observe an
increase by 29% from a concentration of 1% to 10% at a temperature
of 295 K. From the nature of the curves, it is observed that for a
constant temperature, the thermal conductivity ratio increases
linearly with particle volumetric concentration.

3.4. ZnO nanofluid

Fig. 6 shows the variation of thermal conductivity ratio of ZnO
nanofluid with temperature. As observed earlier, the thermal con-
ductivity ratio increases with an increase in temperature as well as
particle volumetric concentration. As an example, the increase in
magnitude of thermal conductivity ratio for a 7% concentration is
18% between 298 and 363 K. For the same concentration nanofluid
at a temperature of 363 K, the thermal conductivity ratio increases
over the base fluid by 48.5%.

3.5. CuO nanofluid

Fig. 7 presents the thermal conductivity ratio versus the tem-
perature for CuO nanofluid in a base fluid of 60:40 EG/W. Similar
to observations made for the previous two nanofluids, the thermal
conductivity ratio increases with an increase in temperature and
concentration. To present a typical value of this enhancement,
the thermal conductivity ratio for a 6% concentration increases
by 21.4% between 298 and 363 K. For the same concentration
CuO nanofluid at a temperature of 363 K, the thermal conductivity
ratio increases over the base fluid by 60%.

3.6. Particle size effect

In order to assess the influence of nanoparticle size on the ther-
mal conductivity, two sets of measurements were conducted with
ZnO nanofluids of particle sizes 29 and 77 nm. The results are
shown in Fig. 8 for thermal conductivity ratio as a function of tem-
perature. From the figure it is observed that the thermal conductiv-
ity ratio is higher for smaller size nanoparticles. This behavior is
intuitively correct as the thermal energy transfer is dependent on
surface area and smaller particles of same volumetric concentration
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provide more surface area for the transfer of thermal energy. There-
fore, the effective thermal conductivity is higher for smaller parti-
cles. This assertion is confirmed by the correlation, Eq. (14a)
derived from the experimental data in the following section, which
shows that the thermal conductivity of nanofluid is inversely pro-
portional to the nanoparticle diameter. To get a sense of the order
of magnitude increase, at 305 K the thermal conductivity ratio is
3% higher for 29 nm particle over that of 77 nm particle at a volu-
metric concentration of 2%. For the 4% volumetric concentration
the thermal conductivity ratio is 3.3% higher for 29 nm particle over
that of the 77 nm particle.

4. Development of new correlations

Our experimental results comprised of 133 data points derived
from three different nanofluids. This data included the particle
sizes of 29, 53 and 77 nm as listed in Table 1. We analyzed several
existing thermal conductivity models and compared them against
our experimental data. It was found that the correlation given by
Koo and Kleinstreuer [6] matched the results better than the other
existing models. However, the correlation of Koo and Kleinstreuer
is based on a limited amount of data obtained from experiments on
nanofluids over the temperature range 293 K < T < 325 K and con-
centration range 1% < / < 4%. Therefore, we proceeded to improve
this model by deriving new empirical correlations for b and
f ðT;/Þ from our set of experimental data. The thermal conductivity
model remains the same; however, new empirical correlations
were derived from a broader set of data derived from three
nanofluids.

knf ¼
kp þ 2kbf � 2ðkbf � kpÞ/
kp þ 2kbf þ ðkbf � kpÞ/

kbf þ 5� 104b/qbf Cpbf

ffiffiffiffiffiffiffiffiffiffi
jT
qpdp

s
f ðT;/Þ

ð14aÞ

f ðT;/Þ ¼ ð2:8217� 10�2/þ 3:917� 10�3Þ T
T0

� �

þ ð�3:0669� 10�2/� 3:91123� 10�3Þ ð14bÞ
Table 3
Curve-fit relations for proposed from present experiments.

Type of particles b Concentration Temperature

Al2O3 8.4407(100/)�1.07304 1% 6 / 6 10% 298 K 6 T 6 363 K
ZnO 8.4407(100/)�1.07304 1% 6 / 6 7% 298 K 6 T 6 363 K
CuO 9.881(100/)�0.9446 1% 6 / 6 6% 298 K 6 T 6 363 K
Notice that the b correlation came out to be the same for Al2O3

and ZnO, but differed slightly for CuO. However, the function f(T, /)
is same for all three nanofluids. The obtained correlations for Al2O3,
ZnO and CuO are given in Table 3. The applicable range of particle
size for using the above correlation is 29–77 nm.

4.1. Justification from experimental evidence

From experimental observation in Fig. 5 the thermal conductiv-
ity ratio appears to be a linear function of concentration /. Since,
Eq. (14a) is nearly a linear function of /, there is an agreement with
the experimental evidence and this model. From the experimental
data in Fig. 3 we observed that thermal conductivity varies as the
square of the temperature T for R2 = 0.99. Considering Eq. ((14a)
and (14b)) the exponent of T is 1.5, which is closer to the empirical
evidence, rather than the weak dependence of T0.5 predicted by the
kinetic theory. Furthermore, from the observation on particle
diameter effect presented in Fig. 8, there is an inverse relationship
between knf and dp which is supported by the Brownian motion
theory.

To verify the validity of these new correlations, Eqs. ((14a) and
(14b)), for a different base fluid, we applied it to water-based nano-
fluids. We conducted additional experiment with CuO nanoparti-
cles in water as base fluid to compare the present correlation
Eqs. ((14a) and (14b)) with the experimental data, as shown in
Fig. 9. In this figure, the performances of various models are also
shown. It is observed that Koo and Kleinstreuer model agrees with
experimental data up to a temperature of 325 K for which it was
developed. Beyond this range the correlation overpredicts the con-
ductivity ratio. The models of Maxwell [22] and Yu and Choi [4] do
not show any noticeable increase in thermal conductivity with
temperature. For Yu and Choi correlation, h is taken to be 2 nm
and klayer is taken as 50kbf.The model of Jang and Choi [15] shows
an extreme rise of thermal conductivity with temperature. The
model of Chon et al. [12] underpredicts the value at lower temper-
atures. For the model of Prasher et al. [14], m is taken as 2.5% and
Rb ¼ 0:77� 10�8 m2 K=W for water-based nanofluids. This model
underpredicts the thermal conductivity value at lower tempera-
ture and overpredicts at higher temperature.

Fig. 10 serves as a verification of the accuracy of the new corre-
lation, Eqs. ((14a) and (14b)), in comparison with the Al2O3 ther-
mal conductivity experimental data. The reason we have selected
Al2O3 nanofluid is, it was measured up to the highest particle vol-
umetric concentration of 10% among the three nanofluids. There is
a good agreement between the experimental data and Eqs. ((14a)
1
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Fig. 9. Comparison between several theoretical models and experimental data on
thermal conductivity for CuO/water nanofluids of 4% particle volumetric
concentration.
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and (14b)), with maximum deviations of +2.8%, �2.6% and the
average deviation of 0.23% for Al2O3 nanofluid. For the ZnO nano-
fluid, the maximum deviations are +6.2%, �2.4% and the average
deviation of 1.97%. For the CuO nanofluid, the maximum deviations
are +7.7%, �0.0% and the average deviation of 5.74%.

5. Conclusions

From a set of carefully conducted experiments, the thermal con-
ductivities of three nanofluids were measured over a temperature
range of 298–363 K for various particle volumetric concentrations.
The results showed an increase in thermal conductivity of nano-
fluid with increase in concentration and temperature. As the nano-
particle diameter increases, the thermal conductivity decreases.
The correlation by Hamilton–Crosser does not capture the thermal
conductivity variation with temperature. It is observed that many
existing thermal conductivity models of nanofluids do not agree
well with the present experimental results. The model by Koo
and Kleinstreuer [6] has been improved by using a broader set of
experimental data, which provided new correlations. These new
correlations give accurate prediction of thermal conductivity of dif-
ferent nanofluids over a wide range of concentration and temper-
ature. Since the nanofluids exhibit enhanced thermal
conductivity with an increase in temperature, it is concluded that
their application in higher temperature environment will be more
beneficial.
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