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An experimental system was built to investigate convective heat transfer and flow fe
of the nanofluid in a tube. Both the convective heat transfer coefficient and friction fa
of the sample nanofluids for the turbulent flow are measured, respectively. The effe
such factors as the volume fraction of suspended nanoparticles and the Reynolds n
on the heat transfer and flow features are discussed in detail. A new type of conv
heat transfer correlation is proposed to correlate experimental data of heat transfe
nanofluids. @DOI: 10.1115/1.1532008#
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1 Introduction
With progresses of thermoscience and thermal engineer

many efforts have been devoted to heat transfer enhancem
Among them, application of additives to liquids is often involve
Since the flow media themselves may be the controlling facto
limiting heat transfer performance, solid additives are suspen
in the base liquids in order to change transport properties, fl
and heat transfer features of the liquids@1,2#. Besides describing
chronological development in this field, Hetsroni and Rozen
@3# investigated the thermal interaction between the partic
laden turbulent flow and a heated plate for a liquid-solid mixtu
consisting of water and polystyrene particles. Traditionally, so
particles of micrometer or millimeter magnitudes are mixed in
base liquid. Although the solid additives may improve heat tra
fer coefficient, practical application are limited because of the
that the micrometer and/or millimeter-sized particles settle r
idly, clog flow channels, erode pipelines and cause severe pres
drops. The concept of nanofluids refers to a new kind of h
transport fluids by suspending nanoscaled metallic or nonmet
particles in base fluids. Energy transport of the nanofluid is
fected by the properties and dimension of nanoparticles as we
the solid volume fraction. Some experimental investigations h
revealed that the nanofluids have remarkably higher thermal
ductivities than those of conventional pure fluids and shown
the nanofluids have great potential for heat transfer enhance
@4–7#. Compared with the existing techniques for enhancing h
transfer by adding millimeter and/or micrometer-sized particles
fluids, nanofluids are expected to be ideally suited for pract
application with incurring little or no penalty in pressure dro
because the nanoparticles are so small that the nanofluid beh
like a pure fluid.

To apply the nanofluid to practical heat transfer processes, m
studies on its flow and heat transfer feature are needed. Pak
Cho @8# performed experiments on turbulent friction and he
transfer behaviors of two kinds of the nanofluids. In their stu
g-Al2O3 and TiO2 were dispersed in water, and the experimen
results showed that the Nusselt number of the dispersed fl
increases with increasing the volume fraction of the suspen
solid particles and the Reynolds number. Lee and Choi@9# applied
the nanofluid as the coolant to a microchannel heat exchange
cooling crystal silicon mirrors used in high-intensity X-ra
sources and pointed out that the nanofluid dramatically enha
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cooling rates compared with the conventional water-cooled
liquid-nitrogen-cooled microchannel heat exchangers.

It is expected that the main reasons of heat transfer enha
ment of the nanofluids may be from intensification of turbulen
or eddy, suppression or interruption of the boundary layer as w
as dispersion or backmixing of the suspended nanoparticles,
sides substantial augmentation of the thermal conductivity and
heat capacity of the fluid. Therefore, the convective heat tran
coefficient of the nanofluids is a function of properties, dimens
and volume fraction of suspended nanoparticles as well as
flow velocity. The conventional convective heat transfer corre
tion of the pure fluid isn’t applicable to the nanofluid. To unde
stand the mechanism of heat transfer enhancement of nanofl
and to accelerate practical applications of the nanofluids, m
investigations are needed on fundamental features of conve
heat transfer and flow performance of the nanofluids. Based
one of the previous papers@10#, this paper is aimed at studying th
single-phase flow and heat transfer performance of the nano
in tubes for the turbulent flow and developing heat transfer co
lation for the experimental data.

2 Experimental System
An experimental rig is built to study the flow and convectiv

heat transfer feature of the nanofluid flowing in a tube. As sho
schematically in Fig. 1, the experimental system mainly include
reservoir tank, a pump, a pipe line, a test section, a cooler, a
fluid collection tank.

The reservoir tank of 5 Liter is manufactured of polymethy
methacrylate to reserve the nanofluid and to monitor the dis
sion behavior and stability of the nanofluid. The cooler of 5.2 K
cooling capacity is used to keep a constant temperature of
nanofluid at the inlet of the test section. The flow rate is control
with two adjusting valves, one at the main flow loop and the ot
at the by-bass line. A three-way valve is installed at the end of
main flow loop and it provides an access for the nanofluid fr
the reservoir tank into the fluid collection tank to measure
mass flow rate of the nanofluid. The test section is a straight b
tube of the inner diameter of 10 mm and the length of 800 m
Eight thermocouples~K-type! are mounted at different places o
the heat transfer test section to measure the wall temperature
other two thermocouples are respectively located at the entra
and exit of the test section to read the bulk temperatures of
nanofluid. To obtain a constant-heat-flux boundary condition,
heat transfer test section is heated electrically by a DC po
supply capable of delivering a maximum of 3.5 KW. The te
section is thermally isolated from its upstream and downstre
sections by plastic bushings to minimize the heat loss resul
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Fig. 1 The experimental system of the convective heat transfer feature for the nanofluid
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from axial heat conduction. In order to minimize the heat lo
from the test section to the ambient, the whole test sectio
thermally isolated on the outside with a layer of expanded p
powder and a vacuum casing tube. The hydrodynamic entry
tion is long enough to accomplish fully developed flow at t
entrance of the heat transfer test section. Two pressure transd
are installed at the both ends of the test section to measure
pressure drop of nanofluids.

During experimental runs, the tube wall temperatures, inlet
outlet temperatures of the sample nanofluid, mass flow rates
electric power inputs as well as the static pressures are meas
The measured Nusselt numbers of the nanofluid within the f
developed turbulent flow region are obtained from the followi
correlation

hn f5
q

Tw2Tf
(1)

Nun f5
hn fD

kn f
(2)

The transport properties of the nanofluid are calculated by u
the mean value of the temperatures of the nanofluid at the
and outlet. Before measuring the convective heat transfer co
cient of nanofluids, the reliability and accuracy of the experim
tal system are estimated by using water as the working fluid.
results of estimation experiment are compared with the calcul
values obtained from the well-known Dittus-Boelter equation@11#

Nu50.023 Re0.8Pr0.4 (3)

As shown in Fig. 2, the good coincidence between the experim
tal results and the calculated values for water reveals that
precision of the experimental system is considerably high. T
uncertainty of the experimental system is less than 4 percent

Uncertainty of the experimental data may result from the m
suring errors of parameters such as heat flux, temperature as
as flow rate. It can be defined as:

S dNu

Nu D5AS Dq

q D 2

1S DT

T D 2

1S Du

u D 2

(4)

The error term (Dq/q) arises from reading errors of direct ele
tric current and voltage as well as heat loss from the experime
system to the ambient. The calibration results of energy bala
revealed that experimental uncertainty of the heat flux is less
3 percent in this experiment. The thermocouple is calibrated
using the thermostat and the measuring precision is of 0.1 per
25, FEBRUARY 2003
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Flow rates are measured directly by weighing fluid and the m
suring error of the flow rate is less than 1 percent. Therefo
uncertainty of the experimental data is less than 4 percent.

3 Convective Heat Transfer Experiment
and Correlation

The sample nanofluids are prepared by mixing the nanost
tured Cu particles below 100 nm diameter and deionized wa
The details of preparation procedure of nanofluids are referre
the previous paper@7#. The nanofluids with different particle vol
ume fractions are used in the experiment to investigate the e
of the nanoparticle concentration on the enhanced heat tran
performances of nanofluids, in which 0.3 percent, 0.5 percent,
percent, 1.0 percent, 1.2 percent, 1.5 percent, and 2.0 percen
ume fraction Cu-water nanofluids are involved. Nanofluids w
higher volume fractions of nanoparticles may be limited in pra
tical application and consume much more solid particles. T
Reynolds number Re varies between the range 10,000;25,000.

Fig. 2 Comparison between the measured Nusselt numbers of
water and the calculated values with Eq. „3…
Transactions of the ASME
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As shown in Fig. 3, the convective heat transfer coefficient
the nanofluid increases with the flow velocity as well as the v
ume fraction of nanoparticles and it is larger than that of the b
liquid ~water! under the same flow velocity. It may be instructiv
to point out that proper selection of the particle volume fract
and of the couple pair of solid particles and base liquid are
portant for applying nanoparticles to heat transfer enhancem
In some cases, the viscosity of the dispersed fluid sharply
creases with increasing the particle volume fraction and beco
much higher than that of the base liquid, so that higher volu
fraction of the solid particles may suppress heat transfer enha
ment of the suspension. Pak and Cho@8# studied heat transfe
process of the suspensions consisting of water and metallic o
particles such asg-alumina (Al2O3) with mean diameter of 13 nm
and titanium dioxide (TiO2) with mean diameter of 27 nm an
found that the convective heat transfer coefficient of the susp
sions at a volume concentration of 3 percent was 12 per
smaller than that of pure water when compared under the co
tion of constant average velocity. The reason may be that both
suspensions have much higher viscosities than that of w
which suppresses flow turbulence. While preparing the nanofl
therefore, it may be of importance to select the volume fracti
dimensions and material properties of the nanoparticles suspe
in the base liquid.

Figure 4 illustrates variation tendency of the Nusselt numb
of the sample nanofluid with the volume fraction of nanopartic
and the Reynolds number Re. The experimental results indi
that the suspended nanoparticles remarkably improve heat tra
performance of the base fluid. Compared with water, the Nus
number of the nanofluid is increased more than 39 percent for
nanofluid with the volume fraction 2.0 percent of Cu nanop
ticles. The experimental results also indicate that the heat tran
feature of a nanofluid remarkably increases with the volume fr
tion of nanoparticles. The particle volume fraction is one of t
main factors affecting the Nusselt numbers of the nanoflu
While the volume fraction of the Cu nanoparticles increases fr
0.5 percent to 2.0 percent, for example, the ratio of the Nus
number of the Cu-water nanofluid to that of water varies fro
1.06 to 1.39 under the same Reynolds number.

As mentioned before, the nanofluid behaves more like a fl
than the conventional solid-fluid mixtures in which relative
larger particles with micrometer or millimeter orders are s
pended. But the nanofluid is a two-phase fluid in nature and
some common features of the solid-fluid mixtures. The effects
several factors such as gravity, Brownian force, and friction fo
between the fluid and ultrafine solid particles, the phenomen
Brownian diffusion, sedimentation, and dispersion may coexis

Fig. 3 Variation of heat transfer coefficient with velocity in the
turbulent flow
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the main flow of a nanofluid. This means that the slip veloc
between the fluid and the suspended nanoparticles may no
zero, although the particles are ultrafine. Random movemen
the suspended nanoparticles increases energy exchange ra
the fluid. The dispersion will flatten temperature distribution a
makes the temperature gradient between the fluid and wall ste
which augments heat transfer rate between the fluid and the w
The enhanced heat transfer by the nanofluid may result from
following two aspects@10#: One is that the suspended particl
increase the thermal conductivity of the two-phase mixture;
other is that chaotic movement of ultrafine particles accelera
energy exchange process in the fluid. The comparison betwee
experimental results and the predicated values from the Dit
Boelter correlation is shown in Fig. 4. The predicted results
obtained in such a way that all the transport properties involve
the Dittus-Boelter correlation are respectively replaced by the
fective conductivity, viscosity and diffusivity of the nanofluid
Clearly, greater deviation between the experimental results and
predicted ones from the conventional correlation exists and s
deviation increases with increasing the volume fraction of the s
pended nanoparticles and the Reynolds number. For example
discrepancy between both them is over 30 percent for
517,600 and f52.0 percent. The Dittus-Boelter correlatio
failed to predict the dependency of the Nusselt number of
nanofluid on the volume fraction of nanoparticles because
correlation is valid only for the single-phase flow. It is improper
apply the Dittus-Boelter correlation to prediction the Nusselt nu
ber for the nanofluid even if the effective transport properties
the nanofluid are used, especially for the case that the volu
fraction of the nanoparticles is larger than 0.5 percent. The va
of the Nu number calculated from the Dittus-Boelter correlati
just slightly change~as illustrated by the solid and dotted lines
Fig. 4!, although the volume fraction of the nanoparticles var
from 0.3 percent to 2.0 percent. In fact, the experimental data
the Nu number do remarkably vary with the volume fraction
the nanoparticles~as shown by all the scattered points in Fig. 4!.

A new approach needs to be tried to develop the heat tran
correlation for the nanofluid. In general, the Nusselt number Nu
a nanofluid may be expressed as follows:

Nun f5 f S Re,Pr,
kd

kf
,
~rcp!d

~rcp! f
,

f,dimensions and shape of particlesD (5)

Fig. 4 The Nusselt numbers of nanofluids with the Reynolds
numbers and the predicated values from the Dittus-Boelter
correlation
FEBRUARY 2003, Vol. 125 Õ 153
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In the light of analysis and derivation presented in the previ
paper @10#, the following formula is proposed to correlate th
experimental data for the nanofluid:

Nun f5c1~1.01c2fm1Ped
m2!Ren f

m3Prn f
0.4 (6)

Compared with the heat transfer correlation for conventio
single-phase flow, the volume fractionf of suspended nanopar
ticles and the Peclet number are involved in the above expres
The Peclet number Pe describes the effect of thermal disper
caused by microconvective and microdiffusion of the suspen
nanoparticles. The casec250 refers to zero thermal dispersion
which namely corresponds to the case of the pure base fluid.
particle Peclet number Ped in expression~6! is defined as

Ped5
umdp

an f
(7)

The Reynolds number of the nanofluid is defined as

Ren f5
umD

yn f
(8)

The Prandlt number Pr of the nanofluid is defined as

Prn f5
yn f

an f
(9)

To calculate this parameter, the thermal diffusivity of the nan
luid an f is defined as

an f5
kn f

~rcp!n f
5

kn f

~12f!~rcp! f1f~rcp!d
(10)

Where, the thermal conductivitykn f and the viscosityyn f are ex-
perimentally obtained and the experimental procedure is descr
in detail in reference@6#. Some experimental data are listed
Table 1.

From the whole ensemble of experimental data, the coeffic
c1 andc2 as well as the exponentm1 , m2 , andm3 in expression
~6! can be determined by a proper data-reduction procedure. F
given flow velocity, a set of all these coefficients and exponent
fit for predicting heat transfer performance of nanofluids with d
ferent volume fractions of suspended nanoparticles. For a va
of volume fraction of suspended nanoparticles, for example,
Nusselt number Nu for the turbulent flow of nanofluids inside
tube are obtained as follows:

Nun f50.0059~1.017.6286f0.6886Ped
0.001!Ren f

0.9238Prn f
0.4 (11)

Figure 5 depicts the curves of the theoretical predictions
convective heat transfer coefficients of nanofluids from corre
tion ~11!. Obviously, there exists good coincidence between
results calculated from this correlation and the experimental o
The discrepancy between both them falls below 8 percent. It
veals that formula~6! correctly incorporates the main factors
affecting heat transfer process of the nanofluid into in a simp
form and can be used to correlate experimental data of heat tr
fer coefficient of the nanofluid. Once all the coefficients and
ponents in formula~6! have been determined by correlating e
perimental data of heat transfer for nanofluids, therefore,

Table 1 The effective thermal conductivity and viscosity of the
sample nanofluid

Transport
properties

Volume fraction of nanoparticles

0.3% 0.5% 0.8% 1.0% 1.2% 1.5% 2.0%

kn f ~W/m•°C! 0.6054 0.615 0.6252 0.6306 0.633 0.663 0.7
yn f3106 (m2/s) 0.91 0.915 0.945 0.96 1.012 1.044 1.12
154 Õ Vol. 125, FEBRUARY 2003
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formula can be used to predict the convective heat transfer c
ficient for such suspensions with different volume fractions
nanoparticles in the turbulent flow.

4 Pressure Drop Experiment
It is necessary to learn the flow resistance of nanofluids bes

the heat transfer enhancement feature in order to apply the na
luid to practical cases. The pressure drops of the dilute susp
sions consisting of water and Cu-nanoparticles in a tube are
perimentally measured for the turbulent flow.

Four sample nanofluids with the volume fractions of nanop
ticles 1.0 percent, 1.2 percent, 1.5 percent, and 2.0 percent
used in pressure drop test. Figure 6 illustrates the friction fact
as a function of the Reynolds number for the turbulent flow. T
friction factor of the pure water is also shown as a solid line in t
figures. The friction factor is defined as

ln f5
Pn fD

L

2g

um
2 (12)

Obviously, the friction factors of the dilute nanofluids are a
most equal to those of water under the same Reynolds num
Compared with water, no significant augmentation in press
drop for the nanofluid is found in all runs of the experimen

2
5

Fig. 5 Comparison between the measured data and the calcu-
lated values from correlation „11… for turbulent flow

Fig. 6 The friction factors of nanofluids for the turbulent flow
Transactions of the ASME
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which reveals that dilute nanofluids will not cause extra penalty
pump power. It implies that the friction factor correlation for th
single-phase flow can be extended to the dilute nanofluids.

5 Conclusions
The convective heat transfer feature and flow performance

Cu-water nanofluids in a tube have experimentally been inve
gated. The suspended nanoparticles remarkably enhance
transfer process and the nanofluid has larger heat transfer co
cient than that of the original base liquid under the same Reyn
number. The heat transfer feature of a nanofluid increases with
volume fraction of nanoparticles.

By considering the microconvection and microdiffusion effe
of the suspended nanoparticles, a new type of the convective
transfer correlation for nanofluids in a tube has been propose
Nun f5c1(1.01c2fm1Ped

m2)Renf
m3Prn f

0.4. This correlation correctly
takes the main factors of affecting heat transfer of the nanofl
into account.

On the other hand, the friction factor for the dilute nanoflui
consisting of water and Cu-nanoparticles is approximately
same as that of water. The nanofluid with the low volume fract
of the suspended nanoparticles incurs almost no extra penal
pump power.
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Nomenclature

d 5 nanoparticle diameter, m
D 5 inner diameter of the tube, m
g 5 acceleration of gravity, m/s2

h 5 heat transfer coefficient, W/m2K
k 5 thermal conductivity of the sample nanofluid, W/mK
L 5 length of the pressure drop test tube, m

Nu 5 Nusselt number
P 5 pressure drop, Pa

Pe 5 Peclet number
Pr 5 Prandtl number
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q 5 heat flux, W/m2

Re 5 Reynolds number
T 5 temperature, °C
u 5 mean velocity, m/s
f 5 volume fraction
a 5 thermal diffusivity, m2/s
y 5 viscosity, m2/s

Subscript

d 5 particle
f 5 fluid

in 5 inlet
m 5 mean

out 5 outlet
nf 5 nanofluid
w 5 tube wall

References
@1# Liu, K. V., Choi, U. S., and Kasza, K. E., 1988, ‘‘Measurements of Press

Drop and Heat Transfer in Turbulent Pipe Flows of Particulate Slurries,’’
port, Argonne National Laboratory ANL-88-15.

@2# Webb, R. L., 1993,Principles of Enhanced Heat Transfer, John Wiley & Sons,
New York.

@3# Hetsroni, G., and Rozenblit, R., 1994, ‘‘Heat Transfer to a Liquid-Solid Mi
ture in a Flume,’’ Int. J. Multiphase Flow,20~4!, pp. 671–689.

@4# Wang, X., Xu, X., and Choi, S. U. S., 1999, ‘‘Thermal Conductivity o
Nanoparticle-Fluid Mixture,’’ J. Thermophys. Heat Transfer,13~4!, pp. 474–
480.

@5# Lee, S., Choi, S. U. S., Li, S., and Eastman, J. A., 1999, ‘‘Measuring Ther
Conductivity of Fluids Containing Oxide Nanoparticles,’’ J. Heat Transfe
121, pp. 280–289.

@6# Li, Q., and Xuan, Y., 2000, ‘‘Experimental Investigation on Transport Prop
ties of Nanofluids,’’ Heat Transfer Science and Technology 2000, Wang
Buxuan, ed., Higher Education Press, pp. 757–762.

@7# Xuan, Y., and Li, Q., 2000, ‘‘Heat Transfer Enhancement of Nanofluids,’’ I
J. Heat Fluid Flow,1~21!, pp. 58–64.

@8# Pak, B. C., and Cho, Y. I., 1998, ‘‘Hydrodynamic and Heat Transfer Study
Dispersed Fluids with Submicron Metallic Oxide Particles,’’ Exp. Heat Tran
fer, 11, pp. 151–170.

@9# Lee, S., and S. U. S. Choi, 1996, ‘‘Application of Metallic Nanoparticle Su
pensions in Advanced Cooling Systems,’’Recent Advances in Solids/Structure
and Application of Metallic Materials, L. Shinpyo, eds., PVP-Vol. 342/MD-
vol. 72, ASME, New York, pp. 227–234.

@10# Xuan, Y., and Roetzel, W., 2000, ‘‘Conceptions for Heat Transfer Correlat
of Nanofluids,’’ Int. J. Heat Mass Transf.,43, pp. 3701–3707.

@11# Incropera, F. P., and DeWitt, D. P., 1996,Introduction to Heat Transfer, John
Wiley & Sons, New York.
FEBRUARY 2003, Vol. 125 Õ 155


