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Single-Phase Thermal Transport
of Nanofluids in a Minichannel
Nanofluids have been proposed as a promising candidate for advanced heat transfer
fluids in a variety of important engineering applications ranging from energy storage and
electronics cooling to thermal processing of materials. In spite of the extensive studies in
the literature, a consensus is lacking on if and how the dispersed nanoparticles alter the
thermal transport in convective flows. In this work, an experimental investigation was
conducted to study single-phase forced convection of Al2O3-water nanofluid in a circular
minichannel with a 1.09 mm inner diameter. The friction factor and convection heat
transfer coefficients were measured for nanofluids of various volume concentrations (up
to 5%) and were compared with those of the base fluid. The Reynolds number (Re) varied
from 600 to 4500, covering the laminar, transition, and early fully developed turbulent
regions. It was found that in the laminar region, the nanofluids exhibit pronounced
entrance region behaviors possibly due to the flattening of the velocity profile caused by
the flow-induced particle migration. Three new observations were made for nanofluids in
the transition and turbulent regions: (1) The onset of transition to turbulence is delayed;
(2) both the friction factor and the convective heat transfer coefficient are below those of
water at the same Re in the transition flow; and (3) once fully developed turbulence is
established, the difference in the flow and heat transfer of nanofluids and water will
diminish. A simple scaling analysis was used to show that these behaviors may be attrib-
uted to the variation in the relative size of the nanoparticle with respect to the turbulent
microscales at different Re. The results from this work suggest that the particle-fluid
interaction has a significant impact on the flow physics of nanofluids, especially in the
transition and turbulent regions. Consequently, as a heat transfer fluid, nanofluids should
be used in either the laminar flow or the fully developed turbulent flow at sufficiently high
Re in order to yield enhanced heat transfer performance. �DOI: 10.1115/1.4002462�

Keywords: nanofluids, heat transfer, pressure drop, turbulence, transition
Introduction
Nanofluids are engineered colloids that are formulated by dis-

ersing solid nanoparticles of 1–100 nm diameters into a base
uid. Since the early work of Choi in 1995 �1�, extensive research
fforts have been devoted to exploring the thermal properties and
onvective transport of nanofluids. The studies prior to 2009 have
een summarized in several comprehensive review articles �2–7�.
he most dramatic discovery of nanofluids, though still under
ebate, has been the disproportionate enhancement of thermal
onductivity at very low particle concentrations. Consequently,
hey have been generally considered as a promising candidate for
dvanced heat transfer fluids. Single-phase forced convection of
anofluids has drawn particular interest due to its direct engineer-
ng relevance in a variety of applications ranging from energy
torage and electronics cooling to thermal processing of materials
8–25�. It was found that in both laminar and turbulent flows,
onvective heat transfer is enhanced in nanofluids as compared
ith the base fluids. Most studies showed that the heat transfer

nhancement increases with increasing nanoparticle concentration
nd Re. Moreover, the enhancement generally surpasses what can
e expected from the thermal conductivity enhancement alone.
hus, the applicability of the established heat transfer correlations

or predicting the thermal transport of nanofluids has been called
nto question.

To further investigate the thermal transport mechanism, a few
xperimental studies on the single-phase pressure drop and con-
ective heat transfer of nanofluids have been reported in the lit-
rature since 2009. Some selected ones will be briefly reviewed
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with the emphasis on assessing the applicability of conventional
heat transfer correlations for nanofluids and on exploring the heat
transfer enhancement mechanisms in nanofluids. Hwang et al.
�26� studied the pressure drop and convective heat transfer of
Al2O3-water nanofluids in fully developed laminar flow �Re
�800�. The measured friction factor is in good agreement with
the prediction from the Hagen–Poiseuille equation, but the sub-
stantial enhancement in convective heat transfer coefficient cannot
be correlated by the Shah equation. Using a scaling analysis, it
was shown that the heat transfer enhancement should be attributed
to the modification of the velocity profile due to Brownian diffu-
sion and thermophoresis, rather than the enhanced thermal con-
ductivity and the direct energy transfer by the nanoparticle disper-
sion. Anoop et al. �27� conducted convective heat transfer
experiments in the laminar developing region �300�Re�2200�
using Al2O3-water nanofluids with two nanoparticle sizes. The
nanofluid with smaller nanoparticles exhibits a higher heat trans-
fer coefficient. The heat transfer enhancement in the entrance re-
gion exceeds that in the nearly developed region. It was postulated
that these observations are caused by the property change in the
developing region as well as the particle migration. Lai et al. �28�
presented an experimental study of convective heat transfer of
Al2O3-water nanofluids in both the developing and fully devel-
oped laminar regions. The results show that the heat transfer co-
efficient increases with the flow rate and the nanoparticle volume
concentration. The heat transfer enhancement is greater in the de-
veloping region and decreases along the axial locations, owing in
part to the thinning of the thermal boundary layer in the nano-
fluids. The heat transfer enhancement in the fully developed re-
gion was attributed to the flattening of the velocity profile due to
the shear-induced particle migration �11,29�. Sharma et al. �30�

studied the convective heat transfer of Al2O3-water nanofluids in
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he transition flow region �3500�Re�9000� in a tube with and
ithout twisted tape inserts. Buongiorno and co-workers �16,31�

nvestigated the convective heat transfer of Al2O3-water and
rO2-water nanofluids in both the laminar �140�Re�1900� and

ully developed turbulent regions �9000�Re�63,000�. The pres-
ure drop and Nusselt number were found to be predicted well by
onventional models as long as the concentration- and
emperature-dependent thermophysical properties were considered
or the nanofluids. The authors concluded that the heat transfer
nhancement was simply caused by the changes in thermophysical
roperties, and the nanofluids can be treated as a homogeneous
ixture. In their experimental investigation of turbulent convec-

ion heat transfer, Torri and Yang �32� observed significant heat
ransfer enhancement in aqueous suspensions of nanodiamond
articles and concluded that the reduced thermal boundary layer
hickness, the thermal conduction under dynamic conditions, and
he particle migration may be responsible for the heat transfer
nhancement. Duangthongsuk and Wongwises �33� experimen-
ally investigated the convective heat transfer of TiO2-water nano-
uids in turbulent flow �4000�Re�16,000�. They observed that

he heat transfer coefficient decreases with increasing nanoparticle
oncentration, and at the highest concentration, can drop below
hat of the base fluid. It was postulated that the effect of increased
iscosity may override the enhancement in thermal conductivity,
hereby leading to a decrease in the heat transfer performance.
esides the foregoing studies conducted in a single tube configu-

ation, convective heat transfer of nanofluids has also been inves-
igated in microchannel heat sinks. Jung et al. �34� reported the
ressure drop and convective heat transfer measurements of nano-
uids in a microchannel heat sink under laminar flow conditions
Re�300�. The measured Nusselt number was considerably
ower than the theoretical prediction for fully developed laminar
ow �Nu=4.36� and can be correlated well with a modified
ittus–Boelter correlation. Wu et al. �35� carried out an experi-
ental study on the laminar flow and heat transfer of Al2O3-water

anofluids in a silicon microchannel heat sink. It was found that
he Nusselt number increases with the increase in the nanoparticle
oncentration and Re and Prandtl �Pr� numbers.

From the literature survey, it is clear that the mechanisms for
onvective heat transfer enhancement in nanofluids still remain
ysterious. The flow-induced particle migration has been attrib-

ted by several groups as a possible key mechanism for the en-
anced laminar heat transfer in nanofluids. In this model, the bal-
nce of particle fluxes due to the Brownian diffusion and the
ariations in local shear rate and viscosity is considered in deriv-
ng the radial distribution of particles in an originally homoge-
eous flow field. The resulting nonuniform particle distribution
ives rise to modified velocity and thermophysical property pro-
les in the channel, which serve to enhance the heat transfer.
hysically, the particle migration concept is to assume that the
anofluids are a heterogeneous solid-fluid two-phase mixture. Its
uccess in predicting the laminar flow and heat transfer suggests
hat the particle-fluid interaction missing in the widely used ho-

ogeneous mixture model of nanofluids should be explored fur-
her to reveal the fundamental mechanisms of thermal transport in
anofluids. Additionally, the previous studies were performed for
ither laminar flow or fully developed turbulent flow at very high
e, and there is a gap in the knowledge of the convective flow and
eat transfer of nanofluids in the transition region �2200�Re
3500�.
This paper presents a thorough experimental investigation of

ingle-phase convection of Al2O3-water nanofluids in a circular
inichannel. The friction factor and convection heat transfer co-

fficient were measured for nanofluids of various volume concen-
rations �up to 5%�. The Reynolds number was varied from 600 to
500 to cover the entire range of laminar, transition, and early
tage of fully developed turbulent flows. The objectives are �1� to
haracterize the pressure drop and heat transfer behaviors of nano-

uids with respect to their constituent base fluid, �2� to validate

31009-2 / Vol. 133, MARCH 2011
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the applicability of established conventional correlations in pre-
dicting the flow and heat transfer of nanofluids, and �3� to explore
the fundamental mechanisms underlying the convective transport
in nanofluids.

2 Formulation of Nanofluids
Nanofluids used in this work were prepared by dispersing com-

mercial �-phase Al2O3 nanoparticles of 40 nm nominal diameter
�Alfa Aesar� in deionized water. The volume concentrations inves-
tigated were 1%, 2%, 3.5%, and 5%. To stabilize the nanofluids,
both physical and chemical dispersion techniques were employed.
The normal procedures are as follows. The powderlike nanopar-
ticles were first dispersed in the base fluid with a magnetic stirrer.
A trace amount of nitric acid was then added to adjust the pH
value of the suspension to 3.0, which creates a repulsive electro-
static interaction between nanoparticles that alleviates the particle
aggregation. Following that, the nanofluid sample was homog-
enized with a high-shear homogenizer �Barnant model 700-5400�
for 3 h. As the last step, an ultrasonicator �Biologics 150 VT� was
used to further break down the finer nanoparticle aggregates for 2
h.

To assess the efficacy of ultrasonication, the dependence of an
effective particle size on the sonication duration was examined
using the dynamic light scattering �DLS� technique �Malvern
NanoZS�. Figure 1 shows the effective particle size measured at
15 min intervals over a period of 2 h. It shows that the particle
size decreases rapidly from, initially, 186 nm to 146 nm within the
first 30 min and reaches a constant value of 135 nm at the end of
ultrasonication. The size distribution of nanoparticles in the nano-
fluids used in the experiments is shown in Fig. 2. The effective
particle size is found to be 135 nm, considerably larger than the
nominal diameter �40 nm� specified by the vendor. It indicates that
the particle agglomeration cannot be entirely broken even after
intensive mechanical and chemical dispersing. Strictly speaking,
the effective particle size is slightly outside the upper bound of
nanoparticles used in nanofluids �particle size from 1 nm to 100
nm�; however, it is still well within the typical particle size range
reported in the nanofluid literature. The nanofluid remained stable
without any visible sedimentation for several days.

3 Experiments

3.1 Experimental Setup. The experimental apparatus is sche-
matically shown in Fig. 3. A gear pump �IDEX Micropump 67-
GA-V21� was used to circulate the nanofluid through the test

Fig. 1 Effective particle size versus sonication time „0.1%
Al2O3 nanofluid, pH=3…
loop. The flow rate was measured by a turbine flowmeter �Mc-
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illan G111�. A liquid-liquid heat exchanger �Lytron LL520G14�
as used in conjunction with an air-cooled chiller �Neslab MER-
IN 25� to reduce the temperature of the heated nanofluid to room

emperature before it flows back to the reservoir. Readings of the
ow rate, temperature, and pressure measurements were collected
y a data acquisition system �Agilent 34970A� and were pro-
essed in a computer.

The test tube is a circular minichannel made of stainless steel,
hich measures 1.09 mm in inner diameter and 0.25 mm in wall

hickness. The total length is 306 mm �L /D=281�. The test tube is
esistively heated by passing a dc current through it. For this
urpose, it was connected to a dc power supply �Dynatronix
RS12-200� via two copper electrical connectors. The voltage
rop across the minichannel was measured directly by the data
cquisition system, and the current was obtained using an accurate
hunt resistor. Six copper-constantan �T-type� thermocouples
Omega 5TC-TT-T40-36� were attached to the outer wall of the
ube at 44 mm axial intervals �TC1–TC6�. The temperature read-
ngs from these thermocouples were extrapolated to yield the local
emperatures at the inner wall. In order to minimize the heat loss
o the ambient, the minichannel was wrapped in three layers of
hermal insulating materials. The test tube was connected to the
ow loop with two Plexiglass connectors, which provide both

ig. 2 DLS measurement of effective particle size „0.1% Al2O3
anofluid, pH=3…
Fig. 3 Schematic of the e

ournal of Heat Transfer
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electrical and thermal isolation from the rest of the loop. Two
thermocouple probes �Omega TMT IN-020G-6� were accommo-
dated in the Plexiglass connectors to measure the fluid tempera-
tures at the inlet and outlet of the channel. Two absolute pressure
transducers �Omega PX319-050A5V and PX319-030A5V� were
installed to measure the pressure drop across the microchannel.

3.2 Test Procedure. Prior to each experiment run, the nano-
fluid was freshly prepared following the dispersing processes de-
scribed before. In the pressure drop experiments, the flow rate was
adjusted by a control valve. After the flow rate and the pressure
signals stabilized, the data were read into the data acquisition
system. The flow rate was then increased in small increment, and
the procedure was repeated. In the heat transfer experiments, the
power input to the test tube was maintained at a constant level.
The flow rate was first set to the maximum value and gradually
decreased in subsequent experiments. Each steady-state value was
calculated as an average of 100 readings for all flow rate, pres-
sure, temperature, and power measurements. The Reynolds num-
ber obtained in this work ranges from 600 to 4500.

3.3 Data Reduction

3.3.1 Thermophysical Properties. The effective density and
specific heat of nanofluids are estimated as

�nf�T� = � · �p�T� + �1 − �� · � f�T� �1�

Cp,nf�T� =
� · ��Cp�p�T� + �1 − �� · ��Cp� f�T�

�nf�T�
�2�

The effective viscosity of nanofluids was measured at 25°C
using a capillary viscometer �Cannon-Ubbelohde 9721-R53�. The
normalized results with reference to the viscosity of pure water
are presented in Fig. 4. It is seen that the effective viscosity ex-
ceeds that of water and increases with the nanoparticle volume
concentration. Nonetheless, the viscosity increment is moderate
and can be well predicted by the Batchelor correlation �36�,

�nf = � f�T��1 + 2.5� + 6.2�2� �3�

which reduces to the Einstein correlation ��nf /�f=1+2.5�� at
very low particle concentrations.

The effective thermal conductivity of nanofluids was character-
ized using a thermal property analyzer �KD2 Pro�. A sample mea-
surement in Fig. 5 shows that the thermal conductivity of nano-
fluids is enhanced as compared with that of water and can be
reasonably correlated by the Buongiono model �16� over the tem-
perature range measured,
xperimental apparatus

MARCH 2011, Vol. 133 / 031009-3
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knf = kf�T��1 + 4.5503�� �4�
t is noted that in Eqs. �1�–�4�, the temperature dependence has
een considered in the thermophysical properties of the nanofluids
27,37�.

3.3.2 Pressure Drop. The pressure drop and flow rate were
easured to obtain Re and the Darcy friction factor f , which are

efined as

Re = �uD/� �5�

f =
��P/L�D

�u2/2
�6�

t is noted that �P in Eq. �6� is the pressure drop across the
hannel length and is calculated by subtracting the inlet and outlet
ressure losses from the measured overall pressure drop �38,39�.

ig. 4 Effective viscosity of nanofluid at various volume con-
entrations at 25°C

ig. 5 Effective thermal conductivity of nanofluid at various

emperatures „error bar �5%…

31009-4 / Vol. 133, MARCH 2011
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3.3.3 Heat Transfer. It is reasonable to assume a constant heat
flux boundary condition on the channel wall since the resistive
heating method is used in this work. The wall heat flux can be
calculated from the sensible heat gain by the fluid,

q� = � fQcp�Tf ,out − Tf ,in�/A �7�

where the fluid properties are evaluated at the mean temperature,

T̄f = �Tf ,in + Tf ,out�/2 �8�
The local convective heat transfer coefficient is defined as

h�x� = q�/�Tw�x� − Tf�x�� �9�

where the local wall temperature Tw is extrapolated from the tem-
perature reading of Tw,o obtained at the outer wall of the min-
ichannel following �40�

Tw�x� = Tw,o�x� +
� fQCp�Tf ,out − Tf ,in�

4�kwL

−
� fQCp�Tf ,out − Tf ,in�Do

2

2�kw�Do
2 − D2�L

ln
Do

D
�10�

Assuming that the local fluid temperature follows a linear profile
along the channel length, Tf can be calculated from the energy
conservation,

Tf�x� = Tf ,in + q��Dx/�� fQCp� �11�
Similarly, the average heat transfer coefficient is determined

from

h̄ = q�/�T̄w − T̄f� �12�

where the average wall temperature is T̄w= �1 /5��i=1
5 Tw�i� and the

fluid temperature is calculated from Eq. �8�.
The Nusselt number can be calculated as

Nu =
h · D

k
�13�

This definition applies for both the local and average Nusselt
numbers, and the thermal conductivity is evaluated at the corre-
sponding fluid temperatures.

3.4 Measurement Uncertainties. The temperature measure-
ment uncertainty was �0.3°C. The uncertainty in the flow rate
measurements was 1%. The error associated with the pressure
transducers was 2%. A standard error analysis �41� revealed that
the uncertainties in the reported Reynolds number, friction factor,
and heat transfer coefficient were in the ranges of 3.3–7.0%, 5.8–
28.9%, and 2.2–9.6%, respectively. It is noted that the maximum
uncertainties are for the lowest Re ��600�. As the Re increases,
the measurement uncertainties quickly drop to their lower bound.

4 Results and Discussion

4.1 Experiments With Water. Control experiments were first
performed with the base fluid �water� to verify the integrity of the
experimental facility and the test procedures. The results also pro-
vide the baseline information of the single-phase thermal transport
of nanofluids in a circular minichannel.

4.1.1 Pressure Drop. The friction factor measurements were
compared with predictions from the conventional theory for fluid
flow in a circular channel. In the laminar region, the Hagen–
Poiseuille equation �40� was used for the hydrodynamically fully
developed flow condition,

f · Re = 64 �14�

and the Shah equation �42� was used to account for the developing

length effect,
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fappRe � 4�3.44
		

+
16 + 0.3125	 − 3.44/		

1 + 2.12 
 10−4/	2 
 �15�

here �= �x /D� /Re. For fully developed turbulent flow, the pre-
ictions were obtained from the Blasius solution �40�,

f = 0.316/Re0.25 �Re � 2 
 104� �16�
Figure 6 shows the measured friction factor of water as a varia-

ion in Re. At relatively low Re ��1000�, the hydrodynamic en-
rance length �L+=0.056Re·D� is only a small fraction of the total
hannel length �L+ /L�0.20�, and the entrance region effect is
inor. Hence, the experimental data agree excellently with the
agen–Poiseuille equation. Once Re exceeds 1500, the entrance

egion effect can no longer be neglected �L+ /L�0.30�. Conse-
uently, the friction factor starts to deviate from the fully devel-
ped flow and gradually approaches the hydrodynamically devel-
ping flow described by Eq. �15�. Further, Fig. 6 shows that the

Fig. 6 Friction factor versus Reynolds number „water…

ig. 7 Local Nusselt number versus the inverse of Graetz
2
umber „water, heat flux q�=6.5 kW/m …

ournal of Heat Transfer
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transition from laminar to turbulent flow occurs at Recr�2300 and
the transition region persists to Re�3200 where the fully devel-
oped turbulent flow begins to establish.

4.1.2 Heat Transfer. The local Nusselt number measurements
are depicted in Fig. 7 as a function of the inverse of Graetz num-
ber �Gz= �D /x�Re·Pr�. The entrance region behavior can be
clearly identified. Nusselt numbers are, in principle, infinite at
1 /Gz=0 and rapidly decay to their asymptotical �fully developed�
value, i.e., Nu=4.36. The experimental data can be reasonably
represented by the Shah–London correlation �43�,

Nux = �1.302/�Gz�1/3 − 1 for 1/Gz � 0.00005

1.302/�Gz�1/3 − 0.5 for 0.0005 � 1/Gz � 0.0015

4.364 + 8.68/�1000Gz�0.506e−41/Gz for 1/Gz  0.0015
�

�17�
Figure 8 presents the measured average Nusselt number as a

function of Re. Predictions from some established heat transfer
correlations for convective flow in a circular channel are also

Fig. 8 Average Nusselt number versus Reynolds number „wa-
ter, heat flux q�=6.5 kW/m2

…

included for comparison purposes. The heat transfer correlations

MARCH 2011, Vol. 133 / 031009-5
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re enumerated in Table 1, together with their corresponding hy-
rodynamic and thermal conditions and the applicable range. Fig-
re 8�a� shows that in the laminar region, the measured data of
usselt number are in good agreement with the predication from

he Oskay–Kakac correlation, while the other laminar heat trans-
er correlations provide a much less satisfactory prediction of the
xperimental data. The transition to turbulent flow at Recr
2300 can also be found in Fig. 8�a�. Figure 8�b� demonstrates

hat, among the turbulent heat transfer correlations, the Hausen
orrelation for thermally developing turbulent flow is the best in
redicting the experimental data. The successes of the Oskay–
akac and Hausen correlations can be attributed to the close
atch between their founding conditions and those of the present

xperiments.

4.2 Experiments With Nanofluids. Following similar test
rocedures, the pressure drop and convective heat transfer experi-
ents were conducted for Al2O3-water nanofluids with volume

oncentrations of 1%, 2%, 3.5%, and 5%.

4.2.1 Pressure Drop. Figure 9 shows the measured friction
actor for nanofluids as a function of Re. Several interesting fea-
ures can be observed. First, in the laminar region, the friction
actor of nanofluids shows an increasing trend with the volume
oncentration and is generally higher than that of pure water at the
ame Re. Second, at low Re where the flow field would be fully
eveloped if water were the working fluid, the Shah equation for
eveloping flows �Eq. �15�� outperforms the Hagen–Poiseuille
quation �Eq. �14�� in predicting the friction factor of nanofluids.
t suggests that the entrance region in nanofluids is prolonged, or,
quivalently, the development of the velocity boundary layer is
etarded in nanofluids. Third, the onset of transition to turbulence
s delayed in nanofluids. The transition occurs as the result of the
mplified perturbations in the flow field that eventually trigger
nstability. While no strict theoretical limit exists for the critical
e, it is generally agreed that the onset of turbulence can occur at
ecr=2100–2300 in a channel flow, unless special measures are

aken to suppress the perturbations. Figure 9 shows that while Recr

Table 1 Selected conventional heat

orrelation

Laminar
ausen correlation �40�,

u = 3.66 +
0.19�RePrD/L�0.8

1 + 0.117�RePrD/L�0.467

Ther
�consta

tephan correlation �44�,

u = 4.364 +
0.086�RePrD/L�1.33

1 + 0.1Pr�ReD/L�0.83

Simult
�cons

skay–Kakac correlation �45�,

u = 1.86�RePrD/L�1/3� � f

�w

0.152

Ther
�cons

Turbulent
ittus–Boelter correlation �46�, Nu=0.023Re0.8Pr1/3 F

ausen correlation �47�,

u = 0.116�Re2/3 − 125�Pr1/3�1 + �D/L��2/3� � f

�w

0.14

Ther

nielinski correlation �48�,

u =
�f/8��Re − 1000�Pr

1 + 12.7�f/8�1/2�Pr2/3 − 1�

f =
1

�1.82 ln�Re� − 1.64�2

Tran
dev

ieder–Tate correlation �49�,

u = 0.027Re0.8Pr1/3� � f

�w

0.14

F

s almost exactly 2300 for water, it shifts toward a higher value as
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the nanofluid volume concentration increases. From the inset in
Fig. 9, Recr reaches 2500 for the 5% nanofluid. Thus, the laminar
flow behavior of nanofluids extends into the otherwise transition
region for water �2300�Re�2500�, where the friction factor of
nanofluids actually falls below that of water. The region with a
reduced friction factor further persists until fully developed turbu-
lence begins to establish at Re�3200. Afterward, the data for
both nanofluids and water collapse together and become difficult
to distinguish, indicating the vanishing influence of nanoparticles
on the flow dynamics at high Re.

The prolonged entrance region in the laminar flow in nanofluids
has been discussed in the literature �22,50,51� and has been attrib-

nsfer correlations from the literature

nditions Range of validity

transfer
lly developing

all temperature�
Re�2200

usly developing
wall heat flux�

0.7�Pr�7 or RePrD /L�33 for Pr�7

lly developing
wall heat flux�

800�Re�2200, Tw /Tf�3

t transfer
developed
rbulent

0.6�Pr�160, Re�10,000, L /D�10

lly developing
rbulent

0.7�Pr�3, 2200�Re�10,000

onal and fully
ped turbulent

3000�Re�5
104

developed
rbulent

0.7�Pr�16,700, Re�10,000, L /D�10

Fig. 9 Friction factor versus Reynolds number for nanofluids
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ted to the shear-induced nanoparticle migration, which results in
nonuniform distribution of particles along the radial direction of

he channel; i.e., the concentration is at its maximum at the cen-
erline and decreases toward the channel wall. According to Eq.
3�, the local visocity of the nanofluid will be greater in the cen-
erline region than in the near-wall region. As a consequence, the
elocity profile will be no longer parabolic even when the flow is
ully developed but flattened in the center with a steeper gradient
ear the wall. Since this is a representative feature of laminar
eveloping flows, it is interpreted as a prolonged entrance region
ffect in nanofluids. While the postulated particle migration model
ields useful information for the laminar flow of nanofluids, it is
nsufficient to explain the delayed transition to turbulence and the
ubsequent flow behavior under early fully developed turbulent
onditions, as previously discussed. A different mechanism must,
herefore, be sought to provide insight into the flow physics of
anofluids in the transition and turbulent regions.

In the study of particle-laden turbulent flows, it has long been
nown that addition of small particles can modify the turbulence
tructures by changing the turbulent kinetic energy of the carrier
uid �52–55�. In particular, the changes in turbulent structure de-
end on the size of the particles relative to the length scale of
urbulence, i.e., the Kolmogorov microscale, � �56–58�. Gore and
rowe �59� defined a critical parameter, dp /��0.1, for gas-solid
ows, above which turbulence intensity is enhanced and below
hich it is attenuated. Hetsroni �60� also proposed that “small”
articles suppress turbulence by acting as an additional source of
issipation, and “large” particles enhance turbulence due to wake
hedding. Noticing the similarity between the friction factor re-
ults of nanofluids in Fig. 9 and the results obtained in particle-
aden turbulent flows, it is interesting to examine, using a simple
caling analysis, the effect of the interaction between nanopar-
icles and the base fluid on the transition and turbulent flow
ehaviors.

The Kolmogorov microscale represents the finest structure in
urbulence at which the kinetic energy is dissipated by viscosity
nd can be estimated as

� �
�

u�
2 �18�

here the wall shear velocity u� is defined as u�= ��w /� f�1/2. The
all shear stress �w can be obtained from the definition of the
arcy friction factor f =8�w / �� fu

2�, in conjunction with the Bla-
ius equation �Eq. �16��. Now, consider the experimental condi-
ions in this study, D=1.09 mm, dp=135 nm, and �=8.6

10−7 m2 /s for water, the relative sizes of dp /� are found to be
.003 and 0.005 for Re=2550 and 3200, respectively. It is noted
hat while dp /��0.1 was originally proposed to determine the
nhancement or attenuation of turbulence by particles in gas-solid
ows, a smaller critical value can be expected for liquid-solid
ows where the interaction between the liquid and solid particles

s much more intensive. Nevertheless, the above scaling analysis
hows that the nanoparticles should be considered small as com-
ared with the length scale of turbulence �dp /��0.1� at Re
3200, and the particle-fluid interaction will damp the instability

nd reduce the turbulence intensity and Reynolds stress in the
ow. Consequently, the transition to turbulence is delayed and the
riction factor is reduced to below that of the base fluid. As Re
urther increases, the Kolmogorov microscale will decrease, as
uggested by Eq. �18�, and dp /� will increase and eventually ex-
eed the critical value. In that case, the nanoparticles become
arge with respect to the turbulence structures, and the turbulent
ow will be intensified. Due to the limit of the Re range in the
resent study, the intensified turbulence was not observed in Fig.
; however, the recovery trend in the nanofluid data to that of the
ase fluid supports the arguments from the above analysis.

4.2.2 Heat Transfer. The local heat transfer coefficients mea-

ured for nanofluids at five axial locations �TC1–TC5� are pre-

ournal of Heat Transfer
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sented in Fig. 10 for Re=870 and 1230. It can be found that
convective heat transfer in nanofluids is enhanced and that the
increment increases in proportion to Re and the nanoparticle con-
centration. The heat transfer enhancement is more significant in
the entrance region than at downstream locations. In Fig. 10�a�,
the enhancement in heat transfer coefficient for the 5% nanofluid
is 19% near the entrance and decreases to less than 9% near the
channel exit. This trend also strengthens with increasing nanopar-
ticle concentration and Re. The thermally developing flow shown
in Fig. 10 is consistent with the pronounced hydrodynamic en-
trance region effect observed in Fig. 9.

Figure 11 shows the average Nusselt number for the nanofluids
in the laminar region. The experimental data are bounded by pre-
dictions from the Oskay–Kakac correlation and the Stephan cor-
relation, whereas the Hausen equation for laminar flow almost
always underpredicts the measured data. Since the Oskay–Kakac
correlation works well for the base fluid, its role as the lower
bound in Fig. 11 for the measured nanofluid results again proves

Fig. 10 Local convective heat transfer of nanofluids „heat flux
q�=6.5 kW/m2

…

the heat transfer enhancement in nanofluids. As the nanoparticle
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oncentration and Re increase, the convection in nanofluids be-
omes more hydrodynamically and thermally developing, as
anifested in Figs. 9 and 10. It is thus not surprising that the

xperimental data move toward the theoretical prediction from the
tephan correlation, which was developed for simultaneously de-
eloping flow conditions.

The average Nusselt numbers measured for the nanofluids in
he transition and turbulent regions are presented in Fig. 12. As Re
ncreases, there are two locations where the slope of the experi-

ental data changes. The first one corresponds to the onset of
ransition to turbulence, and the second one is associated with the
nitial establishment of fully developed turbulent heat transfer. It
an be observed that the delayed transition occurs at Recr�2800.
hroughout the transition and the early stage of fully developed

urbulent regions �Re up to 4500�, the measured Nusselt number
alls short of the prediction from the Hausen equation, which rep-
esents the data of water well. Furthermore, the heat transfer re-

Fig. 11 Average Nusselt number versus Reynolds num
=6.5 kW/m2

…

uction worsens as the nanoparticle concentration increases, as

31009-8 / Vol. 133, MARCH 2011
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shown in Figs. 12�a�–12�d�. It can be deduced that, rather than
enhancing convective heat transfer, the presence of nanoparticles
causes deterioration of heat transfer in the transition and the early
stage of fully developed turbulent flows. This observation can be
qualitatively understood as the natural consequence of the sup-
pressed turbulence discussed before. It is noted that, however, the
heat transfer reduction observed in this work is not necessarily in
conflict with the enhancement of turbulent heat transfer reported
in the literature, which was experimented at much higher Re in the
fully developed turbulent region. Using the same argument, it can
be expected that the size ratio dp /� will surpass the critical value
and that the nanoparticles will become large enough to intensify
the turbulent heat transfer.

Figure 13 provides an overview of the comparison of the aver-
age Nusselt number measured for nanofluids and the base fluid
over the entire range of Re studied in the present work. It shows
clearly that nanofluids enhance convective heat transfer modestly

r in the laminar flow region „nanofluids, heat flux q�
be
in laminar flow; however, they cause significant heat transfer de-
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erioration in the transition and the early stage of fully developed
urbulent regions. Both the enhancement and deterioration are
een to increase with the nanoparticle concentration. The delayed
ransition to turbulent heat transfer in nanofluids can also be iden-
ified in Fig. 13. Further, once the flow becomes fully turbulent,
he difference in the measured Nusselt number between nanofluids
nd water tends to diminish as a result of the alleviated suppres-
ion of turbulence. Lastly, a piece of useful information may be
educed from Fig. 13 as a design guideline for utilizing nanofluids
s an advanced heat transfer fluid: Nanofluids should be operated
n either the laminar region or the fully developed turbulent region
ith sufficiently high Re for the sake of enhanced heat transfer
erformance.

Conclusions
An experimental investigation was conducted to study the

ingle-phase convective heat transfer of Al2O3-water nanofluids in
circular minichannel. Both the pressure drop and the heat trans-

Fig. 12 Average Nusselt number versus Reynolds number
flux q�=6.5 kW/m2

…

er coefficient were measured over a wide range of Re, covering

ournal of Heat Transfer
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the laminar, transition, and early stage of fully developed turbu-
lent flows. The key findings can be summarized as follows.

�1� Nanofluids exhibit pronounced entrance region behaviors,
both hydrodynamically and thermally, in the laminar re-
gion. The convective heat transfer of nanofluids is en-
hanced in the laminar flow with the penalty of increased
pressure drop. The increments in both heat transfer and
pressure drop are proportional to the nanoparticle volume
concentration. No dramatic heat transfer enhancement as
reported in the early literature was observed in the nano-
particle concentration range considered in this work.

�2� The critical Re at which the onset of transition to turbu-
lence occurs is delayed in nanofluids due to the particle-
fluid interaction, which damps the instabilities in the flow.
The suppression of turbulence is alleviated as the flow be-
comes fully developed turbulent. Correspondingly, the con-
vective heat transfer of nanofluids deteriorates in the tran-

the transition and turbulent flow regions „nanofluids, heat
in
sition and the early stage of fully developed turbulent

MARCH 2011, Vol. 133 / 031009-9

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



A

I
s
s
t
F
P
�

N

G

F
o
=

0

Downlo
regions and gradually recovers after the fully developed
turbulence is intensified.

�3� Established conventional correlations cannot fully predict
the single-phase pressure drop and heat transfer of nano-
fluids, particularly in the transition and turbulent regions,
even when the effective thermophysical properties are
taken into consideration.

�4� Nanofluids should be used in either the laminar flow or the
fully developed turbulent flow with sufficiently high Re in
order to yield enhanced heat transfer performance for engi-
neering applications.
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omenclature
f � friction factor

Gz � Graetz number
h � heat transfer coefficient, W /m2 K
k � thermal conductivity, W /m K
L � length of test tube, m
D � channel diameter, m

Cp � specific heat, kJ /kg K
P � pressure, Pa

Pr � Prandtl number
q� � heat flux, W /m2

Q � volumetric flow rate, m3 /s
Re � Reynolds number

T � temperature, °C
u � velocity, m/s

reek Symbols
� � volume concentration
� � Kolmogorov microscale, �m

2

ig. 13 Average Nusselt number versus Reynolds number
ver the entire flow range „nanofluids, heat flux q�
6.5 kW/m2

…

� � viscosity, N s /m

31009-10 / Vol. 133, MARCH 2011
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� � density, kg /m3

� � shear stress, N /m2

Subscripts
cr � critical
f � base fluid

nf � nanofluids
p � particle
x � local
w � wall
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