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Heat transfer can be enhanced by employing various
techniques and methodologies, such as increasing either
the heat transfer surface or the heat transfer coefficient
between the fluid and the surface, that allow high heat
transfer rates in a small volume. Cooling is one of the
most important technical challenges facing many diverse
industries, including microelectronics, transportation, solid-
state lighting, and manufacturing.

There is, therefore, an urgent need for new and inno-
vative coolants with improved performance. The addition
of micrometer- or millimeter-sized solid metal or metal
oxide particles to the base fluids shows an increment in the
thermal conductivity of resultant fluids. But the presence of
milli- or microsized particles in a fluid poses a number of
problems. They do not form a stable solution and tend to
settle down. Apart from the application in the field of heat
transfer, nanofluids (nanometer particles in a fluid) can also
be synthesized for unique magnetic, electrical, chemical, and
biological applications. They also cause erosion and clogging
of the heat transfer channels.

The novel concept of “nanofluids” has been proposed as
a route to surpassing the performance of heat transfer fluids
currently available. A very small amount of nanoparticles,
when dispersed uniformly and suspended stably in base
fluids, can provide impressive improvements in the thermal
properties of base fluids. Nanofluids, which are a colloidal
mixture of nanoparticles (1–100 nm) and a base liquid
(nanoparticle fluid suspensions), is the term first coined by
Choi in 1995 [1] at the Argonne National Laboratory to
describe the new class of nanotechnology-based heat transfer

fluids that exhibit thermal properties superior to those of
their base fluids or conventional particle fluid suspensions.

Several investigations have revealed that the thermal
conductivity of the fluid containing nanoparticles could
be increased by more than 20% for the case of very low
nanoparticles concentrations. Nowadays a fast growth of
research activity in this heat transfer area has arisen. In fact,
the exponential increase in the number of research articles
dedicated to this subject thus far shows a noticeable growth
and the importance of heat transfer enhancement technology
in general. Just to give some data in table is given the number
of papers from 1993 to 2010 (up to April) found in SCOPUS
under “Nanofluids” and the other two columns are the
papers found under “Nanofluids AND Heat Transfer” and
“Nanofluids AND Properties”. Moreover, in SCOPUS under
“Nanofluids and Review” about 34 papers were given as that
result. This indicates a the high interest in nanofluids activity
research and the potential market for nanofluids for heat
transfer applications is estimated by the CEA in 2007 to be
over 2 billion dollars per year worldwide, with prospect of
further growth in the next 5–10 years, as underlined in [2].

The aim of this special issue is to collect basic, application
and review articles of the most recent developments and
research efforts in this field, with the purpose to provide
guidelines for future research directions. The order of the
papers is given presenting a possible range of applications,
a review on specific heat capacity, and an experimental
study to evaluate the effects of particle species, surface
charge, concentration, preparation technique, and base fluid
on thermal transport capability of nanofluids. A survey
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Table 1: Number of papers on “nanofluids”, “nanofluids and heat
transfer”, and “nanofluids and properties” by SCOPUS database.

Year Nanofluids
Nanofluids and
heat transfer

Nanofluids and
properties

1993 1 0 0

1995 1 1 0

1996 2 2 0

1997 2 1 1

1999 2 2 1

2000 4 3 3

2001 5 2 2

2002 5 2 2

2003 19 9 6

2004 35 23 8

2005 90 50 34

2006 124 62 32

2007 175 89 50

2008 225 107 91

2009 222 109 96

2010 95 54 25

total 1007 516 351

on heat transfer in nanofluids is summarized in order to
analyze the theories regarding heat transfer mechanisms
in nanofluids and to discuss the effects of clustering on
thermal conductivity. After some considerations to address
whether the heat transfer in nanofluids still satisfies the
classical energy equation are theoretically examined by
the macroscale manifestation of the microscale physics
in nanofluids, an experimental investigation on natural
convection heat transfer characteristics in nanofluids in
an enclosure and a numerical study on turbulent forced
convection flow of nanofluids in a circular tube subjected are
presented in the last two papers.

Oronzio Manca
Yogesh Jaluria

Dimos Poulikakos
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Nanofluids are suspensions of nanoparticles in fluids that show significant enhancement of their properties at modest nanoparticle
concentrations. Many of the publications on nanofluids are about understanding their behavior so that they can be utilized where
straight heat transfer enhancement is paramount as in many industrial applications, nuclear reactors, transportation, electronics
as well as biomedicine and food. Nanofluid as a smart fluid, where heat transfer can be reduced or enhanced at will, has also been
reported. This paper focuses on presenting the broad range of current and future applications that involve nanofluids, emphasizing
their improved heat transfer properties that are controllable and the specific characteristics that these nanofluids possess that make
them suitable for such applications.

1. Introduction

Nanofluids are dilute liquid suspensions of nanoparticles
with at least one of their principal dimensions smaller than
100 nm. From previous investigations, nanofluids have been
found to possess enhanced thermophysical properties such
as thermal conductivity, thermal diffusivity, viscosity and
convective heat transfer coefficients compared to those of
base fluids like oil or water [1–6]

From the current review, it can be seen that nanofluids
clearly exhibit enhanced thermal conductivity, which goes
up with increasing volumetric fraction of nanoparticles.
The current review does concentrate on this relatively new
class of fluids and not on colloids which are nanofluids
because the latter have been used for a long time. Review
of experimental studies clearly showed a lack of consistency
in the reported results of different research groups regarding
thermal properties [7, 8]. The effects of several important
factors such as particle size and shapes, clustering of particles,
temperature of the fluid, and dissociation of surfactant on
the effective thermal conductivity of nanofluids have not
been studied adequately. It is important to do more research
so as to ascertain the effects of these factors on the thermal
conductivity of wide range of nanofluids.

Classical models cannot be used to explain adequately
the observed enhanced thermal conductivity of nanofluids.
Recently most developed models only include one or two

postulated mechanisms of nanofluids heat transfer. For ins-
tance, there has not been much fundamental work reported
on the determination of the effective thermal diffusivity of
nanofluids nor heat transfer coefficients for nanofluids in
natural convection [9].

There is a growth is the use of colloids which are nano-
fluids in the biomedical industry for sensing and imaging
purposes. This is directly related to the ability to design
novel materials at the nanoscale level alongside recent
innovations in analytical and imaging technologies for
measuring and manipulating nanomaterials. This has led
to the fast development of commercial applications which
use a wide variety of manufactured nanoparticles. The
production, use and disposal of manufactured nanoparticles
will lead to discharges to air, soils and water systems. Negative
effects are likely and quantification and minimization of
these effects on environmental health is necessary. True
knowledge of concentration and physicochemical properties
of manufactured nanoparticles under realistic conditions is
important to predicting their fate, behavior and toxicity in
the natural aquatic environment. The aquatic colloid and
atmospheric ultrafine particle literature both offer evidence
as to the likely behavior and impacts of manufactured
nanoparticles [10], and there is no pretense that a review
duplicating similar literature about the use of colloids which
are also nanofluids is attempted in the current review.
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Owing to their enhanced properties as thermal transfer
fluids for instance, nanofluids can be used in a plethora of
engineering applications ranging from use in the automotive
industry to the medical arena to use in power plant cooling
systems as well as computers.

2. Heat Transfer Applications

2.1. Industrial Cooling Applications. Routbort et al. [11]
started a project in 2008 that employed nanofluids for
industrial cooling that could result in great energy savings
and resulting emissions reductions. For U.S. industry, the
replacement of cooling and heating water with nanofluids
has the potential to conserve 1 trillion Btu of energy. For
the U.S. electric power industry, using nanofluids in closed-
loop cooling cycles could save about 10–30 trillion Btu
per year (equivalent to the annual energy consumption of
about 50,000–150,000 households). The associated emissions
reductions would be approximately 5.6 million metric tons
of carbon dioxide; 8,600 metric tons of nitrogen oxides; and
21,000 metric tons of sulfur dioxide.

For Michelin North America tire plants, the productivity
of numerous industrial processes is constrained by the lack of
facility to cool the rubber efficiently as it is being processed.
This requires the use of over 2 million gallons of heat transfer
fluids for Michelin’s North American plants. It is Michelin’s
goal in this project to obtain a 10% productivity increase
in its rubber processing plants if suitable water-based
nanofluids can be developed and commercially produced in
a cost-effective manner.

Han et al. [12] have used phase change materials as
nanoparticles in nanofluids to simultaneously enhance the
effective thermal conductivity and specific heat of the
fluids. As an example, a suspension of indium nanoparticles
(melting temperature, 157◦C) in polyalphaolefin has been
synthesized using a one-step, nanoemulsification method.
The fluid’s thermophysical properties, that is, thermal con-
ductivity, viscosity, and specific heat, and their temperature
dependence were measured experimentally. The observed
melting-freezing phase transition of the indium nanoparti-
cles significantly augmented the fluid’s effective specific heat.

This work is one of the few to address thermal diffusivity;
similar studies allow industrial cooling applications to
continue without thorough understanding of all the heat
transfer mechanisms in nanofluids.

2.2. Smart Fluids. In this new age of energy awareness, our
lack of abundant sources of clean energy and the widespread
dissemination of battery operated devices, such as cell-
phones and laptops, have accented the necessity for a smart
technological handling of energetic resources. Nanofluids
have been demonstrated to be able to handle this role in some
instances as a smart fluid.

In a recent paper published in the March 2009 issue of
Physical Review Letters, Donzelli et al. [13] showed that a
particular class of nanofluids can be used as a smart material
working as a heat valve to control the flow of heat. The
nanofluid can be readily configured either in a “low” state,
where it conducts heat poorly, or in a “high” state, where the

dissipation is more efficient. To leap the chasm to heating and
cooling technologies, the researchers will have to show more
evidence of a stable operating system that responds to a larger
range of heat flux inputs.

2.3. Nuclear Reactors. Kim et al. [14, 15] at the Nuclear
Science and Engineering Department of the Massachusetts
Institute of Technology (MIT), performed a study to assess
the feasibility of nanofluids in nuclear applications by
improving the performance of any water-cooled nuclear
system that is heat removal limited. Possible applications
include pressurized water reactor (PWR) primary coolant,
standby safety systems, accelerator targets, plasma divertors,
and so forth, [16].

In a pressurized water reactor (PWR) nuclear power
plant system, the limiting process in the generation of steam
is critical heat flux (CHF) between the fuels rods and the
water—when vapor bubbles that end up covering the surface
of the fuel rods conduct very little heat as opposed to
liquid water. Using nanofluids instead of water, the fuel
rods become coated with nanoparticles such as alumina,
which actually push newly formed bubbles away, preventing
the formation of a layer of vapor around the rod and
subsequently increasing the CHF significantly.

After testing in MIT’s Nuclear Research Reactor, prelim-
inary experiments have shown promising success where it
is seen that PWR is significantly more productive. The use
of nanofluids as a coolant could also be used in emergency
cooling systems, where they could cool down overheat
surfaces more quickly leading to an improvement in power
plant safety.

Some issues regarding the use of nanofluids in a power
plant system include the unpredictability of the amount of
nanoparticles that are carried away by the boiling vapor. One
other concern is what extra safety measures that have to
be taken in the disposal of the nanofluid. The application
of nanofluid coolant to boiling water reactors (BWR) is
predicted to be minimal because nanoparticle carryover to
the turbine and condenser would raise erosion and fouling
concerns.

From Jackson’s study [17], it was observed that consider-
able enhancement in the critical heat flux can be achieved
by creating a structured surface from the deposition of
nanofluids. If the deposition film characteristics such as the
structure and thickness can be controlled it may be possible
to increase the CHF with little decrease in the heat transfer.
Whereas the nanoparticles themselves cause no significant
difference in the pool-boiling characteristics of water, the
boiling of nanofluids shows promise as a simple way to create
an enhanced surface.

The use of nanofluids in nuclear power plants seems like
a potential future application [16]. Several significant gaps in
knowledge are evident at this time, including, demonstration
of the nanofluid thermal-hydraulic performance at prototyp-
ical reactor conditions and the compatibility of the nanofluid
chemistry with the reactor materials.

Another possible application of nanofluids in nuclear
systems is the alleviation of postulated severe accidents
during which the core melts and relocates to the bottom
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of the reactor vessel. If such accidents were to occur, it
is desirable to retain the molten fuel within the vessel by
removing the decay heat through the vessel wall. This process
is limited by the occurrence of CHF on the vessel outer
surface, but analysis indicates that the use of nanofluid
can increase the in-vessel retention capabilities of nuclear
reactors by as much as 40% [18].

Many water-cooled nuclear power systems are CHF-
limited, but the application of nanofluid can greatly improve
the CHF of the coolant so that there is a bottom-line
economic benefit while also raising the safety standard of the
power plant system.

2.4. Extraction of Geothermal Power and Other Energy
Sources. The world’s total geothermal energy resources were
calculated to be over 13000 ZJ in a report from MIT (2007)
[19]. Currently only 200 ZJ would be extractable, however,
with technological improvements, over 2,000 ZJ could be
extracted and supply the world’s energy needs for several
millennia. When extracting energy from the earth’s crust
that varies in length between 5 to 10 km and temperature
between 500oC and 1000oC, nanofluids can be employed to
cool the pipes exposed to such high temperatures. When
drilling, nanofluids can serve in cooling the machinery and
equipment working in high friction and high temperature
environment. As a “fluid superconductor,” nanofluids could
be used as a working fluid to extract energy from the earth
core and processed in a PWR power plant system producing
large amounts of work energy.

In the sub-area of drilling technology, so fundamental to
geothermal power, improved sensors and electronics cooled
by nanofluids capable of operating at higher temperature in
downhole tools, and revolutionary improvements utilizing
new methods of rock penetration cooled and lubricated by
nanofluids will lower production costs. Such improvements
will enable access to deeper, hotter regions in high grade
formations or to economically acceptable temperatures in
lower-grade formations.

In the sub-area of power conversion technology, impro-
ving heat-transfer performance for lower-temperature
nanofluids, and developing plant designs for higher resource
temperatures to the supercritical water region would lead
to an order of magnitude (or more) gain in both reservoir
performance and heat-to power conversion efficiency.

Tran et al. [20], funded by the United States Depart-
ment of Energy (USDOE), performed research targeted at
developing a new class of highly specialized drilling fluids
that may have superior performance in high temperature
drilling. This research is applicable to high pressure high
temperature drilling, which may be pivotal in opening up
large quantities of previously unrecoverable domestic fuel
resources. Commercialization would be the bottleneck of
progress in this sub-area.

3. Automotive Applications

Engine oils, automatic transmission fluids, coolants, lubri-
cants, and other synthetic high-temperature heat trans-
fer fluids found in conventional truck thermal systems—

radiators, engines, heating, ventilation and air-conditioning
(HVAC)—have inherently poor heat transfer properties.
These could benefit from the high thermal conductivity
offered by nanofluids that resulted from addition of nanopar-
ticles [2, 21].

3.1. Nanofluid Coolant. In looking for ways to improve the
aerodynamic designs of vehicles, and subsequently the fuel
economy, manufacturers must reduce the amount of energy
needed to overcome wind resistance on the road. At high
speeds, approximately 65% of the total energy output from a
truck is expended in overcoming the aerodynamic drag. This
fact is partly due to the large radiator in front of the engine
positioned to maximize the cooling effect of oncoming air.

The use of nanofluids as coolants would allow for
smaller size and better positioning of the radiators. Owing
to the fact that there would be less fluid due to the higher
efficiency, coolant pumps could be shrunk and truck engines
could be operated at higher temperatures allowing for more
horsepower while still meeting stringent emission standards.

Argonne researchers, Singh et al. [22], have determined
that the use of high-thermal conductive nanofluids in
radiators can lead to a reduction in the frontal area of the
radiator by up to 10%. This reduction in aerodynamic drag
can lead to a fuel savings of up to 5%. The application of
nanofluid also contributed to a reduction of friction and
wear, reducing parasitic losses, operation of components
such as pumps and compressors, and subsequently leading
to more than 6% fuel savings. It is conceivable that greater
improvement of savings could be obtained in the future.

In order to determine whether nanofluids degrade
radiator material, they have built and calibrated an apparatus
that can emulate the coolant flow in a radiator and are
currently testing and measuring material loss of typical
radiator materials by various nanofluids. Erosion of radiator
material is determined by weight loss-measurements as a
function of fluid velocity and impact angle.

In their tests, they observed no erosion using nanofluids
made from base fluids ethylene and tri-cloroethylene gycols
with velocities as high as 9 m/s and at 90◦–30◦ impact angles.
There was erosion observed with copper nanofluid at a veloc-
ity of 9.6 m/s and impact angle of 90◦. The corresponding
recession rate was calculated to be 0.065 mils/yr of vehicle
operation.

Through preliminary investigation, it was determined
that copper nanofluid produces a higher wear rate than the
base fluid and this is possibly due to oxidation of copper
nanoparticles. A lower wear and friction rate was seen for
alumina nanofluids in comparison to the base fluid. Some
interesting erosion test results from Singh et al. [22] are
shown in Tables 1 and 2.

Shen et al. [23] researched the wheel wear and tribolog-
ical characteristics in wet, dry and minimum quantity lubri-
cation (MQL) grinding of cast iron. Water-based alumina
and diamond nanofluids were applied in the MQL grinding
process and the grinding results were compared with those
of pure water. Nanofluids demonstrated the benefits of
reducing grinding forces, improving surface roughness,
and preventing burning of the workpiece. Contrasted to
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Table 1: Erosion Test Results for 50% Ethlyene Glycol, 50% H2O
Aluminum 3003 - 50

o
C Rig [22].

Impact Angle (∗) Velocity (m/s) Time (hrs) Weight Loss (mg)

90 8.0 236 0± 0.2

90 10.5 211 0± 0.2

50 6.0 264 0± 0.2

50 10.0 244 0± 0.2

30 8.0 283 0± 0.2

30 10.5 293 0± 0.2

Table 2: Erosion Test Results for Cu Nanoparticles in Tri-
chloroethylene Glycol on Al 3003 - 50

o
C Rig [22].

Impact Angle (∗) Velocity (m/s) Time (hrs) Weight Loss (mg)

90 4.0 217 0± 0.2

30 4.0 311 0± 0.2

90 7.6 341 0± 0.2

30 7.6 335 0± 0.2

30 9.6 336 0± 0.2

dry grinding, MQL grinding could considerably lower the
grinding temperature.

More research must be conducted on the tribological
properties using nanofluids of a wider range of particle
loadings as well as on the erosion rate of radiator material in
order to help develop predictive models for nanofluid wear
and erosion in engine systems. Future research initiatives
involve nanoparticles materials containing aluminum and
oxide-coated metal nanoparticles. Additional research and
testing in this area will assist in the design of engine
cooling and other thermal management systems that involve
nanofluids.

Future engines that are designed using nanofluids’
cooling properties would be able to run at more optimal
temperatures allowing for increased power output. With a
nanofluids engine, components would be smaller and weigh
less allowing for better gas mileage, saving consumers money
and resulting in fewer emissions for a cleaner environment.

3.2. Nanofluid in Fuel. The aluminum nanoparticles, pro-
duced using a plasma arc system, are covered with thin layers
of aluminum oxide, owing to the high oxidation activity
of pure aluminum, thus creating a larger contact surface
area with water and allowing for increased decomposition
of hydrogen from water during the combustion process.
During this combustion process, the alumina acts as a
catalyst and the aluminum nanoparticles then serve to
decompose the water to yield more hydrogen. It was shown
that the combustion of diesel fuel mixed with aqueous
aluminum nanofluid increased the total combustion heat
while decreasing the concentration of smoke and nitrous
oxide in the exhaust emission from the diesel engine [24, 25].

3.3. Brake and Other Vehicular Nanofluids. As vehicle aero-
dynamics is improved and drag forces are reduced, there is
a higher demand for braking systems with higher and more
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Figure 1: CBN Temperature and Viscosity Fluctuations [24, 25].

efficient heat dissipation mechanisms and properties such as
brake nanofluid.

A vehicle’s kinetic energy is dispersed through the heat
produced during the process of braking and this is trans-
mitted throughout the brake fluid in the hydraulic braking
system. If the heat causes the brake fluid to reach its boiling
point, a vapor-lock is created that retards the hydraulic
system from dispersing the heat caused from braking. Such
an occurrence will in turn will cause a brake malfunction
and poses a safety hazard in vehicles. Since brake oil is
easily affected by the heat generated from braking, nanofluids
with enhanced characteristics maximize performance in heat
transfer as well as remove any safety concerns.

Copper-oxide brake nanofluid (CBN) is manufactured
using the method of arc-submerged nanoparticle synthesis
system (ASNSS). Essentially this is done by melting bulk
copper metal used as the electrode which is submerged in
dielectric liquid within a vacuum-operating environment
and the vaporized metals are condensed in the dielectric
liquid [24, 25].

Aluminum-oxide brake nanofluid (AOBN) is made using
the plasma charging arc system. This is performed in a very
similar fashion to that of the ASNSS method. The aluminum
metal is vaporized by the plasma electric arc at a high
temperature and mixed thoroughly with the dielectric liquid
[24, 25].

CBN has a thermal conductivity 1.6 times higher than
that of the brake fluid designated DOT3, while AOBN’s ther-
mal conductivity is only 1.5 times higher than DOT3. This
enhanced thermal conductivity optimizes heat transmission
and lubrication.

CBN and AOBN both have enhanced properties such
as a higher boiling point, higher viscosity and a higher
conductivity than that of traditional brake fluid (DOT3). By
yielding a higher boiling point, conductivity and viscosity,
CBN and AOBN reduce the occurrence of vapor-lock and
offer increased safety while driving. Important findings of
Kao et al. [24, 25] are shown in Figure 1 and Table 3.



Advances in Mechanical Engineering 5

Table 3: CBN and AOBN Boiling Point and Thermal Conductivity Fluctuations [24, 25].

DOT3∗ CBN 2 wt% DOT3∗ AOBN 2 wt%

(CuO + DOT3) (Al2O3+ DOT3)

Boiling Point 270
o
C 278

o
C 240

o
C 248

o
C

-

Conductivity (25
o
C) 0.03 W/m

o
C 0.05 W/m

o
C 0.13 W/m

o
C 0.19 W/m

o
C

∗
Different DOT3 brake fluids were used.

In the nanofluid research applied to the cooling of
automatic transmissions, Tzeng et al. [26] dispersed CuO
and Al2O3 nanoparticles into engine transmission oil. The
experimental setup was the transmission of a four-wheel-
drive vehicle. The transmission had an advanced rotary blade
coupling, where high local temperatures occurred at high
rotating speeds. Temperature measurements were taken on
the exterior of the rotary-blade-coupling transmission at
four engine operating speeds (range from 400 to 1600 rpm),
and the optimum composition of nanofluids with regard to
heat transfer performance was studied. The results indicated
that CuO nanofluids resulted in the lowest transmission tem-
peratures both at high and low rotating speeds. Therefore,
the use of nanofluid in the transmission has a clear advantage
from the thermal performance viewpoint. As in all nanofluid
applications, however, consideration must be given to such
factors as particle settling, particle agglomeration, and
surface erosion.

In automotive lubrication applications, Zhang [27]
reported that surface-modified nanoparticles stably dis-
persed in mineral oils are effective in reducing wear and
enhancing load-carrying capacity. Results from a research
project involving industry and academia points to the use of
nanoparticles in lubricants to enhance tribological properties
such as load-carrying capacity, wear resistance, and friction
reduction between moving mechanical components. Such
results are promising for enhancing heat transfer rates in
automotive systems through the use of nanofluids.

4. Electronic Applications

Nanofluids are used for cooling of microchips in computers
and elsewhere. They are also used in other electronic
applications which use microfluidic applications.

4.1. Cooling of Microchips. A principal limitation on devel-
oping smaller microchips is the rapid heat dissipation.
However, nanofluids can be used for liquid cooling of
computer processors due to their high thermal conductivity.
It is predicted that the next generation of computer chips
will produce localized heat flux over 10 MW/m2, with the
total power exceeding 300 W. In combination with thin
film evaporation, the nanofluid oscillating heat pipe (OHP)
cooling system will be able to remove heat fluxes over
10 MW/m2 and serve as the next generation cooling device
that will be able to handle the heat dissipation coming from
new technology [28, 29].

In order to observe the oscillation, researchers had to
modify the metal pipe system of the OHP to use glass or

plastic for visibility. However, since OHP systems are usually
made of copper, the use of glass or plastic changes the
thermal transfer properties of the system and subsequently
altering the performance of the system and the legitimacy of
the experimental data [28, 29].

So as to obtain experimental data while maintaining the
integrity of the OHP system, Arif [30] employed neutron
imaging to study the liquid flow in a 12-turn nanofluid OHP.
As a consequence of the high intensity neutron beam from an
amorphous silicon imaging system, they were able to capture
dynamic images at 1/30th of a second. The nanofluid used
was composed of diamond nanoparticles suspended in water.

Even though nanofluids and OHPs are not new dis-
coveries, combining their unique features allows for the
nanoparticles to be completely suspended in the base liquid
increasing their heat transport capability. Since nanofluids
have a strong temperature-dependent thermal conductivity
and they show a nonlinear relationship between thermal
conductivity and concentration, they are high performance
conductors with an increased CHF. The OHP takes intense
heat from a high-power device and converts it into kinetic
energy of fluids while not allowing the liquid and vapor
phases to interfere with each other since they flow in the same
direction.

In their experiment, Ma et al. [28, 29] introduced dia-
mond nanoparticles into high performance liquid chro-
matography (HPLC) water. The movement of the OHP
keeps the nanoparticles from settling and thus improving the
efficiency of the cooling device. At an input power of 80 W,
the diamond nanofluid decreased the temperature difference
between the evaporator and the condenser from 40.9◦C to
24.3◦C.

However, as the heat input increases, the oscillating
motion increases and the resultant temperature difference
between the evaporator and condenser does not continue
to increase after a certain power input. This phenonmenon
inhibits the effective thermal conductivity of the nanofluid
from continuously increasing. However, at its maximum
power level of 336 W, the temperature difference for the
nanofluid OHP was still less than that for the OHP with pure
water, Figure 2. Hence, it has been shown that the nanofluid
can significantly increase the heat transport capability of the
OHP.

Lin et al. [31] investigated nanofluids in pulsating
heat pipes by using silver nanoparticles, and discovered
encouraging results. The silver nanofluid improved heat
transfer characteristics of the heat pipes.

Nguyen et al. [32] investigated the heat transfer enhance-
ment and behavior of Al2O3-water nanofluid with the
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Figure 2: Effect of nanofluid on heat transport capability in an
OHP [28, 29].

intention of using it in a closed cooling system designed
for microprocessors or other electronic devices. The experi-
mental data supports that the inclusion of nanoparticles into
distilled water produces a significant increase of the cooling
convective heat transfer coefficient. At a given particle
concentration of 6.8%, the heat transfer coefficient increased
as much as 40% compared to the base fluid of water. Smaller
Al2O3 nanoparticles also showed higher convective heat
transfer coefficients than the larger ones.

Further research of nanofluids in electronic cooling
applications will lead to the development of the next
generation of cooling devices that incorporate nanofluids for
ultrahigh-heat-flux electronic systems.

4.2. Microscale Fluidic Applications. The manipulation of
small volumes of liquid is necessary in fluidic digital display
devices, optical devices, and microelectromechanical systems
(MEMS) such as lab-on-chip analysis systems. This can be
done by electrowetting, or reducing the contact angle by an
applied voltage, the small volumes of liquid. Electrowetting
on dielectric (EWOD) actuation is one very useful method
of microscale liquid manipulation.

Vafaei et al. [33] discovered that nanofluids are effective
in engineering the wettability of the surface and possibly of
surface tension. Using a goniometer, it was observed that
even the addition of a very low concentration of bismuth
telluride nanofluid dramatically changed the wetting char-
acteristics of the surface. Concentrations as low as 3 × 10−6

increased the contact angle to over 40◦, distinctly indicating
that the nanoparticles change the force balance in the vicinity
of the triple line. The contact angle, θ◦, Figure 3 rises with
the concentration of the nanofluid, reaches a maximum, and
then decreases, Figure 4 [34].

The droplet contact angle was observed to change
depending on the size of the nanoparticles as well. Smaller
nanoparticles are more effective in increasing the contact
angle. The reason for this effect is that smaller particles
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Figure 3: Schematic diagram of droplet shape.
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Figure 4: Variation of contact angle for 10 nm bismuth telluride
nanoparticles concentration on a glass substrate [34].

would provide more surface-to-volume area, for the same
concentration.

Dash et al. used the EWOD effect to demonstrate that
nanofluids display increased performance and stability when
exposed to electric fields, Figure 5. The experiment consisted
of placing droplets of water-based solutions containing
bismuth telluride nanoparticles onto a Teflon-coated silicon
wafer. A strong change in the angle at with the droplet
contacted the wafer was observed when an electric field
was applied to the droplet. The change noticed with the
nanofluids was significantly greater than when not using
nanofluids. The bismuth telluride nanofluid also displayed
enhanced droplet stability and absence of the contact angle
saturation effect compared to solutions of 0.01 N Na2SO4

and thioglycolic acid in deionized water.
That the contact angle of droplets of nanofluids can be

changed has potential applications for efficiently moving
liquids in microsystems, allowing for new methods for
focusing lenses in miniature cameras as well as for cooling
computer chips.

5. Biomedical Applications.

5.1. Nanodrug Delivery. Most bio-MEMS studies were done
in academia in the 1990s, while recently commercialization
of such devices have started. Examples include an electron-
ically activated drug delivery microchip [35]; a controlled
delivery system via integration of silicon and electroactive
polymer technologies; a MEMS-based DNA sequencer devel-
oped by Cepheid [36]; and arrays of in-plane and out-of-
plane hollow micro-needles for dermal/transdermal drug
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Figure 5: Nanofluid droplet with applied voltage (a) 0 V and (b) 64.5 V 0.01 M Na2SO4 droplet under (c) 0 V and (d) 40 V. The Na2SO4

droplet becomes unstable at approximately 40 V seen by the gas bubbles forming in the contact line, [34].

delivery [37, 38] as well as nanomedicine applications of
nanogels or gold-coated nanoparticles [39]. An objective of
the advanced endeavors in developing integrated micro- or
nano-drug delivery systems is the interest in easily monitor-
ing and controlling target-cell responses to pharmaceutical
stimuli, to understand biological cell activities, or to enable
drug development processes.

While conventional drug delivery is characterized by
the “high-and-low” phenomenon, microdevices facilitate
precise drug delivery by both implanted and transdermal
techniques. This means that when a drug is dispensed
conventionally, drug concentration in the blood will increase,
peak and then drop as the drug is metabolized, and the
cycle is repeated for each drug dose. Employing nano-
drug delivery (ND) systems, controlled drug release takes
place over an extended period of time. Thus, the desired
drug concentration will be sustained within the therapeutic
window as required.

A nanodrug-supply system, that is, a bio-MEMS, was
introduced by Kleinstreuer et al. [40]. Their principal
concern were the conditions for delivering uniform con-
centrations at the microchannel exit of the supplied nano-
drugs. A heat flux which depends on the levels of nano-fluid
and purging fluid velocity was added to ascertain that drug
delivery to the living cells occurs at an optimal temperature,
that is, 37oC. The added wall heat flux had also a positive
influence on drug-concentration uniformity. In general, the
nano-drug concentration uniformity is affected by channel
length, particle diameter and the Reynolds number of

both the nanofluid supply and main microchannels. Since
the transport mechanisms are dependent on convection—
diffusion, longer channels, smaller particle diameters as well
as lower Reynolds numbers are desirable for best, that is,
uniform drug delivery.

5.2. Cancer Theraupetics. There is a new initiative which
takes advantage of several properties of certain nanofluids
to use in cancer imaging and drug delivery. This initiative
involves the use of iron-based nanoparticles as delivery
vehicles for drugs or radiation in cancer patients. Magnetic
nanofluids are to be used to guide the particles up the
bloodstream to a tumor with magnets. It will allow doctors
to deliver high local doses of drugs or radiation without
damaging nearby healthy tissue, which is a significant side
effect of traditional cancer treatment methods. In addition,
magnetic nanoparticles are more adhesive to tumor cells
than non-malignant cells and they absorb much more power
than microparticles in alternating current magnetic fields
tolerable in humans; they make excellent candidates for
cancer therapy.

Magnetic nanoparticles are used because as compared
to other metal-type nanoparticles, these provide a charac-
teristic for handling and manipulation of the nanofluid by
magnetic force [41]. This combination of targeted delivery
and controlled release will also decrease the likelihood of
systemic toxicity since the drug is encapsulated and bio-
logically unavailable during transit in systemic circulation.
The nanofluid containing magnetic nanoparticles also acts
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as a super-paramagnetic fluid which in an alternating elec-
tromagnetic field absorbs energy producing a controllable
hyperthermia. By enhancing the chemotherapeutic efficacy,
the hyperthermia is able to produce a preferential radiation
effect on malignant cells [42].

There are numerous biomedical applications that involve
nanofluids such as magnetic cell separation, drug delivery,
hyperthermia, and contrast enhancement in magnetic reso-
nance imaging. Depending on the specific application, there
are different chemical syntheses developed for various types
of magnetic nanofluids that allow for the careful tailoring
of their properties for different requirements in applications.
Surface coating of nanoparticles and the colloidal stability of
biocompatible water-based magnetic fluids are the two par-
ticularly important factors that affect successful application
[43, 44].

Nanofluids could be applied to almost any disease
treatment techniques by reengineering the nanoparticles’
properties. In their study, the nanoparticles were laced with
the drug docetaxel to be dissolved in the cells’ internal
fluids, releasing the anticancer drug at a predetermined
rate. The nanoparticles contain targeting molecules called
aptamers which recognize the surface molecules on cancer
cells preventing the nanoparticles from attacking other cells.
In order to prevent the nanoparticles from being destroyed
by macrophages—cells that guard against foreign substances
entering our bodies—the nanoparticles also have polyethy-
lene glycol molecules. The nanoparticles are excellent drug-
delivery vehicles because they are so small that living cells
absorb them when they arrive at the cells’ surface.

For most biomedical uses the magnetic nanoparticles
should be below 15 nm in size and stably dispersed in
water. A potential magnetic nanofluid that could be used for
biomedical applications is one composed of FePt nanopar-
ticles. This FePt nanofluid possesses an intrinsic chemical
stability and a higher saturation magnetization making it
ideal for biomedical applications. However, before magnetic
nanofluids can be used as drug delivery systems, more
research must be conducted on the nanoparticles containing
the actual drugs and the release mechanism.

5.3. Cryopreservation. Conventional cryopreservation pro-
tocols for slow-freezing or vitrification involve cell injury
due to ice formation/cell dehydration or toxicity of high
cryoprotectant (CPA) concentrations, respectively. In the
study by X. He et al. [45], they developed a novel cry-
opreservation technique to achieve ultra-fast cooling rates
using a quartz micro-capillary (QMC). The QMC enabled
vitrification of murine embryonic stem (ES) cells using an
intracellular cryoprotectant concentration in the range used
for slowing freezing (1–2 M). More than 70% of the murine
ES cells post-vitrification attached with respect to non-frozen
control cells, and the proliferation rates of the two groups
were alike. Preservation of undifferentiated properties of the
pluripotent murine ES cells post-vitrification cryopreser-
vation was verified using three different types of assays.
These results indicate that vitrification at a low concentration
(2 M) of intracellular cryoprotectants is a viable and effective

approach for the cryopreservation of murine embryonic
stem cells.

5.4. Nanocryosurgery. Cryosurgery is a procedure that uses
freezing to destroy undesired tissues. This therapy is becom-
ing popular because of its important clinical advantages.
Although it still cannot be regarded as a routine method
of cancer treatment, cryosurgery is quickly becoming as an
alternative to traditional therapies.

Simulations were performed by Yan and Liu [46] on
the combined phase change bioheat transfer problems in
a single cell level and its surrounding tissues, to explicate
the difference of transient temperature response between
conventional cyrosugery and nanocyrosurgery. According to
theoretical interpretation and existing experimental mea-
surements, intentional loading of nanoparticles with high
thermal conductivity into the target tissues can reduce the
final temperature, increase the maximum freezing rate, and
enlarge the ice volume obtained in the absence of nanopar-
ticles. Additionally, introduction of nanoparticle enhanced
freezing could also make conventional cyrosurgery more
flexible in many aspects such as artificially interfering in the
size, shape, image and direction of iceball formation. The
concepts of nanocyrosurgery may offer new opportunities
for future tumor treatment.

With respect to the choice of particle for enhancing freez-
ing, magnetite (Fe3O4) and diamond are perhaps the most
popular and appropriate because of their good biological
compatibility. Particle sizes less than 10 μm are sufficiently
small to start permitting effective delivery to the site of
the tumor, either via encapsulation in a larger moiety or
suspension in a carrier fluid. Introduction of nanoparticles
into the target via a nanofluid would effectively increase the
nucleation rate at a high temperature threshold.

5.5. Sensing and Imaging. Colloidal gold has been used for
several centuries now, be it as colorant of glass (“Purple of
Cassius”) and silk, in medieval medicine for the diagnosis of
syphilis or, more recently, in chemical catalysis, non-linear
optics, supramolecular chemistry, molecular recognition and
the biosciences. Colloidal gold is often referred to as the most
stable of all colloids. Its history, properties and applications
have been reviewed extensively. For a thorough and up-to-
date overview the paper by Daniel and Astruc [48] and the
references cited therein may be consulted. As stated in the
introduction, no attempt is made here to review the use of
colloids which are also nanofluids. An increase of colloids
which are nanofluids is expected in this category.

6. Other Applications

6.1. Nanofluid Detergent. Nanofluids do not behave in the
same manner as simple liquids with classical concepts of
spreading and adhesion on solid surfaces [7, 49, 50]. This
fact opens up the possibility of nanofluids being excellent
candidates in the processes of soil remediation, lubrication,
oil recovery and detergency. Future engineering applications
could abound in such processes.
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Figure 6: (a) Photomicrograph showing the oil drop placed on a glass surface and differential interference patterns formed at the three-
phase contact region [47]. (b), Photomicrographs taken after addition of the nanofluid at (b), 30 s; 2 minutes; (d), 4 minutes; (e), 6 minutes
region [47].

Wasan and Nikolov [47] of Illinois Institute of Tech-
nology in Chicago were able to use reflected-light digital
video microscopy to determine the mechanism of spread-
ing dynamics in liquid containing nanosized polystyrene
particles, Figure 6. They were able to demonstrate the two-
dimensional crystal-like formation of the polystyrene spheres
in water and how this enhances the spreading dynamics of a
micellar fluid at the three-phase region [47].

When encountering an oil drop, the polystyrene
nanoparticles concentrate and rearrange around the drop
creating a wedge-like region between the surface and the
oil drop. The nanoparticles then diffuse into the wedge film
and cause an increase in concentration and subsequently an
increase in disjoining pressure around the film region. Owing
to the increase in pressure, the oil-solution interface moves
forward allowing the polystyrene nanoparticles to spread
along the surface. It is this mechanism that causes the oil
drop to detach completely from the surface.

Wasan and Nikolov [47] performed an additional exper-
iment where they introduced an electrolyte into the process
in order to decrease the interfacial tension at the interface of
the oil and the nanofluid, but found that the drop did not
become detached from the surface. They actually observed
a diminished disjoining pressure contrary to the logical
prediction. Additional work must be done in this area to
determine such behavior of the nanofluid.

Overall, this phenomenon which involves the increased
spreading of the detergent surfactants, which are not
only limited to polystyrene nanoparticles, and enhanced
oil removal process offers a new way of removing stains
and grease from surfaces. This type of nanofluid also has
potential in the commercial extraction of oil from the ground
as well as the remediation of oil spills.

7. Conclusion

Nanofluids are important because they can be used in
numerous applications involving heat transfer, and other
applications such as in detergency. Colloids which are
also nanofluids have been used in the biomedical field
for a long time, and their use will continue to grow.
Nanofluids have also been demonstrated for use as smart
fluids. Problems of nanoparticle agglomeration, settling, and
erosion potential all need to be examined in detail in the
applications. Nanofluids employed in experimental research
have to be well characterized with respect to particle size, size
distribution, shape and clustering so as to render the results
most widely applicable. Once the science and engineering
of nanofluids are fully understood and their full potential
researched, they can be reproduced on a large scale and used
in many applications. Colloids which are also nanofluids will
see an increase in use in biomedical engineering and the
biosciences.

Further research still has to be done on the synthesis
and applications of nanofluids so that they may be applied
as predicted. Nevertheless, there have been many discoveries
and improvements identified about the characteristics of
nanofluids in the surveyed applications and we are a
step closer to developing systems that are more efficient
and smaller, thus rendering the environment cleaner and
healthier.
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This paper reviews briefly the definition of heat capacity and clarifies the defined specific heat capacity and volumetric heat
capacity. The specific heat capacity and volumetric heat capacity, with our measured experimental data for CuO nanofluids, are
discussed as an illustrating example. The result indicates that the specific heat capacity of CuO nanofluid decreases gradually
with increasing volume concentration of nanoparticles. The measurement and the prediction from the thermal equilibrium
model exhibit good agreement. The other simple mixing model fails to predict the specific heat capacity of CuO nanofluid. The
nanoparticle size effect and solid-liquid interface effect on the specific heat capacity of nanofluid are discussed.

1. Introduction

Nanofluids, that is, liquids with nanometer-sized particles
suspensions, have attracted a substantial amount of attention
since Masuda et al. reported firstly, in 1993, their precursory
observations on the thermal conductivity enhancement in
liquid dispersions of nanoparticles [1]. To meet potentially
the increasing demand for high thermal conductive working
fluids, many researches are focused on the basic thermophys-
ical properties of nanofluids, for example, effective thermal
conductivity, effective viscosity, thermal diffusivity, specific
heat capacity, Prandtl number, and so forth, with which
researchers investigate the convective heat transfer and flow
characteristics of nanofluids. However, only effective thermal
conductivity and effective viscosity are extensively covered
in relevant studies [2]. As a thermodynamic property, the
specific heat capacity of a nanofluid is important to dictate
the nanoparticle and fluid temperature changes, which affect
the temperature field of the nanofluid and hence the heat
transfer and flow status. Other thermophysical properties,
such as thermal diffusivity and Prandtl number need the
knowledge of specific heat capacity, too.

Only several researches involve in experiments of the spe-
cific heat capacities of nanofluids. For example, Sinha et al.
[3] measured the specific heat capacity of a nanotube
solution (nanofluid) by an AC calorimeter. He et al. [4] mea-

sured the specific heat capacity of BaCl2-water-based TiO2

nanofluid with a heat-flux differential scanning calorimeter.
Peng et al. [5] measured the specific heat capacity of water-
based Cu, Al, Al2O3, and CuO nanofluids, and propy-
lene glycol- (PG-) based Al2O3 nanofluid, with a special
designed comparison calorimeter. Recently, Zhou and Ni [2]
measured the specific heat capacity of water-based Al2O3

nanofluid with a power-compensated differential scanning
calorimeter. These experiments show that the specific heat
capacities of nanofluids are different from that of base
fluid and vary with the size and volume concentration of
nanoparticles. In most of the cases, however, there are no
experimental data available for specific heat capacity, such
that two kinds of models have been generally adopted to
deduce it from the value of base fluid and nanoparticles. One
is macroscopic, that the specific heat capacity of a nanofluid
is equal to the volume average of the specific heat capacities
of base fluid and nanoparticles. The other is mesoscopic,
which assumes the base fluid and the nanoparticles are in
their thermal equilibrium, respectively. Using the volumetric
heat capacity instead, the volumetric heat capacity of a
nanofluid can be expressed as the sum of the volumetric
heat capacities for base fluid and nanoparticles, using their
respective volume concentrations. These models are equiv-
alent for small concentrations, but for large concentrations
the models are obviously divergent. Zhou and Ni [2] also
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summarized the models mentioned earlier and compared
them with their experimental results, concluding that their
experiments are in good agreement with the second model,
while the first one fails to predict the specific heat capacity of
nanofluid. The divergence arises from the misunderstanding
for the definition of specific heat capacity and volumetric
heat capacity. However, the misunderstanding remains in
many articles, so that it is necessary to further explain the
controversy among models and experiments.

In this study, we will first review briefly the definition
of heat capacity and clarify the relation between specific
heat capacity and volumetric heat capacity. We will measure
the specific heat capacity of nanofluid made by EG (ethy-
lene glycol) with inclusion of CuO nanoparticles at room
temperature using the quasisteady-state principle [6], to
compare with the mentioned models. We will also consider
the particle size effect and particle-liquid interface effect on
the specific heat capacity of nanofluid, and then compare
them with our analytical results, to attempt to find the
rule of specific heat capacity variation when increasing the
volume concentration of nanoparticles and to apply it in the
experimental and numerical investigations of nanofluid.

2. On the Definition of Heat Capacity

To avoid misunderstanding of the specific heat capacity of
nanofluid and misemploying in experimental and numerical
researches, we review here briefly the definition of heat
capacity, together with the relation between specific heat
capacity and volumetric heat capacity.

The heat capacity C of a substance, sometimes also called
total heat capacity, is the amount of heat required to change
its temperature by one Kelvin, and has units of joule per
Kelvin (J/K) in the SI system [7, 8]. The equation relating
thermal energy to heat capacity is ΔQ = CΔT , where ΔQ is
the thermal energy put into or taken out of the substance,
and ΔT is the temperature differential. The heat capacity
is therefore an extensive variable and depends simply on
the amount of substance. The heat capacity for a mixture
of different substances is the sum of the individual heat
capacities:

C = C1 + C2 + · · · . (1)

The specific heat capacity c of a substance, also named
mass-specific heat capacity in science and engineering, is the
amount of the heat required to change its temperature of unit
mass (one kilogram) of the substance by one Kelvin. The unit
of specific heat capacity c in the SI system is the Joule per
kilogram-Kelvin, J/(kg·K) [7, 8]. The equation relating heat
energy to specific heat capacity is ΔQ = cmΔT . The specific
heat capacity corresponds to the quotient of heat capacity
and mass, or c = C/m, wherem is the total mass. The specific
heat capacity of a mixture of substances is equal to the sum
of the individual heat capacities divided by the total mass:

c = C

m
= (c1m1 + c2m2 + · · · )

(m1 +m2 + · · · )
= ω1c1 + ω2c2 + · · · , (2)

where ωi = mi/m is the mass concentration of the ith
substance.

In the measurement of physical properties, the term “spe-
cific” means the measure is an intensive property, wherein
the quantity of substance must be specified. For specific
heat capacity, mass is the specified quantity (unit quantity).
In some books on thermodynamics, the noted specific heat
capacity is used for the molar heat capacity. Furthermore,
the specific heat capacity is sometimes simply denoted as
specific heat. These may cause confusion. In chemistry, the
term molar heat capacity cmol of a substance may be used to
more explicitly describe the measure of the amount of the
heat required to change its temperature of unit quantity of
substance (one mole) by one Kelvin. The unit of molar heat
capacity cmol in the SI system is the joule per mole-Kelvin,
J/(mol·K) [7, 8]. The equation relating heat energy to molar
heat capacity is ΔQ = cmolnΔT , where n is the number of
moles. The molar heat capacity is related to the heat capacity
by cmol = C/n, and is related to the specific heat capacity
by cmol = cM, where M is the molar mass. The molar heat
capacity of a mixture of substances is equal to the sum of
the individual heat capacities divided by the total number of
moles:

c = C

n
= (cmol1n1 + cmol2n2 + · · · )

(n1 + n2 + · · · )

= x1cmol1 + x2cmol2 + · · · ,

(3)

where xi = ni/n is the molar concentration of the ith
substance. While the “specific heat, γ”, of a substance is the
ratio of the amount of heat required to raise the temperature
of a given mass of the substance through a given range of
temperature to the heat required to raise the temperature of
an equal mass of water through the same range: γ = c/c0,
where c0 is the specific heat capacity of water.

The specific volumetric heat capacity, ρc, of a substance
is the amount of the heat required to change its temperature
of unit volume of the substance by one Kelvin [7, 8], and ρ
being the density or mass per unit volume. The volumetric
heat capacity describes the ability of a given volume of a
substance to store internal energy while undergoing a given
temperature change, but without undergoing a phase change.
The unit of volumetric heat capacity ρc in SI system is
the Joule per square meter-Kelvin, J/(m3·K). The equation
relating thermal energy to volumetric heat capacity is ΔQ =
ρcVΔT , where V is the total volume. The specific heat
capacity corresponds to the quotient of heat capacity and
volume, or C/V . The volumetric heat capacity of a mixture
of substances is equal to the sum of the individual heat
capacities divided by the total volume:

ρc = φ1ρ1c1 + φ2ρ2c2 + · · · , (4)

where φi = Vi/V is the volume concentration of the ith
substance, and ρ = (φ1ρ1 + φ2ρ2), is the density of the
mixture.

In the case of nanofluid, the specific heat capacity at
constant pressure cp can be derived from (6), which becomes

cp,n f =
[(

1− φ)ρ f cp, f + φρnpcp,np

]
[
φf ρ f +

(
1− φ)ρnp

] , (5)
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Figure 1: Specific heat capacity of CuO/EG nanofluid.

where φ is the volume concentration of nanoparticle, and the
subscripts n f , f , and np represent for nanofluid, base fluid,
and nanoparticle, respectively. The following equation is
proposed for determining specific heat capacity of nanofluid
and assessing heat transfer performance of nanofluids [9–
11]:

cp,n f =
(
1− φ)cp, f + φcp,np. (6)

However, it is approximately correct only for dilute sus-
pensions when small density difference exists between base
fluid and nanoparticle. For water-based Al2O3 nanofluid, for
example, the deviation cannot be ignored, as the density
ratio between nanoparticle and base fluid is large (ρnp =
3600 kg/m3 for Al2O3, while ρ f = 994.7 kg/m3 for water),
so that large discrepancy occurs when increasing the volume
concentration of nanoparticle [11].

3. Data Correlated with Discussions

Now, we will discuss, as an example, on the specific
heat capacity and volumetric heat capacity with our mea-
sured experimental data for CuO nanofluids [12]. We use
CuO nanoparticles (produced by chemical vapor-synthesis
method) and EG as base fluid to prepare nanofluid for
experiments. The nanoparticles are in form of loose agglom-
erates under atmospheric condition and can be dispersed in
EG successfully through ultrasonic vibration for about three
hours. The nanoparticles show a lognormal size distribution
with nominal diameter of 50 nm. The quasisteady-state
method is adopted to measure the specific heat capacity of
nanofluid [6].

Figure 1 shows the specific heat capacity of CuO/EG
nanofluid, of which the volume concentration of nanopar-
ticle varying from 0.1% to 0.6% by interval of 0.1%. An
obvious increase of specific heat capacity can be observed
for these nanofluids, comparing with the value calculated
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Figure 2: Volumetric heat capacity of CuO/EG nanofluid.

from (5) and (6). The discrepancy between them indicates
that neither of the two equations can be used to predict
the tendency for fluid with nanoparticle inclusions. The
experiments also present a slight decrease of specific heat
capacity for CuO nanofluid when increasing the volume
concentration of CuO nanoparticle, while it coincides with
(5) for nearly the same linear tendency.

The volumetric heat capacity of nanofluid is important
to dictate the temperature change of nanofluid. This is
clear for analyzing the heat transfer between nanoparticle
and base fluid, with energy conservation either in thermal
equilibrium form or in nonequilibrium one. Figure 2 shows
the corresponding volumetric heat capacity of CuO/EG
nanofluid. The variation of volumetric heat capacity is small
for dilute CuO/EG nanofluid. One can conclude that the
volumetric heat capacity ratio of CuO/EG nanofluid versus
deionized water will be approximately a constant, which
may be helpful to analyze the energy conservation in a
dimensionless form.

As shown in Figure 1, the discrepancy between the
experimental results and (5) and (6) may arouse from the
surface and size effects on the specific heat capacity of
nanoparticle [12], and hence, decreased with increasing φ
due to agglomeration of nanofluid (clustering). We adopt
model I (6) and II (5), respectively, to show the nanoparticle
size effect on the specific heat capacity of nanofluid, as shown
in Figure 3. The specific heat capacities of nanoparticles
correspond to the bulk, 50 nm and 25 nm CuO, respectively
[12]. As shown, the specific heat capacity of nanofluid is
underestimated using the specific heat capacity of bulk CuO.
While the prediction can be improved with the specific
heat capacity of CuO nanoparticle obtained from either
theoretical analysis or experiments. The results from our
previous calculation show that the discrepancy between
nanoparticles with different sizes is small when increasing the
nanoparticle volume concentration, due to the large specific
heat capacity of base fluid.
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with model I and II.

Qualitatively, the solid-liquid interface may change the
phonon vibration mode near the surface area of a nanopar-
ticle and thus change the specific heat capacity of nanofluid.
The high specific interfacial area of nanoparticle can adsorb
liquid molecules to its surface and form liquid layers, which
will reversely constrain nanoparticle and turns its free-
boundary surface atoms to be nonfree interior atoms [12].
The varied Gibbs free energy of nanoparticle and liquid layers
will further change the specific heat capacity of nanofluid.

4. Conclusion

This paper reviews briefly the definition of heat capacity and
clarifies the defined specific heat capacity and volumetric
heat capacity. For illustration, the specific heat capacity
of nanofluid made by ethylene glycol and copper dioxide
nanoparticle inclusions, measured at room temperature,
were compared with two kinds of models for determina-
tion of the specific heat capacity of nanofluid, which are
frequently used in researches on convective heat transfer
experiments and simulations. The particle size effect and
particle-liquid interface effect on the specific heat capacity
of nanofluid are also discussed briefly. The effect of liquid
adsorption on suspended nanoparticles’ surface will also
increase the specific heat capacity of nanofluid to some extent
with increasing nanoparticles’ volume concentration, which
may be worthy to be investigated further for nanofluids.
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The purpose of this experimental study is to evaluate the effects of particle species, surface charge, concentration, preparation
technique, and base fluid on thermal transport capability of nanoparticle suspensions (nanofluids). The surface charge was varied
by changing the pH value of the fluids. The alumina (Al2O3) and copper oxide (CuO) nanoparticles were dispersed in deionized
(DI) water and ethylene glycol (EG), respectively. The nanofluids were prepared using both bath-type and probe sonicator under
different power inputs. The experimental results were compared with the available experimental data as well as the predicted values
obtained from Maxwell effective medium theory. It was found that ethylene glycol is more suitable for nanofluids applications
than DI water in terms of thermal conductivity improvement and stability of nanofluids. Surface charge can effectively improve
the dispersion of nanoparticles by reducing the (aggregated) particle size in base fluids. A nanofluid with high surface charge (low
pH) has a higher thermal conductivity for a similar particle concentration. The sonication also has a significant impact on thermal
conductivity enhancement. All these results suggest that the key to the improvement of thermal conductivity of nanofluids is a
uniform and stable dispersion of nanoscale particles in a fluid.

1. Introduction

Due to the low thermal conductivities of most common
liquids used in heat exchangers, such as water and ethylene
glycol, it has become urgent to look into other advanced
alternatives. A new type of fluids called nanofluids (sus-
pensions of nanometer-sized particles in various fluids) has
been extensively investigated to enhance the heat carrying
capacity of fluids although the mechanism behind excep-
tionally enhanced thermal conductivity of nanofluids is still
not well understood. Different mechanisms have been put
forth to explain thermal transport enhancement such as
interfacial resistance, nanoparticle motion, liquid layering
at particle-liquid interface, and nanoparticle clustering [1].
Among them, nanoparticle motion (Brownian motion) [2–
9] and nanoparticle clustering [10–15] have attracted most
attention. The initial experiments show preferred thermal
properties of nanofluids [16–20], such as an order of

magnitude higher thermal conductivity than that predicted
by conventional theory on heterogeneous two-component
mixture. A very small concentration of copper nanoparticle
(less than 0.3% volume fraction of 10 nm nanoparticles)
can enhance the thermal conductivity of base fluid (ethylene
glycol) by up to 40% [21]. On the other hand, the Hamilton
and Crosser (HC) model predicts a less than 1.5% improve-
ment in thermal conductivity [22]. In another study [16]
where metallic multiwalled carbon nanotubes (MWCNTs)
were dispersed in synthetic oil (α-olefin), an astonishing
improvement of 160% in thermal conductivity was observed
with only a 1.0% volume fraction of MWNT. The authors
argue that the three-dimensional network formed by CNTs
is responsible for significant thermal conductivity improve-
ment. A recent study shows that the enhancement of thermal
conductivity of nanofluids heavily depends on fluid temper-
ature [9, 23] and particle sizes [24, 25]. Herein a two- to
fourfold increase in thermal conductivity was observed when
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the fluid temperature increased from 21◦C to 51◦C [23].
However, the hypothesis of thermal transport enhancement
due to Brownian motion is being challenged [26–28]. The
recent experimental and theoretical investigation strongly
suggests that the nanoparticle aggregation (clusters) plays
a significant role in the thermal transport in nanofluids.
A light scattering method shows that the cluster size (due
to aggregation) in a Fe-ethylene glycol nanofluids increases
from 1 micron to 2.4 microns during a 50-minute waiting
time after sonication [11]. The thermal conductivity can be
enhanced due to percolation effect in the aggregates/clusters,
especially for highly conducting particles. But sedimentation
will increasingly take place when the size of aggregates
exceeds a threshold value. The small particle size and
short distance between particles increase the probability of
aggregation. On the other hand, a low pH value actually
means a high surface potential, and in turns a high repulsive
energy and less aggregation [14, 29].

This research is focused on a systematic investigation
of key parameters that affect the thermal conductivity
of nanofluids. These parameters include surface charge,
nanoparticle composition and concentration, base fluids,
and preparation techniques. The paper starts with nanofluid
preparation and the measurement system, followed with
comparisons of the obtained results with those published in
open literature and predicted by theory, and then the effects
of key parameters are discussed and summarized in detail in
the end of the paper.

2. Nanofluids Preparation and
Experimental Apparatus

2.1. Nanofluid Preparation. Preparation of nanofluids
through which nanoparticles should be uniformly dispersed
in base fluids is the first step for improvement in thermal
conductivity, but its importance is often ignored. The
nanofluid does not simply refer to a liquid-solid mixture.
Some special requirements are necessary, such as uniform,
stable, and durable suspension, low or no aggregation of
particles, and no chemical reaction. There are three primary
methods being used to prepare nanofluids [29]: (i) direct
dispersion of powder form nanoparticles in the base fluids;
(ii) nanoparticle synthesized by chemical precipitation
and then dispersed in base fluids; (iii) direct nanoparticle
synthesis in the base fluid by organic reduction. Stability of
the dispersion is ensured by controlling the surface charge
of the nanoparticles through the control of the pH value of
fluids. This is very effective for oxide nanoparticles such as
alumina and copper oxide used in this research.

The nanofluids under current investigation can be
divided into two groups based on the base fluids including
DI water and ethylene glycol (EG). Both alumina (Al2O3)
powder (nominal particle size provided by the manufacturer:
40–50 nm) and copper oxide (nominal particle size: 23–
37 nm) were purchased from Alfa Aesar for this experiment.
These nanoparticles were dispersed in DI water and/or EG
(99%, source: Alfa Aesar) using three sonication methods.
They are (1) sonication of nanofluids with a probe sonicator

(Branson Digital Sonifier 450) at 80% magnitude (maximum
power: 450 W) for 2 minutes; (2) another probe sonicator
(Omni-Ruptor 250) at 80% magnitude (maximum power:
150 W) for 2 minutes, and (3) a bath sonicator (Model: 75D
VWR) for 4.5 hours at maximum power setting (maximum
power: 75 W). The alumina and copper oxide nanoparticles
were imaged under a Philips EM400 transmission electron
microscope (TEM) to obtain information about nanopar-
ticle size and shape (Figure 1). As can be seen in Figure 1,
the alumina nanoparticles are roughly spherical in shape
but copper oxide nanoparticles show some deviations from
spherical shapes. The size of alumna nanoparticles spans a
wide range (from a few nm to 55 nm) but copper oxide
nanoparticles do not have very small size particles.

The smaller sized alumina particles (nominal size:
10 nm) from a different source (NanoAmor Inc.) were also
considered. But it was found that the dispersion of these
alumina nanoparticles in DI water is very difficult even
after adding various surfactants such as sodium dodecyl
sulfate (SDS), cetyltrimethyl ammonium bromide (CTAB),
Pluronic P105 and applying long time ultra sonication. No
thermal conductivity measurement was conducted for these
alumina nanoparticle solutions.

Temperature rise is minimized by utilizing multiple
short sonications (instead of a long sonication) and the
evaporation of base fluids is avoided by sealing the container
with caps during sonication. The power and time settings
of the ultra sonicators were chosen in such a way that
a better dispersion is achieved with minimum increase
in nanofluids temperature. For example, the DI water-
based nanofluids reach 50◦C after two-minute sonication.
The nanofluids temperature returns back to room tem-
perature (24◦C) after around 1.5 hours waiting period.
Before each measurement, both the pH and temperature
of nanofluids are obtained by a pH probe (Mettler Toledo
S-47). The temperature of nanofluids is maintained at
room temperature during the measurement. Hydrochloric
acid (HCl) (36%, VWR Scientific) or sodium hydroxide
(NaOH) (99.99%, ACROS Organics)) is used to adjust
the pH value of the nanofluids. An in-house equipment
(Zetasizer Nano, Malvern Instruments Ltd) was used for
zeta potential and size measurements of nanoparticles after
dispersion.

2.2. Thermal Conductivity Measurement Apparatus. Tran-
sient hot wire method (THW) was adapted by many
researchers to determine the thermal conductivity of the
nanofluid suspensions [21, 30–35]. The THW method is
a simple but effective transient method for measuring
thermal conductivity of materials. This method determines
the thermal conductivity by observing the rate at which the
temperature of a very thin wire increases with time after
an abrupt electrical pulse. It can eliminate the error from
natural convection since the measurement is completed in a
very short time (less than one second). Figure 2 presents the
temperature rise of the wire during the thermal conductivity
measurement for DI water.

In this research, an isonel coated platinum (source: A-
M systems) with 25 μm in diameter and 15 cm in length
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Figure 1: TEM images of alumina (a) and copper oxide (b) nanoparticles.
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Figure 2: Temperature rise of the hotwire in DI water versus time
(with time plotted on log scale).

was immersed horizontally in a plexiglass cell (17 × 2 ×
2.5 cm) containing nanofluid (see Figure 3(b)). During the
experiment, the wire serves as a heat source, a thermome-
ter, as well as one of the legs of a Wheatstone bridge
(Figure 3(a)). The temperature rise of the wire is calculated
from the change in the resistance of the platinum wire with
time, obtained by measuring the voltage offset using a data
acquisition system (DAQ) (NI SCXI-1303). The R1,R2, and
R3 represent temperature compensated precision resistors
(40 kΩ) in Figure 3(a). RW and RP denote the hot wire
and the variable resistor to balance the Wheatstone bridge
circuit, respectively. Before connecting platinum wire in the
experimental system, the platinum wire was calibrated in a
constant temperature bath and the measured temperature
coefficient of resistance was 0.0033524Ω/ΩK. The derivation

of Fourier’s equation for an infinite line heat source in an
infinite heat medium gives us the following equation:

k = q

4πL

(
ln(t)
ΔT

)
, (1)

where k is the thermal conductivity of the fluid, q is the heat
dissipation rate. L is the length of the wire and t the time
(from start of heating), and ΔT is the temperature rise of the
wire. Therefore, the temperature rise (ΔT) versus natural log
of time (t) data were plotted and the slope was then used
to calculate the thermal conductivity (Figure 2) and a linear
relationship implies that conduction is the primary mode of
heat transfer during the measurement [32]. The experiment
lasts for around 5 seconds. The slope of the straight line in
the curve (ln(t)/ΔT) between 0.1 and 1 second was used for
the calculation of thermal conductivity (Figure 2).

The calibration of the apparatus was performed by com-
paring the measured thermal conductivities of DI water and
EG with those from literature values at room temperature
[36]. Deviation for DI water and EG is 0.66% and 2.36%,
respectively. The uncertainty analysis of measured thermal
conductivity was attached in the appendix. Each thermal
conductivity value was obtained from an average of 20
measurements with an estimated accuracy of ± 0.0015 and
± 0.0013, respectively [37]. These results demonstrate that
the experimental setup used in the present work can produce
a reliable thermal-conductivity data. Additional details of the
apparatus and technique are available elsewhere [32].

3. Results and Discussion

3.1. Comparison with Published Literature. The thermal
conductivities of alumina/DI water, alumina/EG, and copper
oxide/EG are compared with available published results [38–
42]. The nanofluids were dispersed using the bath sonicator
and the results are presented in Figures 4, 5, and 6. The
experimental results are consistent with other published
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Figure 3: (a) Schematic of transient hot wire (THW) system and (b) test cell containing platinum wire and nanofluids.
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results within the experimental uncertainty. The thermal
conductivity increases with the increase of volumetric frac-
tion of nanofluids. Apparent density values for alumina
(4.0 g/cm3) and copper oxide (6.4 g/cm3) were used for
volume fraction calculations.
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Figure 5: Comparison of experimental data of EG-based alumina
nanofluids with literature data [38, 40, 42].

3.2. Effect of pH Value on Thermal Conductivity. Surface
charge is critical for the stabilization of colloidal solutions.
The effect of pH value on thermal conductivity of DI water-
based alumina nanofluids was examined in this work. The
pH values of alumina/DI water were changed from 7.0 to
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Figure 6: Comparison of experimental data for EG-based copper
oxide nanofluids with literature data [38, 41].

2.0 by adding HCl solution into the nanofluids. By adding
NaOH solutions, the values of 7.0 to 11.0 were obtained.
The nanoparticles were dispersed using bath sonicator with
parameters mentioned above. The corresponding thermal
conductivities were measured using THW apparatus and
plotted in Figure 7(a). As a comparison, the prediction from
effective medium theory (EMT) is also plotted (solid line)
[42]. The EMT gives a relationship between particle vol-
ume fraction and thermal conductivity improvement solely
based on particle volume concentration (φ) as described
below

Kn f
KF

= 1 + 3φ. (2)

The EMT theory is conventionally employed when
(1) the particles are assumed to be static; (2) thermal
conductivity of the particles is much higher than that of
base fluid; (3) the volume fraction of particles is small; (4)
the shape of particles is spherical. Compared with abnormal
improvement in thermal conductivity reported by published
results, overall the present thermal conductivity results of
alumina nanofluids are lower than the values from the
prediction from EMT theory. Our finding is consistent with
published results by Timofeeva et al. [42]. The conclusion
was made that the low thermal conductivity is mainly
caused by aggregation of nanoparticles. One consequence
of the aggregation is the reduction of particle numbers in
solution and size increase (clustered structures) of particles.
The impact of these mechanisms on thermal conductivity
enhancement is complicated depending on the primary
mechanism for heat transport. On one hand, the size
increase of particles in nanofluids forms fractal/clustered
structures in fluids which will shorten the heat conduction
path in medium, so the thermal conductivity should be

1.02

1.08

1.14

K
n
f
/K

f
(e

ff
ec

ti
ve

th
er

m
al

co
n

du
ct

iv
it

y)

0 0.02 0.04 0.06

Volume concentration

EMT
pH 7
pH 5

pH 3
pH 2

(a)

−80

−60

−40

−20

0

20

40

60

80

Z
et

a
po

te
n

ti
al

(m
V

)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

−300

200

700

1200

1700

Pa
rt

ic
le

si
ze

(n
m

)

Zeta potential
Particle size

(b)

Figure 7: Effect of pH value on (a) thermal conductivity of DI
water-based alumina nanofluids and (b) particle size.

increased. On the other hand, the size increase of particles
reduces the particle motions which have been proposed to
entrain the motion of the fluid for promoting more heat
transfer. As a result, the enhancement in thermal conduc-
tivity will be reduced. The competition between these two
heat transfer mechanisms decides the thermal conductivity
enhancement.

To prove this hypothesis, the particle sizes in nanofluids
were measured by a Zetasizer machine (Malvern Instruments
Ltd), which is based on dynamic light scattering (DLS)
technique. In DLS, particles are illuminated with a laser.
The intensity of the scattered light fluctuates at a rate
that is dependent upon the size of the particles as smaller
particles are moved further by the solvent molecules and
move more rapidly. Analysis of these intensity fluctuations
yields the velocity of the Brownian motion and the particles
hydrodynamic size is calculated using the Stokes-Einstein
relationship. The results indicate that the average size of
particles in the fluids is reduced from 207 nm to around
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160 nm when the pH value changes from 7 to 2 (Figure 7(b)).
It is also worth noting that the average particle size increases
up to 1500 nm when the zeta potential of particle is around
zero (pH = 11). It is apparent that a large aggregation occurs
when the interparticle repulsion force between particles is
small or the surface charge of nanoparticles is small. As
the nanofluids become more acidic (lower pH value), more
charges are accumulated on the particle surface. Less aggre-
gation occurs and the dispersion is improved. As the result,
the effective thermal conductivity increases. For instance, at
volumetric fraction of 5%, the thermal conductivity ratio
(nanofluids to base fluid) increases from 1.06 to 1.14 (within
the error limit). The value of 1.14 is consistent with effective
medium theory (EMT) prediction. But the EMT theory fails
in taking into consideration the effect of nanoparticle size
increase (due to aggregates/clusters formation) on thermal
conductivity.

3.3. Effect of Base Fluids on Thermal Conductivity. To study
the effect of base fluid property on thermal conductivity
in nanofluids, DI water and EG-based alumina nanofluids
were measured after they were dispersed using probe type
sonicator. Figure 8 shows the trend of thermal conductivity
of alumina nanoparticles in different base fluids at different
volume concentrations. Apparently, the effective thermal
conductivity (ratio of thermal conductivity of nanofluids
to that of base fluid) of EG-based alumina nanofluids is
higher than that of the DI water-based alumina nanofluids
at same concentrations. Unlike DI water-based nanofluids,
the thermal conductivity of EG-based alumina nanofluids
accurately follows the trend predicted by EMT. One possi-
bility is that in a colloidal system (nanofluids) consisting of
a large number of small particles, particles will collide with
each other in the course of their Brownian motion. In such
a collision, the particles may be so attracted to one another
that they stick together to form aggregates. The aggregation
rate depends on both the viscosity of base fluid and surface
charge of the nanoparticles [43]. A further study on the
effect of base fluids on nanofluids thermal conductivity is
underway.

3.4. Effect of Nanoparticle Species on Thermal Conductivity.
To evaluate the effect of nanoparticle species on thermal
conductivity, alumina, copper oxide, and a 1 : 1 mixture
of alumina and copper oxide nanoparticles are dispersed in
ethylene glycol. The thermal conductivities were measured
and presented in Figure 9. The thermal conductivities of
alumina (polycrystalline) and copper oxide are reported to
be 18 W/m K and 20 W/m K, respectively [36]. The results
clearly show that the thermal conductivity of copper oxide
nanofluids is higher than that of alumina, which has lower
thermal conductivity. But this seems to be not enough to
explain the significant difference of thermal conductivities
of two nanofluids. In addition, the thermal conductivity
of 1 : 1 mixture of alumina and copper Oxide in EG
lies in between these two nanofluids (alumina nanofluids
and copper oxide nanofluids) at higher concentrations. We
hypothesize that a lower interfacial thermal resistance of
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Figure 8: Effect of base fluids (DI water and EG) on thermal
conductivity of alumina nanofluids.
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Figure 9: Effect of particle species on thermal conductivities of EG-
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copper oxide nanofluids.

copper oxide-EG results in a higher thermal conductivity
enhancement compared to alumina-EG fluids. This pro-
posed explanation needs a direct measurement of interfacial
thermal resistance at the liquid-solid interface, which cannot
be conducted in our lab at the current time. The EMT theory,
which only takes into account volumetric fraction effect,
actually fails in predicting the effects of particle thermal
conductivity and interfacial thermal resistance on thermal
conductivity.
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Figure 10: Effect of sonication power on thermal conductivities of
EG-based (a) alumina and (b) copper oxide nanofluids.

3.5. Effect of Sonication Methods on Thermal Conductivity.
Another important parameter to determine thermal conduc-
tivity of nanofluids is preparation method. Three sonication
methods are used to study the effect of sonication techniques
on effective thermal conductivity of nanofluids. All nanopar-
ticles (alumina and copper oxide) are dispersed in EG.
The three sonication techniques include: (1) sonication of
nanofluids with a probe sonicator (Branson Digital Sonifier
450) at 80% magnitude (maximum power: 450 W) for
2 minutes; (2) another probe sonicator (Omni-Ruptor 250)
at 80% magnitude (maximum power: 150 W) for 2 minutes,
and (3) a bath sonicator (Model: 75D VWR) for 4.5 hours
at maximum power setting (maxium power: 90 W). The
measured thermal conductivities are plotted in Figure 10. For
both alumina and copper oxide nanofluids, the 450 W probe
sonication gave the highest effective thermal conductivity
enhancement, followed by bath sonication, and lastly, 150 W
probe sonication. Even at lower concentrations (<2%) the
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Figure 11: Effect of sonication power on (agglomerated) alumina
particle size of DI water and EG-based nanofluids.

trend is still the same but EG-based alumina nanofluids
have better effective thermal conductivities compared to EG-
based copper oxide nanofluids. The sizes of particles in fluids
versus the sonication methods are presented in Figure 11.
As we expected, the 450 W probe sonication produces the
smallest size (140 nm) of (agglomerated) particles in both
DI water and EG-based nanofluids, and the 150 W probe
yields larger particle size. Another important observation is
that the particle size reduces from 175 nm to 140 nm for EG-
based nanofluids compared to a reduction from 155 nm to
140 nm for DI water-based nanofluids. Therefore, sonication
technique is more effective for EG-based nanofluids than DI
water-based nanofluids. The effective thermal conductivity
of nanofluids is directly linked to ultra-sonication power
which influences the particle dispersion and average size in
the nanofluids. An accurate theory which can incorporate
sonication/dispersion criteria is needed to predict thermal
conductivities of nanofluids.

4. Conclusions

The effect of surface charge (pH value), base fluid, particle
species, and dispersion method on thermal conductivity of
alumina and copper oxide nanofluids are addressed in a
systematic way. The high surface charge (low pH value) of
nanofluids improves dispersion of nanoparticles in base flu-
ids. The viscosity of base fluid reduces the Brownian velocity
of nanoparticles so that the sedimentation/agglomeration of
particles in nanofluids is decreased. All these lead to a higher
thermal conductivity. Therefore, the thermal conductivity of
nanofluids can be effectively improved by changing pH of
fluids and by using more viscous fluids. Another important
parameter is dispersion technique. The results demonstrate
that high power sonication can significantly improve thermal
conductivity of nanofluids and also stability of nanofluids.
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Appendix

Uncertainty analysis is given as follows:

k = q

4πL

(
Ln(t)
ΔT

)
,

k = f
(
q,L, t,ΔT

)
.

(A.1)

Best estimate for the uncertainty [37] is given as follows:

Δk =
⎡
⎣
(
∂k

∂q
Δq

)2

+
(
∂k

∂L
ΔL
)2

+
(
∂k

∂t
Δt
)2

+
(

∂k

∂(ΔT)
Δ(ΔT)

)2
]1/2

.

(A.2)

(1) For ((∂k/∂q)Δq),we have

∂k

∂q
= 1

4πL

(
Ln(t)
ΔT

)
,

Δq =
[(

∂q

∂Vin
ΔVin

)2

+
(
∂q

∂Rw
Rwerr

)2

+
(

∂q

∂(ΔRw)
Δ(ΔRw)

)2]1/2

,

q = V 2
in(Rw + ΔRw)

(2Rw + ΔRw)2 ,

∂q

∂Vin
= 2Vin(Rw + ΔRw)

(2Rw + ΔRw)2 ,

∂q

∂Rw
= V 2

in

(2Rw + ΔRw)2 −
4V 2

in(Rw + ΔRw)

(2Rw + ΔRw)3 ,

∂q

∂(ΔRw)
= V 2

in

(2Rw + ΔRw)2 −
2V 2

in(Rw + ΔRw)

(2Rw + ΔRw)3 ,

ΔRw = 4RwΔV
Vin − 2ΔV

,

Δ(ΔRw) =
⎡
⎣
(
∂(ΔRw)
∂Rw

Rwerr

)2

+

(
∂(ΔRw)
∂(ΔV)

Δ(ΔV)

)2

+
(
∂(ΔRw)
∂Vin

ΔVin

)2
]1/2

,

∂(ΔRw)
∂Rw

= 4ΔV
Vin − 2ΔV

,

Rwerr = ±0.001Ω (DMM multimeter),

∂(ΔRw)
∂(ΔV)

= 4Rw
(Vin − 2ΔV)

[
1 +

2ΔV
(Vin − 2ΔV)

]
,

Δ(ΔV) = ±0.0018 V (National Instruments SCXI-1303),

∂(ΔRw)
∂Vin

= − 4RwΔV

(Vin − 2ΔV)2 ,

ΔVin = ±0.01% Re ading

+ 3 mV, (National Instruments SCXI-1303),

ΔVin = ±0.0038V.

(A.3)

(2) For ((∂k/∂L)ΔL),we have

∂k

∂L
= − q

4πL2

(
Ln(t)
ΔT

)
,

ΔL = ±0.001 m (ruler or scale).

(A.4)

(3) For ((∂k/∂t)Δt),we have

∂k

∂t
= q

4πL

(
1
ΔT

)
,

Δt = ±0.001 sec (National Instruments SCXI-1303).
(A.5)

(4) For ((∂k/∂(ΔT))Δ(ΔT)),we have

∂k

∂(ΔT)
= − q

4πL

(
Ln(t)
ΔT2

)
,

Δ(ΔT) =
[(

∂(ΔT)
∂Rw

Rwerr

)2

+
(
∂(ΔT)
∂(α)

Δα
)2

+
(
∂(ΔT)
∂(ΔRw)

Δ(ΔRw)
)2
]1/2

,

ΔT = ΔRw
αRw

,

∂(ΔT)
∂(ΔRw)

= 1
αRw

,

∂(ΔT)
∂(α)

= − ΔRw
α2Rw

,

∂(ΔT)
∂Rw

= −ΔRw
αR2

w
,
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α = dR

dT
,

Δ(α) =
[(

∂α

∂(dR)
Δ(dR)

)2

+
(

∂α

∂(dT)
Δ(dT)

)2
]1/2

,

∂α

∂(dR)
= 1
dT

,

Δ(dR) = Rwerr = ±0.001Ω (DMM multimeter),

∂α

∂(dT)
= − dR

(dT)2 ,

Δ(dT) = ±0.2◦C (Thermometer).

(A.6)

Nomenclature

KB: The Boltzmann constant
kn f : Thermal conductivity of the nanoparticle

suspension (nanofluids)
k f : Thermal conductivity of the base fluid
L: Length of the platinum wire
q: Heat generated in the platinum wire
Rw: Resistance of platinum wire at room

temperature
t: Time
T : Temperature
Vin: Voltage applied to the Wheatstone bridge of

the transient hot wire apparatus
α: Temperature coefficient of resistance of the

platinum wire
φ: Volume fraction of the nanoparticle

suspension (nanofluids)
μ: The base fluid dynamic viscosity.
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This paper surveys heat transfer in nanofluids. It summarizes and analyzes the theories regarding heat transfer mechanisms
in nanofluids, and it discusses the effects of clustering on thermal conductivity. The heat transfer associated with conduction
is presented through various experiments followed by a discussion of the theories developed. Relationships between thermal
conductivity and various factors such as temperature, concentration, and particle size are also displayed along with a discussion
on clustering. There is a brief discussion on convection where the number of studies is limited. There is research currently being
performed on the manipulation of the properties governing the thermal conductivity of nanofluids—the particle size, shape,
and surface area. Other factors that affect heat transfer are the material of the nanoparticle, particle volume concentration, and
the fluid used. Although the interest in this relatively new class of fluids has generated many experimental studies, there is still
disagreement over several aspects of heat transfer in nanofluids, primarily concerning the mechanisms behind the increased
thermal conductivity. Although nanoparticles have greatly decreased the risks, there is still evidence of unwanted agglomeration
which causes erosion and affect the overall conductivity. Research is currently being conducted to determine how to minimize this
unwanted clustering.

1. Introduction

The growth of technology found in high-tech industries,
such as microelectronics, transportation, and manufactur-
ing, has created a cornucopia of ideas that would have wide
ranging effects on many obstacles facing today’s scientific
world including energy efficiency, pollution, and reusability.
However, there are many factors hindering further devel-
opment in these industries, one being the ability to rapidly
cool the products being used. Cooling is necessary for
maintaining the operational performance and reliability of
new products, and as a result of increased heat loads and
heat fluxes caused by the increase in power and decrease in
feature sizes present in new products, the demand for a more
efficient cooling process has increased dramatically in the
last decade. Consequently, more companies are beginning to
invest more capital into the research of more efficient heat
transfer processes.

The conventional method for enhancing heat transfer
in a thermal system consists of increasing the heat transfer
surface area as well as the flow velocity of the working fluid

[1]. The dispersion of solid nanoparticles in heat transfer
fluids is a relatively new method. Extended surfaces such
as fins and microchannels (width <100 μm) have already
been used to increase the heat transfer surface area. Their
performance in effectively removing as much as 1000 W/cm2

has shown a great improvement in the area of cooling.
However, further development of this technology is at a
standstill because it has already been pushed to its achievable
limits. Thus, attention is now turning towards the dispersion
of solid particles in fluids.

Since Maxwell’s theories in 1873, scientists have
attempted to increase the thermal conductivity of a fluid
through the combination of solid particles and a heat
transfer fluid. Although liquid cooling is prevalent today
(i.e., in automobiles and in some microelectronics), it has
been severely limited because of the inherent poor thermal
conductivity of traditional heat transfer fluids. Efforts to
increase this fundamental limit began with the dispersion of
millimeter- or micrometer-sized particles in fluids. Although
this action increased the thermal conductivity of the heat
transfer fluid, it was not practical because the increase in
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heat transfer required a large number of particles (>10% by
volume). This often resulted in a significant pressure drop,
thus requiring more pumping power. Furthermore, because
of their size, these particles rapidly settled in the liquid,
clogged microchannels, and caused wear in pipes, pumps,
and bearings.

As technology turned to miniaturization and nanotech-
nology, the idea of nanofluids was developed at various
institutions around the world (initial development was per-
formed at Argonne National Laboratory, and much research
is still carried out at this location). Coined by Stephen U. S.
Choi in 1995, the term nanofluids (short for nanoparticle
fluid suspension) is used to describe stable suspensions of
nanoparticles (average size <100 nm) in traditional heat
transfer fluids such as water, oil, or ethylene glycol [1].
Experimentation has shown significant improvement in the
thermal conductivity of fluids containing oxide and metallic
nanoparticles. With volume concentrations between 0.5%
and 4%, nanofluids have shown an enhancement of 15%–
40% of the thermal conductivity of the base fluid [2]. It has
also been observed that nanoparticles stay suspended in the
fluid longer than micrometer-sized particles, thus reducing
the severity of the obstacles presented by the rapid settling
of the particles (such as abrasion and clogging of pipes and
microchannels).

Experiments, such as those found in references [3–10],
are continuously being conducted to achieve a deeper under-
standing of the mechanisms behind the increase in thermal
conductivity caused by these nanoparticle suspensions. In
addition, the paper by Sandhu [11] declared the improved
thermal conductivity of magnetic nanofluids. Philip et al.
[12] showed that arranging the linear aggregation length
from nano- to micron-scales, the thermal conductivity of
the nanofluid was enhanced up to 216%, using 4.5 volume
percentage of nanoparticles. Repeated magnetic cycling
shows that the enhancement is reversible.

There has been a dramatic increase of interest in the
field of nanofluids as shown by the exponential increase in
the number of publications concerning the subject matter in
the Science Citation Index (SCI) journals. Several businesses,
corporations, and scientific institutions have begun research
towards the common goal of achieving the highest possible
thermal properties at the smallest possible concentration
(preferably <1% by volume). Nanofluids have the potential
of becoming compact, cost-effective liquid cooling systems
in high-performance situations.

2. Conduction Heat Transfer in Nanofluids

Maxwell first proposed the idea of suspending metallic
particles in conventional heat transfer fluids in 1873 [13].
He believed that the metallic particles (which have thermal
conductivities that are significantly larger than that of liquids
as shown in Figure 1) would increase the electrical and
thermal conductivity of the fluids. This idea was carried on
throughout the next century as scientists attempted to create
a fluid with millimeter- and micrometer-sized particles that
could be used for practical applications. However, even
though their efforts showed that particles did increase the

heat transfer properties of their base fluids, they could not
overcome problems caused by the large size of the particles. It
was not until the advent of nanotechnology that the thought
of nanoparticles came about.

The idea of nanofluids created an influx of experimen-
tation that has led to the knowledge that we have today.
Though experiments have been carried out with nanopar-
ticles formed from a wide array of materials including
aluminum oxide (Al2O3), copper (Cu), copper oxide (CuO),
gold (Au), silver (Ag), silicon carbide (SiC), titanium carbide
(TiC), titanium oxide (TiO2), and carbon nanotubes, the
most common nanoparticles are Al2O3 and CuO [14]. The
base fluids used most commonly are water, engine oil, and
ethylene glycol. The nanofluids used in these experiments
are created by mixing the base fluid and the nanoparticles
together and then stabilizing the suspension.

Nanoparticles can be produced by either physical or
chemical means. Current physical processes include mechan-
ical grinding and the inert-gas-condensation technique
pioneered by Granqvist and Buhrman. Presented in 1976,
the latter technique involves evaporation in a temperature-
regulated oven containing an inert gas [15]. Current
chemical processes include chemical precipitation, chemical
vapor deposition, microemulsions, spray pyrolisis, thermal
spraying, and a sonochemical method for the production
of iron nanoparticles [16]. The most common processes
currently used in the production of metal nanoparticles
include mechanical milling, inert-gas-condensation tech-
nique, chemical precipitation, spray pyrolisis, and thermal
spraying [2]. Although nanoparticles are constantly being
produced in small volumes for experimental needs, there is
still research being conducted towards achieving more cost-
efficient production processes in order to begin the move
towards large-scale production.

There are currently two methods used to disperse
nanoparticles in the base fluid: the two-step technique and
the single-step technique. The two-step method involves
making the nanoparticles first, by either physical or chem-
ical means and then dispersing them into the base fluid.
In combination with the inert-gas-condensation technique
(which has been proven to be a viable process for producing
bulk quantities of nanopowders), the two-step method can
be used to initiate the move towards commercialization
by facilitating the mass production of nanofluids [17].
The single-step method involves simultaneously making and
dispersing nanoparticles into the base fluid [1]. This method
is favorable when using metallic nanoparticles—since the
nanoparticles are placed in the base fluid as they are pro-
duced, this process helps prevent oxidation of the particles.

Because of the attractive van der Waals forces between the
particles, they tend to agglomerate before they are dispersed
in the liquid (especially if nanopowders are used); therefore,
a means of separating the particles is necessary. Groups
of particles will settle out of the liquid and decrease the
conductivity of the nanofluid. Only by fully separating all
nanoparticle agglomerates into their individual particles in
the host liquid will a well-dispersed, stable suspension exist,
and only under this condition will the optimum thermal
conductivity exist. Xuan and Li [19] proposed different
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Figure 1: Thermal Conductivity of Typical Materials [18].

methods for the stabilization of the suspension including
changing the pH value of the nanofluid, using dispersants,
and using ultrasonic vibration. The most commonly used
method is the ultrasonic vibration which has been relatively
successful in eliminating agglomerated nanoparticles. There
is certain hesitation when using dispersants because they
can affect the chemical composition of the nanofluid and
change the results. If dispersants are used, it cannot be
clearly determined if the change in thermal conductivity was
affected by the stabilizers placed in the fluid. This problem
can be taken into account by comparing the nanofluid
conductivity with that of the liquid with dispersant.

There are three methods commonly employed to mea-
sure the thermal conductivity of nanofluids: the transient
hot wire method, temperature oscillation, and the steady-
state parallel plate method [14]. The most commonly used
method is the transient hot wire method which involves the
use of small diameter wires that act as electrical resistance
heaters and resistance thermometers [20]. The wire is heated
by passing a current through it, and the rise in temperature
over the time elapsed is measured. Since the wire is essentially
wrapped in the liquid, the heat generated will be diffused
into the liquid. The higher the thermal conductivity of the
surrounding liquid, the lower the rise in temperature will
be. To calculate the thermal conductivity of the surrounding
liquid, a derivation of Fourier’s law for radial transient heat
conduction is used [1]. This differential equation for the
conduction of heat is

∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2
= 1
α
· ∂T
∂t
. (1)

Using a solution presented by Carslaw and Jaeger [21], the
conductivity of a solution can be expressed as

q

4π(T2 − T1)
· ln

t2
t1

, (2)

where T1 and T2 represent the temperature of the heat source
at times t1 and t2, respectively.

Many experiments have been performed using nanoflu-
ids, and although the results vary, they show an amplification
of the thermal conductivity of the base fluid. Observations
show four important characteristics of nanofluids:

(i) increased thermal conductivity at low nanoparticle
concentrations,

(ii) linear relationship between thermal conductivity and
concentration,

(iii) thermal conductivity being strongly dependent on
temperature,

(iv) thermal conductivity being strongly dependent on
the size of the particles used.

As a result of debates as to why these characteristics are
present in nanofluids, various theories have been developed.

Lee et al. [22] measured the thermal conductivity of
nanofluids using CuO and Al2O3 nanoparticles and water
and ethylene glycol as the base fluids. Results showed
an enhancement in the thermal conductivity of ethylene
glycol of more than 20% at 4% volume fraction of CuO
nanoparticles. Further experimentation revealed that the
thermal conductivity increased as the volume concentration
of nanoparticles was increased; thus, it was determined that
the thermal conductivity of nanofluids was dependent on
the thermal conductivity of both the particles and the base
fluid in most ranges of kp/k0, where kp is the conductivity of
the particleand k0 is the conductivity of the base fluid. For
large values of kp/k0, the later statement may not be true.
Although the thermal conductivity of the nanofluid is always
greater than that of the base fluid without nanoparticles, this
increase will be different for each base fluid.

Xie et al. [23] measured the thermal conductivity of
nanofluids containing Al2O3 nanoparticles. They also inves-
tigated the effects of the pH value of the suspension and
the specific surface area (SSA) of the dispersed particles. In
accordance with the previous results, the thermal conduc-
tivity of the fluid was enhanced with the addition of the
nanoparticles. However they also noted that the thermal
conductivity increased as the difference between the pH
value and the isoelectric point (pH value at which there is
no electric charge) of Al2O3 increased and that the enhance-
ments were highly dependent on the specific surface area of
the nanoparticles. When compared to theoretical models, the
measured thermal conductivity was much higher than the
calculated values. A relationship between temperature and
thermal conductivity was later presented by Das et al. [24].
In this study, not only it was determined that the thermal
conductivity increased with an increase in temperature, but
also it was shown that nanofluids composed of smaller
particles experienced a greater enhancement than with
larger particles. One possible explanation for this could
be attributed to the Brownian motion of the particles in
the fluid. Since temperature represents the overall kinetic
energy of the particles, an increase in temperature will cause
increased motion in the particles. It is easier for smaller
particles to move; therefore, smaller particles will display a
higher level of Brownian motion than larger particles. This
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results in greater heat conduction among smaller particles as
the temperature is increased.

Results from these various experiments may have varied,
but they all showed that the thermal conductivity of a fluid
containing nanoparticles was greater than that of a base
fluid with no particle suspension. Moreover, it was shown
that the thermal conductivity was affected by factors such as
temperature, particle size, and pH level. Several theoretical
models have been proposed to explain the behavior of
nanoparticles. Many of these models can be categorized as
either static or dynamic models [22]. Static models assume
that the nanoparticles are stationary in the base fluid,
forming a composite material. In these models, the thermal
properties of nanofluids are predicted through conduction-
based models such as that of Maxwell. One such model is
the modified Maxwell theory of Hamilton and Crosser [25]
which gives the enhancement of thermal conductivity as

keff = k0 ·
kp + (n− 1)k0 − (n− 1)ε

(
k0 − kp

)

kp + (n− 1)k0 + ε
(
k0 − kp

) , (3)

n = 3
ψ

, (4)

where keff is the effective conductivity, kp is the conductivity
of the particle, k0 is the conductivity of the base fluid, ε is
the particle volume fraction, n is the particle shape factor,
and ψ is the sphericity of the particles [1]. This model was
in good agreement with experimental data obtained with the
use of Al2O3 nanoparticles in a nanofluid, but it was not able
to accurately predict the thermal conductivity of nanofluids
containing CuO nanoparticles. It should be noted that in
(3) the effective thermal conductivity is independent of the
thermal conductivity of the particle as the ratio of kp/k0

becomes large.
Dynamic models assume that nanoparticles are in con-

stant, random motion in the base fluid (i.e., Brownian
motion), as shown in Figure 2.

In the dynamic models, it is believed that this random
motion may be the main cause of the increased thermal
properties associated with nanofluids. Taking Brownian
motion to be a key mechanism in the thermal properties
of nanofluids, Jang and Choi [26] developed a model that
portrayed the relationship between conductivity, temper-
ature, concentration, and particle size. However, there is
disagreement with the assumption that random motion plays
a key role in the transfer of heat in a nanofluid. Keblinski
et al. [27] proposed an explanation of four possible factors
for the heat transfer mechanism in nanofluids one of which
was Brownian motion. However, the study concluded that
the movement of nanoparticles due to Brownian motion was
too slow in transporting heat through a fluid. To travel from
one point to another, a particle moves a large distance over
many different paths in order to reach a destination that
may be a short distance from the starting point. Therefore,
the random motion of particles, no matter how agitated
or energetic they may be, cannot be a key factor in the
improvement of heat transfer. Jang and Choi [26] also came
to a similar conclusion. Here, it was determined that the

Figure 2: Interpretation of Brownian Motion [28].

collision between nanoparticles due to random motion was
a very slow process and could, therefore, be neglected in the
calculation of thermal conductivity.

Although they contributed to the idea that collisions
resulting from Brownian motion did not contribute to
the overall conduction of heat, Jang and Choi [26] were
able to develop a dynamic model that takes into account
convection heat transfer induced by Brownian nanoparticles.
The general expression derived in this study introduced four
modes of energy transport in nanofluids:

(i) collision between base fluid molecules (i.e., thermal
conductivity of base fluid),

(ii) thermal diffusion in nanoparticles in fluids,

(iii) collision between nanoparticles due to Brownian
motion (neglected because it is a very slow process),

(iv) thermal interactions of dynamic nanoparticles with
base fluid molecules (once overlooked, this mode is
now considered to be a key factor in the relation-
ship between conductivity, temperature, and particle
size).

The major aspect of this model was the introduction of the
idea that nanoparticles can produce a convection-like effect
in a fluid. The thermal conductivity for their model is given
by

keff = kBf
(
1− f

)
+ knano f + 3C1

dBf

dnano
kBfRe2

dnano
Pr f , (5)

where keff is the effective thermal conductivity of the
nanofluid, kB f is the base fluid conductivity, f is the volume
fraction of the nanoparticles, knano is the thermal conductiv-
ity of the nanoparticles,C1 is an empirical constant, dB f is the
diameter of the base fluid molecule, and dnano is the diameter
of a nanoparticle [1]. Rednano is the Reynolds number defined
by

Rednano =
CR.M.dnano

v
, (6)
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where v is the dynamic viscosity of the base fluid, and CR.M.
is the random motion velocity of nanoparticles defined by

CR.M. = D0

IB f
, (7)

where IB f is the mean-free path of a base fluid molecule. D0

is the nanoparticle diffusion coefficient given by

D0 = kbT

3πμdnano
, (8)

where μ is the viscosity of the base fluid, T is the temperature
of the base fluid, and kb is the Boltzmann constant.
The predictions presented by this model are in excellent
agreement with temperature-dependent conductivity data
from experiments involving nanofluids containing Al2O3

nanoparticles. Models derived from Maxwell’s equations fail
to correlate with this type of experimental data.

Another model developed by Kumar et al. [29] involves
the combination of the stationary particle model and
the moving particle model. The stationary particle model
looks at the increased surface area as the particle size
decreases. By assuming two parallel paths of heat flow
(one through base fluid molecules and the other through
the nanoparticles), this model shows the linear dependence
of thermal conductivity on particle concentration and the
inverse dependence of thermal conductivity on the size
of the particle. The moving particle model accounts for
the temperature effect and is derived from the Stokes-
Einstein formula. The effective thermal conductivity of the
nanofluids, keff, for this model is given by

keff = km

[
1 +

kpεrm
km(1− ε)rp

]
, (9)

where km is the base fluid conductivity, ε is the nanoparticle
volume fraction, rm is the radius of the base fluid molecules,
and rp is the radius of the nanoparticles. The nanoparticle’s
thermal conductivity, kp, is defined as.

kp = cup. (10)

The mean velocity of the nanoparticle up is derived from the
Stokes-Einstein formula

up = 2kbT(
πηd2

p

) , (11)

where T is the fluid temperature, η is the dynamic viscosity
of the fluid, and dp is the diameter of the nanoparticle.
The combination of the stationary particle model and the
moving particle model shows the dependence of thermal
conductivity on particle size, concentration, and tempera-
ture. Although this model correlates with the experimental
data for nanofluids containing gold at small concentrations,
there is a discrepancy in the stationary particle model. It has
been pointed out that if the radius of the nanoparticles is
larger than that of the liquid molecules, then the calculated
thermal conductivity for the nanofluid will equal that of the

base fluid, an unrealistic situation. Therefore, when using
this model, an unphysical assumption that the mean-free
path of a nanoparticle is on the order of 1 cm is made in the
moving particle model [29]. There are still some issues over
the benefits of this model, and as a result, it is the source of
some debates today concerning the dynamic model.

The influence of particle anisotropy on the effective ther-
mal conductivity of a suspension was experimentally studied
by Cherkasova and Shan [30]. Suspensions of micron-
sized, silicon-carbide particles with varying aspect-ratio
distributions were prepared and measured. It was shown
that the conductivity of the silicon-carbide suspensions can
be quantitatively predicted by the effective medium theory
presented by Nan et al. [31], as long as the volume-weighted
aspect ratio of the particles is used.

The effect of Kapitza resistance between the particle
and fluid can significantly impact the effective thermal
conductivity of nanofluids. This effect was included into the
model by Nan et al. [31], which predicted the experimental
data of carbon nanotube suspensions reasonably well. Ju and
Li [32] and Xue [33] also presented models for the effective
thermal conductivities of carbon nanotube-based mixtures
with an interfacial thermal resistance effect.

References [34, 35] discuss experiments where the inter-
facial layers of nanoparticles were examined. Document [36]
discusses the relationship between temperature, particle size,
and the thermal conductivity of the nanofluids examined.
The survey done here does not include any work involving
synthetic nanofluids, which form a class by themselves [37–
39].

3. Convective Heat Transfer in Nanofluids

If nanofluids can improve the heat transfer coefficient of heat
exchangers and energy systems, then they can aid in reducing
the size of such systems while leading to increased energy
and fuel efficiencies. Nanofluid convective heat transfer
research may be classified by fluid conditions of laminar flow,
turbulent flow, and pool boiling. The number of studies in
these areas is limited, with the smallest number of studies
having been reported in the last class of pool boiling.

Works in laminar flow include references [40–44]. Some
of the works show heat transfer enhancements for laminar
flow with different particle types (alumina and copper oxide)
and sizes. Nanofluid heat transfer results for multiwalled
carbon nanotubes (MWCNTs) show excellent heat transfer
and thermal conductivity enhancement [42]. The results
published by Yang et al. [44] displayed a heat transfer
enhancement trend that is opposite to that for thermal
conductivity—there is a drop in enhancement with increased
temperature. But the temperature range studied is small, and
the temperature dependency is not strong. More test data
needs to be obtained before any definite conclusions can be
drawn.

Heat transfer enhancements in turbulent flow of
nanofluids include references [45–48]. The studies were
performed on water-based nanofluids containing alumina,
titanium oxide, copper particles, and amorphous car-
bonic nanoparticles. There seems to be a consensus that
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the Reynolds number has little or no effect on the enhance-
ment of heat transfer. Furthermore, the heat transfer
improvement increased as the particle volume concentration
was increased.

Putra et al. [49] investigated the convection of Al2O3 and
CuO in water-based nanofluids. It was discovered that the
natural convection of nanofluids was less intense than that
of the base fluid. Moreover, it deteriorated as the particle
density and concentration were increased. Smaller particles
experienced even worse convective heat transfer because
the particle density increases as the particle size decreases.
However, Khanafer et al. [50] developed a model for the
convective heat transfer of nanofluids that produced different
results. With the assumption that the base fluid and the
nanoparticles were in thermal equilibrium and flowed at the
same velocity (i.e., nanofluid is in single phase), it was shown
that the heat transfer rate increased as the particle volume
fraction increased. Another model proposed by Kim et al.
[51] introduced a factor f to include the effect of the thermal
conductivity ratio between the nanoparticles and the base
fluid, the shape factor and volume fraction of particles, and
the ratio of density and heat capacity of nanoparticles to the
base fluid. Results from this model showed that the amount
of heat transfer in the nanofluid increased as the particle
volume fraction was increased.

It is evident that the results of Kim and Khanafer
contradict the results of Putra. Possible explanations for these
differences could be dependent on the assumptions made in
each model. Before nanofluids can be introduced to industri-
alized applications, there must be a better understanding of
convection heat transfer and its effects on the overall thermal
conductivity of the nanoparticle suspension.

4. Clustering in Nanofluids

One of the main obstacles encountered in microfluid
experiments was the agglomeration of particles. Even though
research, such as that documented in [22, 23], shows a
substantial increase in the thermal conductivity of the base
fluid with the addition of nanoparticles, the movement
towards practical applications has been hampered by the
rapid settling of the nanoparticles. The settling of particles
not only decreased the overall heat transfer of the fluid
(by decreasing the effective surface area used for heat
transfer), but also led to the abrasion of surfaces, clogging of
microchannels, and a decrease in pressure—which resulted
in an increase in pumping power [14].

Although nanosized particles have greatly reduced the
problem of agglomerated particles, it still occurs and can
hinder the thermal conductivity of the nanofluid, especially
at concentrations over 5%—agglomeration is more apparent
when using oxide nanoparticles because they require a higher
volume concentration compared to metallic nanoparticles in
order to achieve the same thermal conductivity enhancement
[2]. The tendency of particles to group together before they
are dispersed in the fluid is due to the van der Waals forces.
This is particularly seen in metallic particles since dipoles
can occur easily in the molecules of these particles. The
creation of dipoles prompts the attraction of other dipoles

in the vicinity. The van der Waals forces stem from the
attraction of these dipoles, which can be induced even in
neutral particles. This attractive force is considered to be the
main culprit behind the agglomeration of particles, especially
in nanopowders.

To alleviate this problem, there have been various pro-
posals for the manufacture and dispersion of nanoparticles
in fluids. One proposal involves adding surface treatments
to the nanoparticles. It was seen that when copper nanopar-
ticles were coated with a 2–10 nm thick organic layer a
stable suspension would be achieved in ethylene glycol
[16]. There is research currently being conducted towards
improving the two-step process to produce well-dispersed
nanofluids. Moreover, there exist a few one-step processes
that result in nanoparticles being uniformly dispersed and
stably suspended in the base fluid. One such method
involves condensing copper nanopowders directly from the
vapor phase into flowing ethylene glycol in a vacuum
chamber [52]. Documents [53–55] also show stable, well-
dispersed suspensions in nanofluids containing TiO2, CuO,
and Cu. In these experiments, a one-step process called
submerged arc nanoparticle synthesis was used to create the
nanoparticles.

Various techniques have been implemented to reduce
the clustering of particles once they are in the fluid [56,
57]. Usually, they involve some sort of agitation within the
nanofluid to separate the clusters into individual particles
and keep them from settling. These methods include the use
of dispersants, changing the pH value of the base fluid, and
using ultrasonic vibration to excite the particles [6]. Among
these methods, the most commonly used ones are ultrasonic
vibration and the use of dispersants. Both techniques are
relatively effective, but when using dispersants, the amount
added to the fluid must be a very low percentage (usually
1% or less). This is done so as to minimize its effects on the
thermal conductivity of the nanofluid.

However, it should be noted that loose particle chains
may be responsible for some of the high thermal conductivi-
ties of nanofluids; see Prasher et al. [58].

The Argonne National Laboratory also developed the
single-step and two-step processes for the dispersion of
nanoparticles in a fluid [1]. The single-step process consists
of simultaneously making and dispersing the particles in
the fluid. The two-step method separates the manufacture
and dispersion of particles into two steps (particles are
manufactured first and then dispersed into the base fluid).
The two-step process is the more commonly used method
and is usually used in conjunction with ultrasonic vibration
to reduce the amount of clustered particles in the fluid.

Analysis of the reviewed literature shows that there is still
no conclusive theory concerning the prevention of clustering
in the nanoparticle suspensions. Before using nanofluids in
practical applications, the problem of clustering must be
consistently kept to a minimum. When looking at long-
term effects, clustering of the particles will eventually cause
a decrease in the thermal conductivity of the nanofluid
and may also cause wear in the pipes or pumps through
which it is flowing. Therefore, nanofluids cannot be used
in systems designed for long-term use until this problem



Advances in Mechanical Engineering 7

is solved. Otherwise, the use of nanofluids may decrease
the life expectancy of a system, even if it improves the overall
efficiency. In the mean time, an optimization and design
problem persists when nanofluids are used in the field.

5. Conclusion

Even though nanofluids are still relatively new, they have
caused a dramatic increase in the interest of ultra-high
performance cooling. Experiments are continuously being
conducted to achieve a deeper understanding of the mech-
anisms behind the increase in thermal conductivity caused
by these nanoparticle suspensions. As a result, various
conclusions have been drawn regarding the characteristics
of nanofluids including the relationship between thermal
conductivity, particle size, nanoparticle concentration, and
temperature.

Heat can be transferred through conduction, convection,
and radiation. There is a more thorough understanding
of conduction in nanofluids than the other two, and
various models have been formulated to predict the thermal
behavior of nanofluids. Static models investigate the thermal
conductivity of a nanofluid assuming a stationary suspension
of particles in the base fluid. This allows for the use of derived
forms of Maxwell’s equation. Dynamic models assume that
the particles are in constant, random motion while dispersed
in the fluid. These models are the source of much debate
today over the involvement of Brownian motion in the
thermal conductivity of nanofluids. While some scientists
believe that this random motion is the source of conduction
in nanofluids, studies show that it is insignificant compared
to other factors because the transfer of heat is a very slow pro-
cess in Brownian motion. However, some researchers were
able to develop a dynamic model that portrayed four modes
of energy transport. The major aspect of this model was
the convection heat-transfer induced by Brownian motion in
particles. Results from this model correlated excellently with
experimental data of nanofluids containing aluminum oxide
particles.

Convection heat transfer is recognized within nanofluids,
but there is not enough research results published to develop
a model that fully explains this behavior in nanofluids.
Furthermore, several of the research papers available seem
to contradict each other as some data shows an increase
in convection as the particle volume fraction is increased,
while other data shows deterioration in convective heat
transfer as the particle density and concentration were
increased.

Clustering still poses a problem in nanofluids even
though the occurrence of agglomeration has decreased
from the previous micrometer-sized particles suspensions.
Various methods are currently used to keep particles from
clustering together, but in the long run, it is inevitable.
Clustering is a problem that must be solved before nanofluids
can be considered for long-term practical uses. Although
the increase in thermal conductivity would increase the
efficiency of the systems where nanofluids are used, the life
of the system may be decreased over time if particles begin to
form clusters.

Nanofluids have the potential to open the doors to major
advancements in many high-tech industries where limits on
cooling have posed limits on innovation. Since all other
cooling options have been exhausted, nanofluids are the only
option left with the possibility of increasing heat transfer
capabilities of current systems. However, a full understand-
ing of the mechanisms behind the enhancement of thermal
conductivity in nanofluids has not been reached and there
is still disagreement between some of the experimental
results. This lack of agreement has led to the generation of
various models. Once a general model that fully explains the
behavior of nanoparticle suspensions has been developed,
steps can be taken towards practical uses. Moreover, better
techniques for the dispersion of particles in fluids must be
created so as to minimize clustering. When these objectives
have been reached, nanofluids will enter the practical arenas
of science in a more meaningful way.

At the present time, there is quite an amount of
work going on to create synthetic nanofluids for various
applications. This is evidenced by the number of patented
nanofluids. However, the literatures on these are not gener-
ally available.
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To address whether the heat transfer in nanofluids still satisfies the classical energy equation, we theoretically examine the
macroscale manifestation of the microscale physics in nanofluids. The microscale interaction between nanoparticles and base fluids
manifests itself as thermal waves/resonance at the macroscale. The energy equation that governs the heat transfer in nanofluids is of
a dual-phase-lagging type instead of the postulated and commonly-used classical energy equation. The interplays among diffusion,
convection, and thermal waves/resonance enrich the heat transfer in nanofluids considerably.

1. Introduction

Choi coined the term “nanofluids” for the fluids with
nanoelements (nanoparticles, nanotubes, or nanofibers)
suspended in them [1]. Recent experiments on nanofluids
have shown, for example, twofold increases in thermal
conductivity [2], strong temperature dependence of thermal
conductivity [3], substantial increases in convective heat
transfer coefficient [4, 5], and threefold increases in critical
heat flux (CHF) in boiling heat transfer [2, 3, 6]. State-
of-the-art expositions of major advances on the synthesis,
characterization, and application of nanofluids are available,
for example, in [2, 3, 6–12]. These characteristics make
them very attractive for a large number of industries such
as transportation, electronics, defense, space, nuclear systems
cooling, and biomedicine.

The study of nanofluids is still in its infancy [2, 3, 6–
12]. The precise nature and mechanism of the significant
improvement of thermal performance are still not known.
There is also a lack of agreement between experimental
results and between theoretical models. The fact that the
enhancement in thermal properties comes from the presence
of nanoparticles has directed research efforts nearly exclu-
sively towards thermal transport at nanoscale. The classical
conservation equations including the energy equation have

been postulated as the macroscale model of nanofluid
convective heat transfer but without adequate justification.
Thermal conductivity and convective heat transfer coefficient
are a macroscale phenomenological characterization of heat
transfer and their measurements are not performed at the
nanoscale, but rather at the macroscale. Therefore, interest
should focus not only on what happens at the nanoscale but
also on how the presence of nanoelements affects the heat
transport at macroscale.

We attempt to examine whether the classical energy
equation is adequate for describing convective heat transfer
in nanofluids at macroscale based on a macroscale heat
transfer model in nanofluids, which is rigorously developed
by scaling-up the microscale model for the heat transfer
in the nanoparticles and in the base fluids. The approach
for scaling-up is the volume averaging [13–15] with help of
multiscale theorems [15].

2. Macroscale Energy Equation

The microscale model for heat transfer in nanofluids is well
known. It consists of the field equation and the constitutive
equation. The field equation comes from the conservation
laws of mass, momentum, and energy. The commonly-used
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constitutive equation includes the Newton law of viscosity
and the Fourier law of heat conduction [16].

For transport in nanofluids, the macroscale is a phe-
nomenological scale that is much larger than the microscale
and much smaller than the system length scale. Interest in the
macroscale rather than the microscale comes from the fact
that a prediction at the microscale is complicated due to the
complex microscale structure of nanofluids, and also because
we are usually more interested in large scales of transport
for practical applications. Existence of such a macroscale
description equivalent to the microscale behavior requires a
good separation of length scales and has been well discussed
in [15, 17].

To develop a macroscale model of heat transfer in
nanofluids, the method of volume averaging starts with a
microscale description. Both conservation and constitutive
equations are introduced at the microscale. The resulting
microscale field equations are then averaged over a repre-
sentative elementary volume (REV), the smallest differential
volume resulting in statistically meaningful local averaging
properties, to obtain the macroscale field equations. In the
process of averaging, the multiscale theorems [15] are used
to convert integrals of gradient, divergence, curl, and partial
time derivatives of a function into some combination of
gradient, divergence, curl, and partial time derivatives of
integrals of the function and integrals over the boundary of
the REV.

Consider heat transfer in nanofluids with the continuous
base fluid and the dispersed nanoparticle denoted by c- and
d-phases, respectively. Note that the dispersed nanoparticles
can be liquid droplets for general nanofluids [10, 12]. As
a two-component mixture (base fluid + nanoparticles), its
microscale model can be written as [18]

∇ · vc = 0, in the c-phase,

ρc
∂vc
∂t

+ ρcvc · ∇vc

= −∇pc + ρcg + μc∇2vc, in the c-phase,

(
ρcp

)
c

∂Tc
∂t

+
(
ρcp

)
c
vc · ∇Tc

= ∇ · (kc∇Tc), in the c-phase,

∇ · vd = 0, in the d-phase,

ρd
∂vd
∂t

+ ρdvd · ∇vd

= −∇pd + ρdg + μd∇2vd, in the d-phase,

(
ρcp

)
d

∂Td
∂t

+
(
ρcp

)
d

vd · ∇Td

= ∇ · (kd∇Td), in the d-phase,

vc = vd, at Acd,

Tc = Td, at Acd,

ndc · kc∇Tc = ndc · kd∇Td, at Acd.

(1)

d-phase

c-phase

ndc

VREV

Figure 1: Representative elementary volume (REV).

Here v and T are the velocity and the temperature, respec-
tively. ρ, cp, k, p, μ, and g are the density, specific heat,
thermal conductivity, pressure, viscosity, and gravitational
acceleration, respectively. Subscripts c and d refer to the
c- and d-phases, respectively. Acd represents the area of
the c-d interface contained in the REV, and ndc is the
outward-directed surface normal from the d-phase toward
the c-phase, (Figure 1). To be thorough, we must also specify
the initial conditions and the boundary conditions at the
entrances and exits of the REV; however, we need not do so
for our discussion.

Applying the volume averaging and multiscale theorems
to scale-up the microscale model yields a macroscale model
[12, 19], where the energy equation reads

εc
(
ρcp

)
c

∂〈Tc〉c
∂t

+ εc
(
ρcp

)
c
〈vc〉c · ∇〈Tc〉c − ucc · ∇〈Tc〉c

− ucd · ∇〈Td〉d

= ∇ ·
(

Kcc · ∇〈Tc〉c + Kcd · ∇〈Td〉d
)

− avh
(
〈Tc〉c − 〈Td〉d

)
,

εd
(
ρcp
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d

∂〈Td〉d
∂t

+ εd
(
ρcp

)
d
〈vd〉d · ∇〈Td〉d − udc · ∇〈Tc〉c

− udd∇〈Td〉d

= ∇ ·
(

Kdc · ∇〈Tc〉c + Kdd · ∇〈Td〉d
)

− avh
(
〈Td〉d − 〈Tc〉c

)
.

(2)

Here εi is the volume fraction of the i-phase (the index i can
take c or d), with Vi and VREV as the volume of the i-phase in
REV, and the volume of the REV respectively:

εi = Vi

VREV
. (3)
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The intrinsic average is defined by

〈Ψi〉i = 1
Vi

∫

Vi
ΨidV. (4)

Kcc, Kcd, Kdc, Kdd, ucc, ucd, udc, udd, and avh represent the
effects of microscale physics on the macroscale heat transfer.
The readers are referred to [12, 19, 20] for their governing
equations and numerical computations.

3. Results and Discussion

Rewrite (2) in their operator form:

⎡
⎣A B

C D

⎤
⎦
⎡
⎣〈Tc〉

c

〈Td〉d

⎤
⎦ = 0. (5)

where A = γc(∂/∂t)+γc〈vc〉c ·∇−ucc ·∇−∇·(Kcc ·∇)+avh,
B = −ucd ·∇−∇·(Kcd ·∇)−avh, C = −udc ·∇−∇·(Kdc ·
∇) − avh, and D = γd(∂/∂t) + γd〈vd〉d · ∇ − udd · ∇ − ∇ ·
(Kdd · ∇). We then obtain an uncoupled form by evaluating
the operator determinant such that

[(
γc
∂

∂t
+ γc〈vc〉c · ∇ − ucc · ∇ −∇ · (Kcc · ∇) + avh

)

×
(
γd

∂

∂t
+ γd〈vd〉d · ∇ − udd · ∇ −∇ · (Kdd · ∇) + avh

)

− (ucd · ∇ +∇ · (Kcd · ∇) + avh)

×(udc · ∇ +∇ · (Kdc · ∇) + avh)
]
〈Ti〉i = 0,

(6)

where the index i can take c or d. γc = εc(ρc)c and
γd = εd(ρc)d are the c-phase and d-phase effective thermal
capacities, respectively. Its explicit form reads, after dividing
by avh(γc + γd),

∂〈Ti〉i
∂t

+
γcγd

avh
(
γc + γd

) ∂
2〈Ti〉i
∂t2

+
1(

γc + γd
)

×
(
γc〈vc〉c + γd〈vd〉d

)
· ∇〈Ti〉i

= 1
γc + γd

[∇ · (Kcc · ∇) +∇ · (Kcd · ∇) +∇ · (Kdc · ∇)

+∇ · (Kdd · ∇)]〈Ti〉i

+
1

avh
(
γc + γd

)

×
{
γc
∂

∂t
[∇ · (Kdd · ∇)] + γd

∂

∂t
[∇ · (Kcc · ∇)]

−γcγd ∂
∂t

[(
〈vc〉c + 〈vd〉d

)
· ∇

]}
〈Ti〉i

+
1

avh
(
γc + γd

)

×
{{

[∇ · (Kcd · ∇)][∇ · (Kdc · ∇)]

−[∇ · (Kcc · ∇)][∇ · (Kdd · ∇)]
}
〈Ti〉i

+
[
γc
∂

∂t

(
udd · ∇〈Ti〉i

)
+ γd

∂

∂t

(
ucc · ∇〈Ti〉i

)]

−
{

(ucc · ∇)[∇ · (Kdd · ∇)]

+ (udd · ∇)[∇ · (Kcc · ∇)]

− (ucd · ∇)[∇ · (Kdc · ∇)]

− (udc · ∇)[∇ · (Kcd · ∇)]

− γc(〈vc〉c · ∇)[udd · ∇ +∇ · (Kdd · ∇)]

−γd
(
〈vd〉d · ∇

)
[ucc · ∇ +∇ · (Kcc · ∇)]

}
〈Ti〉i

−
[

(ucc · ∇)(udd · ∇)− (ucd · ∇)(udc · ∇)

+γcγd(〈vc〉c · ∇)
(
〈vd〉d · ∇

)]
〈Ti〉i

}
.

(7)

When the system is isotropic and the physical properties of
the two phases are constant, it reduces to

∂〈Ti〉i
∂t

+ τq
∂2〈Ti〉i
∂t2

+ 〈vcd〉cd · ∇〈Ti〉i

= α Δ 〈Ti〉i + ατT
∂

∂t

(
Δ 〈Ti〉i

)

+
α

k

[
F(r, t) + τq

∂F(r, t)
∂t

]
,

(8)

where

〈vcd〉cd = 1(
γc + γd

)
(
γc〈vc〉c + γd〈vd〉d

)
,

τq =
γcγd

avh
(
γc + γd

) ,

τT =
γckdd + γdkcc

avh(kcc + kcd + kdc + kdd)
,

k = kcc + kcd + kdc + kdd,

α = kcc + kcd + kdc + kdd
γc + γd

,

(9)
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F(r, t) + τq
∂F(r, t)

∂t

= 1
avh

{
(kcdkdc − kcckdd)Δ2〈Ti〉i

+
[
γc
∂

∂t

(
udd · ∇〈Ti〉i

)
+ γd

∂

∂t

(
ucc · ∇〈Ti〉i

)

−γcγd ∂
∂t

(
〈vc〉c + 〈vd〉d

)
· ∇〈Ti〉i

]

−
{
kddΔ

[(
ucc + γc〈vc〉c

) · ∇]

+ kccΔ
[(

udd + γd〈vd〉d
)
· ∇

]

−kdcΔ(ucd · ∇)− kcdΔ(udc · ∇)
}
〈Ti〉i

−
{[(

ucc + γc〈vc〉c
) · ∇](udd · ∇)

−
[(

udd + γd〈vd〉d
)
· ∇

]
(ucc · ∇)

− [(ucd + γc〈vc〉c
) · ∇]

×
[(

udc + γd〈vd〉d
)
· ∇

]}
〈Ti〉i

}
.

(10)

This is a dual-phase-lagging heat-conduction equation with
τq and τT as the phase lags of the heat flux and the
temperature gradient, respectively [15, 21, 22]. Here, F(r, t)
is the volumetric heat source. k, ρc, α, and 〈vcd〉cd are
the effective thermal conductivity, capacity, diffusivity, and
velocity of nanofluids, respectively. Therefore, the presence
of nanoparticles shifts the classical energy equation for the
heat transfer in the base fluid into the dual-phase-lagging
energy equation in nanofluids at the macroscale. This is
significant because all results regarding dual-phase-lagging
heat transfer can thus be applied to study heat transfer
in nanofluids [21, 22]. For the case of heat conduction in
nanofluids, the inclusion of the solid-fluid interface heat
transfer also leads to dual-phase-lagging heat-conduction
equation, which resolves the conflict between experimental
data of nanofluid thermal conductivity and classical theories
of effective thermal conductivity of suspensions [23].

It is interesting to note that there are nontraditional
convective terms −ucc · ∇〈Tc〉c − ucd · ∇〈Td〉d and −udc ·
∇〈Tc〉c − udd · ∇〈Td〉d in (2). In (8), however, such terms
disappear because of the constraint from the mass conser-
vation. Therefore, the microscale physics does not manifest
itself as the macroscale convection. The velocity-like terms
appear only in the source term in (8).

The presence of nanoparticles gives rise to variations
of thermal capacity, conductivity, and diffusivity, which are
given by, in terms of ratios over those of the base fluid,

ρc(
ρc
)
c

= (1− εd) + εd

(
ρc
)
d(

ρc
)
c

,

k

kc
= kcc + kcd + kdc + kdd

kc
,

α

αc
= k

kc

(
ρc
)
c

ρc
.

(11)

Therefore, ρc/(ρc)c depends only on the volume fraction
of nanoparticles and the nanoparticle-fluid capacity ratio.
However, both k/kc and α/αc are affected by the geometry,
property and dynamic process of nanoparticle-fluid inter-
faces.

Consider

τT
τq
= 1 +

γ2
c kdd + γ2

dkcc − γcγd(kcd + kdc)

γcγd(kcc + kcd + kdc + kdd)
. (12)

It can be larger, equal, or smaller than 1 depending on the
sign of γ2

c kdd + γ2
dkcc − γcγd(kcd + kdc). Therefore, by the

condition for the existence of thermal waves that requires
τT/τq < 1[22, 24], we may have thermal waves in nanofluid
heat transfer when

γ2
c kdd + γ2

dkcc − γcγd(kcd + kdc)

=
(
γc
√
kdd − γd

√
kcc

)2

+ γcγd

(
2
√
kcckdd − kcd − kdc

)
< 0.

(13)

A necessary (but not sufficient) condition for (13) is kcd +
kdc > 2

√
kcckdd. Note also that for heat transfer in nanofluids

the microscale physics yields a time-dependent source term
F(r, t) in the dual-phase-lagging energy equation ((8) and
(10)). Therefore, the resonance can also occur. These thermal
waves and possibly resonance are believed to be the driving
force for the enhancement of heat transfer. When kcd +
kdc = 0 so that τT/τq is always larger than 1, thermal waves
and resonance would not appear. The sum kcd + kdc is thus
responsible for thermal waves and resonance in nanofluid
heat transfer. It is also interesting to note that although each
τq and τT is avh-dependent, the ratio τT /τqis not. Therefore
the evaluation of τT /τq will be much simpler than τq or τT .

Therefore, the molecular physics and the microscale
physics (interactions between nanoparticles and base fluids
at the microscale in particular) manifest themselves as heat
diffusion and thermal waves/resonance at the macroscale,
respectively. Their overall macroscopic manifestation shifts
the classical energy equation for the heat transfer in the
base fluid into the dual-phase-lagging energy equation in
nanofluids. When τT/τq < 1, thermal waves dominate and
(8) is of a hyperbolic type [22]. When τT/τq ≥ 1, however,
heat diffusion dominates and (8) is parabolic [22]. Depend-
ing on factors like material properties of nanoparticles and
base fluids, nanoparticles’ geometrical structure and their
distribution in the base fluids, and interfacial properties
and dynamic processes on particle-fluid interfaces, the heat
diffusion, thermal waves/resonance, and convection may
either enhance or counteract each other. Consequently, the
heat transfer in nanofluids is endowed with much richer
features than that in the base fluid.

4. Concluding Remarks

In an attempt to determine how the presence of nanoparticles
affects the heat transfer at the macroscale and isolates the
mechanism responsible for the reported variation of thermal
properties, a macroscale energy equation is developed and
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examined analytically for nanofluid heat transfer. The model
is obtained by scaling-up the microscale model for the heat
transfer in the nanoparticles and in the base fluids. The
approach for scaling-up is the volume averaging with help
of multiscale theorems. The result shows that the presence of
nanoparticles leads to a dual-phase-lagging energy equation
in nanofluids at the macroscale. Therefore, the molecular
physics and the microscale physics manifest themselves
as heat diffusion and thermal waves at the macroscale,
respectively. Depending on factors like material properties
of nanoparticles and base fluids, nanoparticles’ geometrical
structure and their distribution in the base fluids, and
interfacial properties and dynamic processes on particle-
fluid interfaces, the heat diffusion, convection, and thermal
waves may either enhance or counteract each other, which
will enrich heat-transfer performance significantly.
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The natural convection heat transfer characteristics of Al2O3/water nanofluids comprised of 47 nm, Al2O3 and water, with volume
fractions ranging from 0.5% through 6%, has been investigated through a set of experimental measurements. The temperature
of the heated surface and the Nusselt number of different volume fractions of Al2O3/water nanofluids natural convection tests
clearly demonstrated a deviation from that of pure base fluids (distilled water). In the investigation, a deterioration of the natural
convection heat transfer coefficient was observed with increases of the volume fraction of the nanoparticles in the nanofluids. The
deterioration phenomenon was further investigated through a visualization study on a 850 nm diameter polystyrene particle/water
suspension in a bottom heating rectangular enclosure. The influence of particle movements on the heat transfer and natural flow
of the polystyrene particle/DI water suspension were filmed, and the temperature changes on the heating and cooling surfaces
were recorded. The results were analyzed in an effort to explain the causes of the natural convection heat transfer deterioration of
the 47 nm Al2O3/water nanofluids observed in the experiments. The visualization results confirmed the natural convective heat
transfer deterioration, and further explained the causes of the deterioration of the nanofluids natural convective heat transfer.
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1. Introduction

There is increasing evidence that nanoparticles dispersed
in liquid base fluids can have a significant impact on
the effective thermal conductivity of nanoparticle/liquid
suspensions (nanofluids) [1–18]. For example, nanofluids
consisting of 10 nm Cu nanoparticles suspended in ethylene
glycol with a volume fraction of 0.3%, have shown a 40%
enhancement in the effective thermal conductivity, when
compared to that of the base fluid (ethylene glycol) [15]. In
addition, 36 nm CuO nanoparticles in distilled water with
a volume fraction of 5% have exhibited as much as a 60%
increase in the effective thermal conductivity over that of the
base fluid (distilled water) at room temperature [16], and
33 nm Al2O3 nanoparticles in distilled water have exhibited
a 30% enhancement in the effective thermal conductivity
[16]. Moreover, the enhancement of the effective thermal
conductivity of these metal oxide nanoparticle nanofluids

has been shown to increase with increases in temperature
[17].

Recent experiments indicated that water-based nanoflu-
ids of 29 nm CuO and 36 nm Al2O3 nanoparticles resulted
in a range of effective thermal conductivity enhancements
from 30% to 52% for CuO/Distilled water nanofluids,
and 8% to 30% for Al2O3/Distilled water nanofluids, at
volume fractions of 6% and 10%, respectively, and at a bulk
temperatures ranging from 27.5◦C to 34.7◦C [18].

Several mechanisms have been proposed to explain the
enhancements described above. Of the two most likely, the
first attributed the effective thermal conductivity enhance-
ment to the increased thermal conductivity of the nanopar-
ticles and agglomerations. The second focused on the con-
tribution of the Brownian motion of the nanoparticles. The
significance of these two mechanisms are both closely related
to the bulk temperature of the nanoparticle suspension,
the mean size of the nanoparticles, the volume fraction of
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nanoparticle in the nanofluids, and the physical properties
of base fluid materials.

The increased thermal conductivity of nanoparticle
suspensions has been well documented and can be estimated
using Maxwell’s equation [19] or the Hamilton and Crosser
equation [20]. The Brownian motion mechanism and con-
tribution of the nanoparticles in the base fluid has received a
significant amount of attention more recently, and has been
extensively explored and/or explained [13, 21–24].

Other heat transfer modes of nanofluids, such as natural
and forced convection and boiling heat transfer, have also
been investigated by a number of researchers [25–34].
Like the study on the effective thermal conductivity of
these nanofluids, several mechanisms and explanations have
been proposed. For the natural convection heat transfer of
nanofluids, Okada et al. [28, 29] experimentally measured
the change of layering and concentration of large soda glass
particle/water suspensions in a rectangular cross-section cell,
which had a bottom heating surface and five other isothermal
walls. The same group of researchers also measured the
natural convection heat transfer of 2.97 micron SiO2/water
suspension in a rectangular cross-section vessel, which was
heated and cooled from two opposing vertical walls and
had other four adiabatic walls. Khanafer et al. [30] and Jou
and Tzeng [31] conducted numerical studies of the natural
convection heat transfer of nanofluids in a two-dimensional
enclosure.

Based on the assumptions used in these simulations,
such as the thermal and flow equilibrium between the fluid
phase and nanoparticles, the uniform shape and size for
nanoparticles, and most importantly, the enhancement in
the effective thermal conductivity of the nanofluids due to
the thermal dispersion, the two numerical investigations
resulted in the same conclusion, that the natural convection
heat transfer of nanofluids had been greatly increased at
various flow parameters. Putra et al. [32] experimentally
evaluated Al2O3 and CuO nanoparticle/water nanofluids in
a horizontal cylindrical unit, heated on one vertical side and
cooled on the other vertical side in a horizontal direction.
It was found that a systematic and definite deterioration
in natural convection heat transfer had occurred in both
of these types of nanofluids. Similar natural convection
heat transfer deterioration results were also reported in
the investigation at various volume fractions of TiO2/water
nanofluids [33]. Discussion of those two reports focused
on several possible parameters, which could lead to this
deterioration, such as the thermophysical properties, particle
concentration, the pH value, and the particle/water surface
interaction.

To determine the effect of nanoparticle concentration, a
visualization study of the natural convection of 57 micron
diameter glass particle suspensions under intermittent heat-
ing was conducted [34]. A transient change of flow patterns
was observed and a particle-free layer at the top of convection
cell was observed. When compared to tests on pure liquid,
a peculiar sedimentation driven two-layer convection was
found.

Based on the previous studies of the effective thermal
conductivity and the viscosity of Al2O3/distilled water

nanofluids, the current investigation was focused on the
experimental measurement of natural convection heat trans-
fer of Al2O3 nanofluids. The particle movement influences
on the natural convection heat transfer deterioration was
also analyzed by visually studying the heat transfer process
of an 850 nm polystyrene particle/DI water suspension in a
rectangular enclosure. The two components were integrated
in an effort to explain the causes of the new phenomena
of nanofluids natural convective heat transfer deterioration.
In Al2O3 nanofluids test, there is no surfactant involved
to avoid the hydrophobic to hydrophilic aqueous interfaces
effect introduced by surfactants [35, 36], rather the samples
were kept in original pH value around 7 and ultrasonic bath
was used to make sure a good dispersion in a reasonably time
period of 24 hours. As pointed by [37], the tested effective
thermal conductivities of the nanoparticle suspensions were
repeatable with negligible changes in this time period.

2. Experimental Test Facility and Results

2.1. The Experimental Measurement of Natural Convection
Heat Transfer of Al2O3 Nanofluids. In the current investiga-
tion, the natural convection heat transfer of Al2O3 nanofluids
was studied using the test facility shown in Figure 1. This
system was thermally insulated and consisted of a support
rig, two copper bars, one rubber o-ring and the thermal
insulation materials. The copper bars have a diameter of
25.4 mm (1 inch), and a length of 254 mm (10 inches). The
o-ring had a diameter of 2.5 mm and formed a circle with
25.4 mm outer diameter, which was used to form a test cell
along with the two 25.4 mm diameter cross-section copper
bars. Starting at the surfaces, eighteen k-type thermocouples
(Omega, USA) were inserted at the center of both copper
bars 25.4 mm apart along the axis. Temperatures at each
insertion point were measured simultaneously using a 40-
channel thermocouple amplifier HP 34970A data acquisition
system at a DAQ rate of 100 fps. The heat flux was deter-
mined through a one-dimensional conduction equation. The
lower copper bar was connected to a heater to heat up the
bottom of test cell, and the upper copper bar was connected
to a heat pipe heat dissipater, which rejected heat to the
environment. The whole system was calibrated with pure
water and the uncertain was estimated to be less than 5%.

The Al2O3 nanofluids were produced by dispersing Al2O3

nanoparticles into the base fluid, distilled water (DI water).
The Al2O3 nanoparticles were purchased from Nanophase
Technologies Corporation, USA, and had a spherical shape
with a mean diameter of 47 nm as shown in Figure 2. Prior
to each test, the Al2O3 nanofluids were processed in an ultra-
sonic bath for 90 minutes to break any possible aggregations
of Al2O3 nanoparticles and to keep the nanofluids uniformly
dispersed. The dispersing method could ensure that the
nanofluids were stable for more than 24 hours without any
visible sedimentations and agglomerations. After the Al2O3

nanofluid samples were prepared, they were charged into the
test cell for the natural convection heat transfer tests.

The heat flux in the copper bars was determined by
measuring the temperatures at different locations inside
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Figure 1: Experimental test facility: (Left) 1: horizontal plane table;
2: base plate; 3: vertical support; 4: load screw; 5: heat dissipater; 6:
thermal insulation wrapper; 7: upper copper bar; 8: sample charge
tubes; 9: o-ring; 10: lower copper bar; 11: heat sink; 12: coolant inlet
and outlet; (Right) the thermocouple distribution on both copper
bars [18].

the upper and lower copper bars to obtain temperature
profiles and was then computed with one-dimensional heat
conduction equation as follows:

∂2T

∂t2
= 1
α

∂T

∂t
, (1)

q = kcopperAbar
∂T

∂x

∣∣∣∣
x=surface

. (2)

After the heat flux was obtained, the heat transfer
coefficient, h, was calculated by

h = q

Abar

(
Tlower − Tupper

)
. (3)

The Nusselt number (Nu) and the Rayleigh number (Ra)
were calculated based on the temperature difference between
the upper and bottom surfaces and heat transfer coefficient,
as shown in (4). The effective thermal conductivity and vis-
cosity of Al2O3 nanofluids were obtained from the previous
work [18, 38]. The mean heat flux of this experiment was

100 nm

Figure 2: TEM picture of Al2O3 nanoparticles.
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Figure 3: The temporal change in temperature of the heated
and cooled surfaces for different Al2O3/DI water nanoparticle
suspension samples tested.

found to be 120 W/m2, and the distance between two surfaces
of the test cell was 2.5 mm:

Nu = h∗ d

k
,

Ra = gβΔTd3

(να)
,

Nu = c ∗ Ran.

(4)

2.2. Experimental Results of Natural Convection Heat Transfer
of Al2O3/DI Water Nanofluids. For the experimental mea-
surements of natural convective heat transfer, temperature
changes against time were recorded and are presented in
Figures 3 and 4. As indicated, the temperature differences
between each pair of different volume fraction nanofluids
were approximately 1◦C. The highest heating surface tem-
perature occurred at the 6% volume fraction nanofluid,
and the lowest heating surface temperature occurred for
pure water. The cooling surface temperatures of different
volume fraction Al2O3/DI water nanofluids had virtually no
difference due to the excellent heat transfer performance of
heat pipe heat dissipater.
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Figure 4: Temperature change of the heated surface as a function of
time after 400 seconds of Al2O3/DI water nanoparticle suspension
samples.

It was interesting to note that, within the first 200
seconds, the heating surface temperatures of Al2O3/DI water
nanofluids at all volume fractions underwent an evolving
process whereby the heating surface temperature of 6%
volume fraction nanofluid moved up to be the highest and
the heating surface temperature of pure water changed to
be the lowest among all the heating surface temperatures,
which originally were at the same value. After the first 200
seconds, the temperature of the heating surface for the pure
water case was still the lowest, with the next lowest being the
0.5% volume fraction nanofluid, followed by the 2% volume
fraction nanofluid, the 4% volume fraction nanofluid, and
finally the highest heating surface temperature occurred
for the 6% volume fraction nanofluid. After the first 400
seconds, the heating surface temperature differences of all
the different volume fraction tests were reduced but still
had the same order that heating surface of the 6% volume
fraction had the highest value, followed by the 4% volume
fraction, and next by 2% volume fraction, then by 0.5%
volume fraction, and finally by pure water, as shown in
Figure 4.

The relationships between the Nu and Ra numbers for
each volume fraction of the Al2O3/DI water nanofluid and
pure water are presented in Figure 5, which demonstrates
that the pure water had the highest Nu number at a
given Ra number, followed by the 0.5% volume fraction
Al2O3/DI water nanofluid, 2% volume fraction Al2O3/DI
water nanofluid, 4% volume fraction Al2O3/DI water
nanofluid, and finally the 6% volume fraction Al2O3/DI
water nanofluid. This decreasing trend of Nu number with
the increase of volume fraction has also been previously
reported by other investigators [32, 33], which clearly
illustrated a deterioration of natural convection heat transfer
against the increase of volume fraction of Al2O3/DI water
nanofluids with the experimental data of pure water and
Al2O3/DI water nanofluids.
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Figure 5: The Nu number of natural convection versus the Ra
number of Al2O3/DI water nanoparticle suspension samples.

This deterioration of natural convection heat transfer
against the increase of volume fraction of Al2O3/DI water
nanofluids is directly opposite to the enhanced effective
thermal conductivity of Al2O3/DI water nanofluids with the
increase of volume fraction, which is shown in Figure 6(a).
This can be partially explained by the enhanced viscosity
of the Al2O3/DI water nanofluids as shown in Figure 6(b),
which matched the prediction of Einstein’s equation of μ =
μBF ∗ (1− φ)−2.5 [39] as demonstrated in Figure 7. However,
many experimental and theoretical studies on the forced
convection heat transfer of nanofluids demonstrated that the
forced convection heat transfer would be enhanced by the
nanofluids compared to that of pure base fluid under the
same enhanced viscosity conditions [21, 40–43]. Henceforth,
the increase of viscosity could not explain the deterioration
of natural convection heat transfer of nanofluids alone. It was
proposed that the kinetics of particles in flowing were the
reason for the change of heat transport in laminar flow of
polystyrene suspensions by [44, 45] and the double-layering
of particle concentration for the natural convection of 57
micron diameter glass particle suspensions by [34]. There-
fore, visualization investigations on particle kinetics, more
specifically, the bulk migrating movement of Al2O3 nanopar-
ticles in the nanofluids and the rotational and translational
Brownian movements of individual Al2O3 nanoparticles,
are very necessary. Currently, the experimental observation
methods of the nanometer scale particle movements are
very limited. In order to conduct the nanoparticle kinetics
observation investigation, a 850 nm polystyrene particle/DI
water suspension has been employed for the visualization
study under the optical microscope.

2.3. Visual Study of Submicron Particle Suspension Transient
Natural Convection. To complement the experimental mea-
surements of natural convection heat transfer of Al2O3/DI
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Al2O3/DI water nanoparticle suspensions [18, 38].
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water nanoparticle suspensions [38] and theoretical predictions
[39].
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Figure 8: Cross-section view of the testing closure cells with
platinum ribbon as bottom heating surface.

water nanofluids and to study the influences of local and
bulk nanoparticles movements in the natural convection
heat transfer of Al2O3/DI water nanofluids, a series of

visualization investigations of the natural convection heat
transfer of 850 nm polystyrene/DI water suspensions were
conducted to analyze and predict the relationship between
the movement of the particles and flow pattern and the
resulting heat transfer coefficient deterioration found in the
foregoing experiments on Al2O3/DI water nanofluids.

A rectangular enclosure was fabricated to provide a
bottom heating geometry as illustrated in Figure 8, and a
diluted 850 nm diameter polystyrene/DI water suspension
was charged into the rectangular enclosure. A platinum
ribbon was placed on the bottom of the rectangular enclo-
sure to provide the heating surface for the visualization
experiments. The original 2.5% volume fraction suspension
was purchased from Seradyn, Inc., and the platinum ribbon
(99.9% pure) was obtained from Scientific Instrument
Services, Inc.

The platinum ribbon heater was first calibrated under the
range of temperatures in the natural convection heat transfer
measurements of nanofluids, and the relationship between
temperature and platinum ribbon electric resistance was
obtained. The repeatability and stability of the relationship
were verified by a number of repeats of the calibration tests.
The relationship between the temperature and the platinum
electric resistance at the corresponding temperature is

R = R0[1 + αe(T − T0)]. (5)

The coefficient αe was obtained in the calibration setup
in which the platinum ribbon was sandwiched between two
thick layers of insulation material and was attached with
three evenly placed thermocouples along its length. The
entire calibration system was covered with a flexible insu-
lation material in an environmental chamber. By carefully
adjusting the temperature of the environmental chamber, the
temperature differences between the three thermal couples
were observed to be ±0.1◦C at a steady-state, and the
electrical resistance and temperature were simultaneously
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Figure 9: Calibration results for the 2.5 mm width platinum
ribbon.

recorded by a digital data logger. A linear curve fit was
obtained from the data recorded, and the coefficient αe was
identified as shown in Figure 9. The electric resistance and
temperature relationship for the 2.5 mm width platinum
ribbon is shown as follows:

R = 0.0379∗ t + 2.3981. (6)

This relationship can be expressed in the form of (1) as

R = 3.398∗ [1 + 0.00752∗ (T − 278.2)]. (7)

In this expression, the coefficient, αe, is approximately
equal to 0.00752 for the 2.5 mm width platinum ribbon.

This bottom heating rectangular enclosure unit was first
fabricated on a glass slide using a Microelectromechanical
System (MEMS) technique to create a 2.5 mm wide, 0.5 mm
deep rectangular channel. And a 0.05 mm thick, 2.5 mm wide
platinum ribbon was placed on the bottom of the channel.
Then a 0.1 mm thick glass slide was used to cover the channel
and to finish the enclosure. Inside the rectangular enclosure
test unit, it was charged with the 0.1% volume fraction
850 nm diameter polystyrene/water suspension diluted from
the original 2.5% volume fraction suspension.

The sample charged test unit for the bottom heating
natural convection visualization is shown in Figure 10. The
electric power, electric resistance measurement device and
thermocouples were all connected to the test unit under
the optical microscope as represented in Figure 11. The
temperature of the upper surface of the test cell was measured
directly with thermocouples and the bottom heating surface
temperature was calculated through the relationship between
the temperature and electrical resistance as described in (7).
Both surface temperatures were used later to calculate the
Ra number of the 0.1% volume fraction 850 nm diameter
polystyrene/water suspensions.

The simultaneous temperature and electric resistance
data collection was started when a heating power of 2.7 W
was applied to the platinum ribbon. During the entire
bottom heating natural convection heat transfer visualiza-
tion process, the particle movements were filmed using an
optical microscope mounted with a high speed visualization

Platinum ribbon

Seal glue

Charged sub-micron
particleSuspension

test cell

Figure 10: The test unit for the bottom heating visualization of the
850 nm polystyrene particle/DI water suspension.

system. The optical microscope was equipped with a 50X
objective lens. The mounted charge-coupled device (CCD)
imaging system had a maximum magnification of 500 frames
per second (fps) rate and a maximum recording rate of
2000 fps with a reduced magnification. The movements of
the 850 nm diameter polystyrene particles were synchronized
with the temperature data recorded through the HP 34970A
data logger to explore the effects of particle movements on
the natural convection heat transfer in the bottom heating
rectangular enclosure.

2.4. Results of Visualization Study on 850 nm Diameter
Polystyrene/Water Suspensions. The visualization results of
both bulk movement and individual particle movement of
the 850 nm polystyrene particles were quite interesting. As
shown in Figure 12 the individual particle movements, the
rotational and translational Brownian motions of the parti-
cles, were found to be quite strong all the time. Before power
was applied to the platinum ribbon heater, the individual
particle Brownian motion was the only phenomena that were
observed, as shown in Figure 12(a). Particles were moving
in random patterns around each original position in the
suspension. Immediately following the initiation of power
to the platinum ribbon heater, in addition to Brownian
motions, the particles began to slowly migrate from the
bottom to the top. More interestingly, the random Brownian
motion and the migrating movement appear independent
to each other. More often than not, the displacement
Brownian motion of particles will move in the direction
against the bulk migrating movement. This stage of particle
movements was captured in Figure 12(b). In a relatively long
time period after the heating was turned on, the migrating
movements of particles maintained roughly at the same
order of magnitude as the displacement Brownian motion
had, and the Brownian motions of particles were still very
distinguishable, as shown in Figure 12(c). At the moment
approximately 210 seconds after the platinum ribbon heating
power was turned on, Strong bulk migrating movement
was observed, which was several orders greater than that of
the individual particles Brownian motions. The Brownian
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Figure 11: The test facility for the bottom heating test cell of the 850 nm polystyrene particle/DI water suspension (right) and observation
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Figure 12: The zoom-in observation of Brownian motions and bulk migrating (thermophoresis) movement of particles before the onset
of natural convection. (Particle 1 is doing translational Brownian motion, particle 2 is doing rotational Brownian motion, and particle 3 is
doing both Brownian motions with and without the bulk migrating movement. Particle agglomeration 4 is doing bulk migrating movement
only).

motions were not to be distinguished any more. From
then on, the 850 nm diameter polystyrene/water suspension
experienced a natural convection inside the rectangular
enclosure. As demonstrated in Figure 13, a vertical layer of
concentrated particles was visualized in the middle region
of the enclosure and was represented by the red arrows
in Figure 13(a). This phenomenon is similar to what was
previously reported by [20] except that it was believed
that, in the current experiment, the concentration layer
was caused by natural convection cycles rather than the
double diffusive convection resulting from temperature and
concentration gradients in [20]. Figure 13(b) presented one
recorded image of particle bulk movement at the top of the
middle region in the enclosure. The temperatures of both
the bottom heating surface and the upper cooling surface
were recorded simultaneously with the images as shown in
Figure 14. In the time period right after the heating power
was turned on, the temperature of the bottom heating surface
increased relatively sharply first. Then the bottom heating
surface temperature increase became more gradually. At the
moment of around 207 seconds after the heating power on
the platinum ribbon was turned on, the bottom heating
surface temperature dropped around 5◦C abruptly and then
climbed back to the previous value in a time period of
several tens seconds. This sudden drop of bottom heating

surface temperature corresponded to the visualization of a
sudden augmentation of bulk migrating movement at the
same time. After this period of temperature recovering, the
bottom heating surface temperature kept at relatively stable
value with a minor increase comparing to the temperature
changing manner prior to the moment of the sudden drop.
With the temperature information of both surfaces, it was
found out that the Ra number was greater than the critical
Ra number of 1708 for the onset of natural convection
in an enclosure [46]. It implied that the onset of internal
natural convection of 850 nm diameter polystyrene/water
suspension was delayed, with the evidence of a larger critical
Ra number.

3. Discussions and Conclusions

From the experimental measurements of Al2O3/DI water
nanoparticle suspension natural convection heat transfer, the
natural convective heat transfer of 47 nm Al2O3/DI water
nanofluids demonstrated a deterioration with the increase
of volume fraction of Al2O3 nanoparticle, as reported in
previous experiments [27, 33]. The experimental results were
directly against the simulation results that the nanofluids
could enhance the heat transfer coefficient in natural con-
vection heat transfer by [30, 31].
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Figure 13: Bottom heating natural convection of submicron particle suspension ((a) the natural convection in the cell; (b) zoom-out top
view of massive submicron particle drift pattern), and the arrows are the moving directions.
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Figure 14: Temperature change of bottom heating surface (upper
line) and upper cool surface (lower line) of submicron particle
suspension.

For visualization experiments on the 850 nm diameter
polystyrene/water suspension, the results indicated that the
Brownian motions and thermophoresis movements were the
key reasons for the heat transfer before the onset of natural
convection heat transfer. Those particle movements delayed
the onset of the natural convection heat transfer and might
still play a role in the heat transfer deterioration after the
onset. The Brownian motions and bulk migrating (ther-
mophoresis) movement were not proposed in the previous
experimental nanofluids natural convection heat transfer
study [32, 33]. More recently, the combined influence
of the Brownian motions and thermophoresis movement
on the natural convection heat transfer found in current
research echoes a recent theoretical study on nanofluids
natural convection heat transfer by [47], which theoreti-
cally confirmed the influence from Brownian motions and
thermophoresis movement of nanoparticles to the nanofluid
natural convection heat transfer. However, its conclusion of
the nanoparticle movement effect supported the previous
simulation results that nanofluids would have a higher
natural convective heat transfer coefficient of nanofluids than
that of pure water [30, 31].

Based on the observations of the 850 nm diameter
polystyrene/water suspension natural convection heat trans-
fer and the previous reports, it is reasonable to anticipate that

nanometer size particles will have an even stronger Brownian
motions and thermophoresis movement, which will greatly
influence the nanofluids natural convection heat transfer
process by delaying the onset of natural convective flow and
heat transfer. This delayed onset of natural convection heat
transfer may be directly caused by the enhanced effective
thermal conductivity and enhanced effective viscosity of the
nanofluids as the results of the mixing and stirring effects of
the nanoparticle Brownian motions, as shown in Figure 6.
This mixing and stirring effect was extensively demonstrated
by [13]. It is believed that the enhanced effective thermal
conductivity will reduce the temperature gradient and the
enhanced effective viscosity will damp out the hydrodynamic
perturbation, and in turn, will delay the onset of natural
convection heat transfer. After the natural convection heat
transfer is developed, both enhanced effective thermal
conductivity and effective viscosity will still play a role in
slowing down the bulk movement of the nanofluids in
natural convection by reducing the temperature gradient and
advection momentum. If taking into account the size effect,
it should be reasonable to expect that the nanoscale particle
should have stronger Brownian motion and thermophoresis
activities, and the natural convection onset should be even
further slowed down.

In summary, a combined experimental investigation of
natural convection heat transfer characteristics of 47 nm
Al2O3 nanofluids at various volumetric fractions and a
850 nm diameter polystyrene/water suspension has been
conducted. The visual observation study on the 850 nm
diameter polystyrene/water suspension served as a virtual
reference to interpret the deterioration of nanofluids natural
convection heat transfer. The results of current investigation
were compared with the previously reported results to offer
new experimental evidence for the unclarified phenomena.
The controversy resulted from simulation study and
experimental study is still not clear, but it might be caused
by the simulation assumption of uniform nanoparticle size
distribution, constant properties, lack of gravity effect on
nanoparticles, and the interaction among nanoparticles. To
nail down the exact reasons, an extensive comparison study
on the results with different assumption in simulation is
needed.
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The reasons drawn in current study for the natural
convection heat transfer deterioration are summarized as
follows:

(1) the higher viscosity of the nanofluids,

(2) the temperature gradient smoothing and perturba-
tion damping effects in the body of nanofluids by the
mixing and stirring effect of the Brownian motions,
which might cause the delayed onset of natural
convection,

(3) the influence on the flow field and temperature field
from the Brownian motions and thermophoresis
movements after the natural convection was devel-
oped.

Although care has been taken to eliminate other influ-
ences from the nanofluid and polystyrene/water suspension
samples, it is still possible that other factors might have
played a role, such as the slow aggregation of individual par-
ticles, the sedimentation of the particles and/or aggregations,
and the influence of the nonuniform size of the particles.

Nomenclature

Abar: Cross-sectional area of the copper bar
Acell: Cross-sectional area of the test cell
Ao-ring: o-ring contact area with the copper bar surface
c: Constant
d: Distance of gap
h: Heat transfer coefficient
keff: Effective thermal conductivity of the fluid

suspension
ko-ring: Thermal conductivity of the rubber o-ring
kcopper: Thermal conductivity of the copper bar
k f : Thermal conductivity of the base fluid
n: Constant
q: Heat flux
R: Resistance of platinum ribbon at temperature T
Ro: Resistance of platinum ribbon at the reference

temperature To

∇Tcell: Temperature difference between surface of the
upper and lower copper bars

∇Tbar: Temperature difference between two adjacent
thermocouples along the axis of the copper bars

x: The coordinate on the axis of copper bars
∇Zbar: The distance between two adjacent thermocouples

along the axis of the copper bars
∇Zcell: Thickness of the test cell
T : Absolute temperature
α: Thermal diffusivity of fluid/ratio of the

nanoparticle and base fluid thermal conductivity
αe: Electric resistance-temperature coefficient of the

platinum ribbon
β: Volume expansion coefficient of the fluid
φ: Volume fraction of the nanoparticle suspension
μBF: The viscosity of the base fluid
μ: Viscosity
ν: Kinematic viscosity of the fluid.
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Turbulent forced convection flow of a water-Al2O3 nanofluid in a circular tube subjected to a constant and uniform temperature
at the wall is numerically analyzed. The two-phase mixture model is employed to simulate the nanofluid convection, taking
into account appropriate thermophysical properties. Particles are assumed spherical with a diameter equal to 38 nm. It is found
that convective heat transfer coefficient for nanofluids is greater than that of the base liquid. Heat transfer enhancement is
increasing with the particle volume concentration and Reynolds number. Comparisons with correlations present in the literature
are accomplished and a very good agreement is found with Pak and Cho (1998). As for the friction factor, it shows a good agreement
with the classical correlation used for normal fluid, such as Blasius formula.

1. Introduction

In a thermal system, convective heat transfer rate can be
enhanced passively by changing flow geometry, boundary
conditions, or by improving thermophysical properties, for
example, enhancing fluid thermal conductivity. Suspending
small solid particles in a fluid represents an innovative way to
improve its thermal conductivity.

First studies on possibility of increasing thermal con-
ductivity of a solid-liquid mixture by adding more volume
fraction of solid particles were in Maxwell [1, 2]. Several
investigations revealed that the thermal conductivity of the
nanoparticles suspension could be increased by more than
20% for the case of very low nanoparticles concentrations
[3–10].

Different concepts and models have been proposed to
explain the enhancement in heat transfer [8, 11–14]. The-
oretical and experimental investigations have been accom-
plished to estimate the effective thermal conductivity of
nanofluids. Some experimental studies [15, 16] show that
the measured thermal conductivity of nanofluids is much
larger than the classical theoretical predictions [17]. Other

experimental investigations [18, 19] found that the thermal
conductivity has not shown any anomalous enhancement,
and for lower volume fractions the results agree well with the
classical equations [17, 20]. Many attempts have been made
to formulate efficient theoretical models for the prediction of
the effective thermal conductivity, but there is still a lack on
this topic [21–23].

Relatively few theoretical and experimental investigations
have been reported on convective heat transfer in confined
flows, as also reviewed in [7–9, 24]. Experimental results are
provided for convective heat transfer of nanofluids laminar
and turbulent flow inside a tube in [11, 25–30].

Furthermore, a number of numerical studies dealt with
laminar and turbulent convection. Basically there are two
approaches to simulate nanofluids convection, the first
approach consists of the single-phase model where the
fluid with the suspended nanoparticles is assumed to be
continuous, while the second approach uses a two-phase
model in order to get a better description of the mixture
taking into account the interactions between the liquid and
the nanoparticles. The single-phase model with physical
and thermal properties-all assumed to be constant with
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temperature was, employed in [31–34]. It represents the
simplest way to treat numerically the nanofluids, anyway this
method was successfully validated with experimental data.

A numerical study on fully developed laminar mixed
convection of a nanofluid consisting of water and Al2O3 in
a horizontal curved tube was carried out in [35]. Three-
dimensional elliptic-governing equations were used and the
single phase model was employed. It was found that the
nanoparticles volume fraction does not have a direct effect
on the secondary flow, axial velocity, or the skin friction
coefficient. For a given Reynolds number, a negative effect
of buoyancy force on the Nusselt number was obtained while
the nanoparticles concentration had a positive effect on the
heat transfer enhancement and also on the skin friction
reduction. The two-phase approach seems a better model
to describe the nanofluid flow. In fact, the slip velocity
between the fluid and particles may not be zero [11] due to
several factors such as gravity, friction between the fluid and
solid particles and Brownian forces, and the phenomena of
Brownian diffusion, sedimentation, and dispersion. The two-
phase approach provides a field description of the dynamics
of each phase or, alternatively, the Lagrangian trajectories of
individual particles coupled with the Eulerian description of
the fluid flow field [36, 37]. Recently, a single- and two-phase
model was employed with either constant or temperature-
dependent properties [38]. The results for the two-models
were quite similar, so the simpler model may be employed.
Quite recently, a two phase mixture model was applied to
study the turbulent forced convection flow of a nanofluid in
a uniformly heated tube [39]. The comparison of calculated
results with experimental values shows that the mixture
model is more accurate than the single-phase model.

In the present paper, developing turbulent forced con-
vection flow of Al2O3/water nanofluid in circular tube is
numerically investigated. Steady state of a two-dimensional
axial symmetric flow is considered and the channel is heated
at uniform wall temperature. Alumina particles have a
spherical size of 38 nm diameter.

The finite volume method is employed to solve the
problem and the two phase approach is used to evaluate the
developing forced convection flow. The obtained results are
presented in terms of temperature distributions, local and
average heat, mass transfer coefficients, and Nusselt number
profiles.

2. Mathematical Modelling

Figure 1 shows the considered geometrical configuration. It
consists of a tube with length (L) of 1.0 m and circular section
with the diameter (D) equal to 0.01 m.

The considered nanofluid is a mixture composed of water
and particles of Al2O3, with a diameter of 38 nm. The fluid
enters with uniform temperature, T0 = 293 K, and velocity
profiles at the inlet section and the tube length is appropriate
in order to obtain fully developed profiles (of velocity and
temperature) at the outlet section. The condition of uniform
wall temperature is considered and the flow and the thermal
field are assumed to be symmetrical with respect to the

V0,T0

Tw

D

L

Figure 1: Schemae of the configuration under investigation.

vertical plane passing through the tube main axis, so half
tube is considered, in order to save computational time
without loosing in accuracy.

2.1. Governing Equations. The two-phase mixture model is
employed to analyze the thermal and fluid dynamic behavior
of the considered nanofluid.

In the mixture model the fluid is considered to be a single
fluid with two phases and the coupling between them is
strong [39]. But each phase has its own velocity vector and
within a given control volume there is a certain fraction of
each phase.

One of the major issues in these simulations is found to
be the evaluation of nanofluid thermophysical properties in
general and viscosity and thermal conductivity in particular,
because the use of classical models is questionable for
nanofluids. On the other hand, too few experimental data on
nanofluids are available to build new models.

The following formulation represents the mathematical
description of the mixture model governing equations [39,
40].

Conservation of mass:

∇ ·
(
ρm�Vm

)
= 0. (1)

Conservation of momentum:

∇ ·
(
ρm �Vm�Vm

)
= −∇Pm +∇ · (τ − τt)

+∇ ·
⎛
⎝

n∑

k=1

ϕkρk�Vdr,k�Vdr,k

⎞
⎠,

(2)

where �Vdr,k is the drift velocity of the kth phase.
Volume fraction:

∇ ·
(
φpρp�Vm

)
= −∇ ·

(
φpρp�Vdr,p

)
. (3)

Conservation of energy:

∇ ·
⎛
⎝

n∑

k=1

ϕk�Vk
(
ρkHk + P

)
⎞
⎠ = ∇ ·

(
λ∇T − Cpρmvt

)
. (4)

Compression work and the viscous dissipation are
assumed negligible in the energy equation (4).
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In the equation of the conservation of momentum, (2),
�Vdr,k is the drift velocity for secondary phase k (i.e., the
nanoparticles in the present study), defined as

�Vdr,k = �Vk − �Vm,

τ = μm∇�Vm,

τt =
n∑

k=1

ϕkρkvkvk.

(5)

The slip velocity (relative velocity) is defined as the
velocity of secondary phase (p) relative to the velocity of the
primary phase ( f )

�Vp f = �Vp − �Vf . (6)

The drift velocity is related to the relative velocity

�Vdr,p = �Vp f −
n∑

k=1

ϕkρk
ρm

�Vf k. (7)

The relative velocity, determined from (5) proposed
by Manninen et al. [41] while from (6) by Schiller and
Naumann [42] is used to calculate the drag function fdrag

�Vp f =
ρpd2

p

18μ f fdrag

(
ρp − ρm

)

ρp
a, (8)

fdrag =
⎧⎨
⎩

1 + 0.15 Re0.687
p Rep ≤ 1000

0.0183 Rep Rep > 1000.
(9)

The acceleration in (8) is

a = g −
(
�Vm · ∇

)
�Vm. (10)

2.2. Turbulence Modeling. To close the governing equations
of the thermofluid dynamics field. Experimental data or
approximate models are necessary to close the governing
equations of thermofluid dynamics fields in turbulence
phenomena.

In the present work, the k-ε model proposed by Launder
and Spalding [43] is considered. The k-ε model introduces
two new equations, one for the turbulent kinetic energy and
the other for the rate of dissipation. The two equations can
be expressed in the following form:

∇ ·
(
ρm�Vmk

)
= ∇ ·

(
μt,m
σk
∇k
)

+Gk,m − ρmε, (11)

∇ ·
(
ρm�Vmε

)
= ∇ ·

(
μt,m
σk
∇ε
)

+
ε

κ

(
C1Gk,m − C2ρmε

)
,

(12)

where

μt,m = ρmCμ
k2

ε
, (13)

Gk,m = μt,m

(
∇�Vm +

(
∇�Vm

)T)
(14)

with C1 = 1.44, C2 = 1.92, Cμ = 0.09, σk = 1, σε = 1.3.
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Figure 2: Grid validation by means of correlations suggested by
Gnielinski [44] and Petukhov [45].

10.80.60.40.20

z (m)

Re 20 ×103

Re 40 ×103
Re 60 ×103

Re 80 ×103

0

5e + 5

1e + 6

2e + 6

2e + 6

3e + 6

3e + 6

q
(W

/m
2
)

Figure 3: Heat flux for ϕ = 4% and several Reynolds numbers.

2.3. Boundary Conditions. At the channel inlet profiles,
uniform axial velocity V0 and temperature T0 = 293 K are
assumed. Moreover, a constant intensity turbulence, equal
to 1%, is imposed. At the channel exit section, the fully
developed conditions are considered, that is to say that all
axial derivatives are zero. On the channel wall, the non-
slip conditions and a uniform temperature of 350 K are
imposed, while both turbulent kinetic energy and dissipation
of turbulent kinetic energy are equal to zero. Moreover, flow
and thermal fields are assumed symmetrical with respect to
the axial plane.

2.4. Nanofluids Physical Properties. The most difficult prob-
lem in nanofluids simulation is represented by the eval-
uation of thermophysical properties, particularly viscosity
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and thermal conductivity, because it is not clear if classical
equations give reliable results. But on the other hand, too few
experimental data are available to build new models [40].

In the present paper, the following equations are con-
sidered to evaluate Al2O3/water nanofluid thermophysical
properties:

ρnf =
(
1− ϕ)ρbf + ϕρp, (15)

Cpnf =
(
1− ϕ)Cpbf + ϕCpp, (16)

μr =
μnf

μbf
= 123ϕ2 + 7.3ϕ + 1, (17)

λr = λnf

λbf
= 4.97ϕ2 + 2.72ϕ + 1. (18)

Equations (15) and (16) are based on the classical theory of
two-phase mixture and given in [25, 31–33, 39, 40]. Equation
(16) was first employed in [25] and then utilized in many
different papers [31–33, 38, 40]. Another formulation of
specific heat, based on heat capacity concept, is present in
literature, see for example [46]. The two formulations may, of
course, provide some differences for specific heat values, but
due to the lack of data both formulations can be considered
equivalent, as observed in [47]. Equation (17) was proposed
in [31–33, 48] and obtained as a result of a least square curve
fitting of available experimental data [14, 49, 50] for the
considered mixture. As for thermal conductivity, (18) was
obtained in [31–33] using the well-known model proposed
by Hamilton and Crosser [17], assuming spherical particles.
Such a model, which was first developed on data from several
mixtures containing relatively large particles, that is, millime-
ter and micrometer size particles, is believed to be acceptable
for use with nanofluids, although it may give underestimated
values of thermal conductivity. The equations employed to
evaluate thermophysical properties are also appropriate for
turbulence flow without any modification [39, 51].

In the present paper the thermo-physical properties
considered for Al2O3 are [48]

ρp = 3880
kg
m3

; Cpp = 773
J

kgK
; λp = 36

W
mK

, (19)

and those of base fluid are

ρbf = 998.2
kg
m3

, Cpbf = 4182
J

kgK
, λbf = 0.597

W
mK

,

μbf = 9.93× 10−4 kg
ms

.

(20)

It should be underlined that the assumption of thermo-
physical properties constant with temperature may deter-
mine some error in the numerical results, mainly with
respect to the viscosity. In fact, it changes by a factor of 2
from 293 K to 350 K.

2.5. Numerical Method and Validation. The computational
fluid dynamic code FLUENT [52] was employed to solve
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Figure 4: Axial profiles of centreline velocity referred to the average
velocity for ϕ = 4% and different Re values.
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Figure 5: Profiles of bulk temperature along tube axis for Re = 4.0
× 104 and several concentrations.

the present problem. The governing equations (1)–(4) were
solved by control volume approach. This method is based
on the spatial integration of the conservation equations over
finite control volumes, converting the governing equations
to a set of algebraic equations. The algebraic “discretized
equations” resulting from this spatial integration process
were sequentially solved throughout the physical domain
considered. FLUENT [52] solves the systems resulting from
discretization schemes using a numerical method. The
residuals resulting from the integration of the governing
equations (1)–(4) are considered as convergence indicators.

In order to ensure the accuracy as well as the consistency
of numerical results, several nonuniform grids have been
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Figure 6: Heat flux for Re = 4.0 × 104 and several concentrations.
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Figure 7: Profiles of bulk temperature along tube axis for Re = 4.0
× 104 and several concentrations.

submitted to an extensive testing procedure for each of the
cases considered.

Preliminary tests were carried out to test the accuracy
of the numerical solution. To this scope four different grids
were compared in terms of Nusselt number and the relative
errors are reported in Table 1.

Results have shown that, for the problem under consid-
eration, the 20 × 24 × 400 non-uniform grid “3” appears to
be satisfactory to ensure the precision of numerical results
as well as their independency with respect to the number
of nodes used. Such grid has, respectively, 20, 24, and 400
nodes along the radial, tangential, and axial directions, with
highly packed grid points in the vicinity of the tube wall and
especially at the entrance region.

The computer model has been successfully validated
with correlation reported in [44, 45] for thermally and
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Figure 8: Profiles of temperature along tube radius at z/L = 1 for Re
= 4.0 × 104 and several concentrations.
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Figure 9: Friction factor as a function of Reynolds number for ϕ =
4%.

hydraulically developing flow with uniform heat flux on the
wall, showing an average error of 3%, as reported in Figure 2.

3. Results

Investigations were carried out employing the two-phase
mixture model, for concentration ϕ = 0%, 1%, 4%, and 6%
and an imposed uniform wall temperature Tw = 350 K.

Heat flux profiles on tube wall are reported in Figure 3
for ϕ = 4% and several values of Reynolds number, Re = 2.0×
104, 4.0× 104, 6.0× 104, and 8.0× 104. Heat flux profiles are
decreasing due to the heating of the fluid along the tube and
their slope are nearly independent on the Reynolds number.
The increase of local heat flux with respect to an increase of
the Reynolds number is almost linear.
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Figure 10: (a) Average heat transfer coefficient ratio; (b) average shear stress coefficient ratio.

Table 1: Differences in terms of Nusselt number among the
different tested grids. Grid “1” has 5×6×200 elements, respectively
on the radius, circumference, and longitudinal axis, grid “2”
10×12×400 elements, grid “3” 20×24×400 elements, and grid “4”
20×24×800 elements.

z/D ΔNu2,1 ΔNu3,2 ΔNu4,3

1 9.66% 2.53% 0.97%

10 −1.76% 8.35% −0.02%

50 −0.39% 8.82% 0.00%

70 −0.41% 8.87% 0.00%

99 −0.24% 8.85% 0.02%

The development of the axial velocity along the tube
centreline for ϕ = 4% and Re from 1.0 × 104 to 5.0 ×
104 is shown in Figure 4. The results suggest the existence
of a fully developed region for z/D = 30, for Re equals
to 1.0 · 104, and 2.0 · 104, whereas in the other cases the
developing length is equal to about z/D = 40. It is noted that,
immediately after the tube inlet, the boundary layer growth
pushes the fluid towards the centreline region, causing an
increase of the centreline velocity in accordance with [39].
As the Reynolds number increases, the velocity maximum
point moves further downstream, because the increase of
axial momentum transports the generated turbulence in the
flow direction. After the maximum point, the velocity at the
centreline decreases in order to satisfy the continuity equa-
tion. Moreover, it is interesting to note that the maximum
and fully developed values of the nondimensional centreline
velocity decrease as Reynolds number increases. This effect
is due to the fact that the corresponding velocity profiles
become more uniform as Re increases.

Figure 5 presents bulk temperature along tube axis for ϕ
= 4% and several values of Reynolds number. The profiles are
linear and their slopes depend on Reynolds number value.
The effect of Reynolds number is strong passing from Re =
2.0 × 104 to Re = 4.0 × 104 and becomes weaker for higher
values.

The dependence of particle volume concentration on
wall heat flux is reported in Figure 6 for Re = 4.0 × 104. It
is very clear that the beneficial effect due to nanoparticles
presence is due to the improvement of thermal proprieties
of the mixture, whereas the additional effects such as gravity,
drag on the particles, diffusion, and Brownian forces can be
negligible in turbulent flows. Wall heat fluxes at z/L = 1 for ϕ
= 1%, 4%, and 6% are higher than that for the base fluid of
4%, 24%, and 41%, respectively.

As a consequence of the heat transfer enhancement, bulk
temperature decreases with particle volume concentration, as
shown in Figure 7, passing at z/L = 1 section from 311 K for
ϕ = 0% to 309 K for ϕ = 6%.

In Figure 8 radial temperature profiles at z/L = 1 for Re
= 4.0 × 104 are reported for the investigated particle volume
concentrations. For all concentration values, temperature is
slightly dependent on position except when close to the tube
wall. When concentration increases, temperature decreases.
Furthermore, the difference between temperature values for
base fluid and nanofluids increases as r increases, indicating
again an augmentation in heat transfer.

The increase of the total heat transfer rates with the use of
suspended nanoparticles is accompanied by an increment of
the corresponding wall shear stress. A comparison between
the friction factor determined from the Blasius relation

f = 0.316 Re−025 (21)



Advances in Mechanical Engineering 7

φ = 0%

×103
80706050403020

Re

100

150

200

250

300

350

400

450

500

N
u

(a)

φ = 1%

×103
80706050403020

Re

100

150

200

250

300

350

400

450

500

N
u

(b)

φ = 4%

×103
80706050403020

Re

Pak-Cho
Numerical simulation

100

200

300

400

500

600

N
u

(c)

φ = 6%

×103
80706050403020

Re

Pak-Cho
Numerical simulation

100

200

300

400

500

600

N
u

(d)

Figure 11: Average Nusselt number as a function of the Reynolds number for: (a) base fluid (ϕ = 0%); (b) ϕ = 1%; (c) ϕ = 4%; (d) ϕ = 6%.

and that calculated from present numerical investigation
results is presented in Figure 9 for ϕ = 4%. Data are in
good agreement particularly for high Reynolds number
values. The discrepancy at lower Re values could be due
to the assumption of constant properties in the numerical
simulations. It should be underlined that f is not dependent
on ϕ value.

In Figure 10 the ratios between the nanofluids and basic
fluid average heat transfer coefficients and shear stresses are
reported for all the Reynolds numbers and concentrations
investigated. Heat transfer coefficient ratios (Figure 10(a))
and shear stresses ratios (Figure 10(b)) are almost constant
for each concentration value, so the percent increase is
independent on Reynolds number. As the concentration
increases, in an increment of the heat transfer coefficient,
respect to the basic fluid of about 5%, 20% and 30% for
particles concentrations of 1%, 4% and 6% respectively is
detected. The corresponding increase in the shear stress
ratios is significant, in fact there is an increase of 10%, 200%,

and 300% for particles concentration of 1%, 4%, and 6%,
respectively.

In Figure 11 average Nusselt numbers are reported
together with those from correlation by Pak and Cho [25].
It is clear the strong agreement particularly for low Reynolds
number values. In fact, the average error is less than 5%
for particles concentration of 1% and 4%, while for a
concentration of 6% (Figure 11(d)) the maximum error
is 8%.

4. Conclusions

The present paper dealt with the stationary turbulent convec-
tion of water-Al2O3 nanofluid inside a circular tube, that was
numerically investigated by means of finite volume method.
The two-phase mixture model was employed to simulate
the nanofluid convection, taking into account appropriate
thermo-physical properties.
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The results showed that heat transfer increased according
to the particles volume concentration, but it was accompa-
nied by increasing wall-shear stress values.

The highest heat transfer rates were detected, for each
concentration, in correspondence to the highest Reynolds
number; moreover a good agreement is found among
the results of this study and the experimental correlation
proposed by Pack and Cho [25]. This allows us to confirm
that the mixture model approach for the simulation of
nanofluid is satisfactory, as sustained also in [39, 40].
However, it seems that the accuracy of the model could be
improved by using a better description of nanofluid thermo-
physical properties taking into account also the temperature
dependence. Moreover, the need to investigate the effect of
nanoparticle diameter is recognized as an important topic for
future studies.

Nomenclature

a: Acceleration, m/s2

Cp: Specific heat of the fluid, J/kgK
D: Hydraulic diameter, m
d: Particles diameter, m
fdrag: Drag function
g: Gravity acceleration, m/s2

h: Heat transfer coefficient, W/m2K
H : Hentalpy, J/kg
L: Channel length, m
Nu: Nusselt number, Nu = hDh/k0

k: Turbulent kinetic energy, m2/s2

P: Pressure, Pascal
q: Wall heat flux, W/m2

Re: Reynolds number, Re = V0Dh/μ
T , t: Time-mean and fluctuating temperature, K
V ,v: Time-mean and fluctuating velocity, m/s
z: Axial coordinate, m.

Greek Letters

ε: Dissipation of turbulent kinetic energy, m2/s3

ϕ: Particle volume concentration
λ: Thermal conductivity of the fluid, W/mK
μ: Fluid dynamic viscosity, kg/ms
ρ: Fluid density, kg/m3

τ: Wall shear stress, Pa.

Subscripts

av: Average value
b: Bulk value
dr: Drif
m: Mixture
bf: Refers to base-fluid
nf: Refers to nanofluid property
f : Primary phase
p: Refers to particle property
r: Refers to “nanofluid/base-fluid” ratio
w: Value at wall channel

0: Refers to the reference (inlet) condition
k: The kth phase
t: Turbulent.
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and M. Coqueux, “Heat transfer enhancement in turbulent
tube flow using Al2O3 nanoparticle suspension,” International
Journal of Numerical Methods for Heat and Fluid Flow, vol. 16,
no. 3, pp. 275–292, 2006.

[34] A. K. Santra, S. Sen, and N. Chakraborty, “Study of heat
transfer augmentation in a differentially heated square cavity
using copper-water nanofluid,” International Journal of Ther-
mal Sciences, vol. 47, no. 9, pp. 1113–1122, 2008.

[35] A. Akbarinia and A. Behzadmehr, “Numerical study of
laminar mixed convection of a nanofluid in horizontal curved
tubes,” Applied Thermal Engineering, vol. 27, no. 8-9, pp.
1327–1337, 2007.

[36] D. Gidaspow, Multiphase Flow and Fluidization, Academic
Press, 1994.

[37] L. S. Fan and C. Zhu, Principle of Gas-Solid Flows, Cambridge
University Press, Cambridge, UK, 1998.

[38] V. Bianco, F. Chiacchio, O. Manca, and S. Nardini, “Numerical
investigation of nanofluids forced convection in circular
tubes,” Applied Thermal Engineering, vol. 29, no. 17-18, pp.
3632–3642, 2009.

[39] A. Behzadmehr, M. Saffar-Avval, and N. Galanis, “Prediction
of turbulent forced convection of a nanofluid in a tube with
uniform heat flux using a two phase approach,” International
Journal of Heat and Fluid Flow, vol. 28, no. 2, pp. 211–219,
2007.

[40] S. K. Das, S. U. S. Choi, W. Yu, and T. Pradeep, Nanofluids
Science and Technology, John Wiley & Sons, Hoboken, NJ,
USA, 2008.

[41] M. Manninen, V. Taivassalo, and S. Kallio, “On the mixture
model for multiphase flow,” Tech. Rep. 288, VTT Technical
Research Centre of Finland, 1996.

[42] L. Schiller and A. Naumann, “A drag coefficient correlation,”
Zeitschrift des Vereins Deutscher Ingenieure, vol. 77, pp. 318–
320, 1935.

[43] B. E. Lauder and D. B. Spalding, Lectures in Mathematical
Models of Turbulence, Academic Press, London, UK, 1972.

[44] V. Gnielinski, “New equations for heat and mass transfer
in turbulent pipe and channel flow,” International Chemical
Engineering, vol. 16, pp. 359–368, 1976.

[45] B. S. Petukhov, “Heat transfer and friction in turbulent pipe
flow with variable physical properties,” in Advances in Heat
Transfer, J. P. Hartnett and T. F. Irvine, Eds., pp. 504–564,
Academic Press, New York, NY, USA, 1970.

[46] R. B. Mansour, N. Galanis, and C. T. Nguyen, “Effect of
uncertainties in physical properties on forced convection heat
transfer with nanofluids,” Applied Thermal Engineering, vol.
27, no. 1, pp. 240–249, 2007.

[47] S. Mirmasoumi and A. Behzadmehr, “Numerical study of
laminar mixed convection of a nanofluid in a horizontal tube
using two-phase mixture model,” Applied Thermal Engineer-
ing, vol. 28, no. 7, pp. 717–727, 2008.

[48] H. Masuda, A. Ebata, K. Teramae, and N. Hishinuma,
“Alteration of thermal conductivity and viscosity of liquid by
dispersing ultra-fine particles (dispersion of Al2O3, SiO2 and
TiO2 ultra-fine particles),” Netsu Bussei, vol. 4, no. 4, pp. 227–
233, 1993 (Japanese).

[49] R. Lotfi, Y. Saboohi, and A. M. Rashidi, “Numerical study of
forced convective heat transfer of nanofluids: comparison of
different approaches,” International Communications in Heat
and Mass Transfer, vol. 37, no. 1, pp. 74–78, 2010.



10 Advances in Mechanical Engineering

[50] S. Lee, S. U. S. Choi, S. Li, and J. A. Eastman, “Measuring ther-
mal conductivity of fluids containing oxide nanoparticles,”
Journal of Heat Transfer, vol. 121, no. 2, pp. 280–289, 1999.

[51] R. B. Mansour, N. Galanis, and C. T. Nguyen, “Effect of
uncertainties in physical properties on forced convection heat
transfer with nanofluids,” Applied Thermal Engineering, vol.
27, no. 1, pp. 240–249, 2007.

[52] Fluent Incorporated, “Fluent 6.2 User Manual,” 2006.




