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Abstract

Research in convective heat transfer using suspensions of nanometer-sized solid particles in base liquids started only over the past decade.
Recent investigations on nanofluids, as such suspensions are often called, indicate that the suspended nanoparticles markedly change the transport
properties and heat transfer characteristics of the suspension. This review summarizes recent research on fluid flow and heat transfer characteristics
of nanofluids in forced and free convection flows and identifies opportunities for future research.
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1. Introduction

Convective heat transfer can be enhanced passively by
changing flow geometry, boundary conditions, or by enhancing
thermal conductivity of the fluid. Various techniques have been
proposed to enhance the heat transfer performance of fluids.
Researchers have also tried to increase the thermal conductiv-
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ity of base fluids by suspending micro- or larger-sized solid
particles in fluids since the thermal conductivity of solid is typ-
ically higher than that of liquids, seen from Table 1. Numerous
theoretical and experimental studies of suspensions containing
solid particles have been conducted since Maxwell’s theoreti-
cal work was published more than 100 years ago [1]. However,
due to the large size and high density of the particles, there is
no good way to prevent the solid particles from settling out of
suspension. The lack of stability of such suspensions, induces
additional flow resistance and possible erosion. Hence, fluids
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Nomenclature
A constant Greek symbols
By x df:polarization factor along x — symmetrical axis o aspect ratio of nanoparticles
5 g}ameter Oi tube.. l """"""""""""" mm B ratio of the nanolayer thickness to the original par-
1a}meter o particle ticle radius, B =h/r
H heightof discs ............... ..ot mm . . .
h heat transfer coefficient................ W/m? K ¥ ratio of nanolayer thermal conductivity to particle
k thermal conductivity ................... W/mK thermal conductivity, y = Kiayer/ kp
kg Boltzmann constant, kg = 1.381 x 1072 J /K v dynamic VlS(fOSlty ) ) )
ke, effective dielectric constant ¢ voll%me fractl(')n' of nanoparticles in suspension
L lengthof tube.............ooviviiiiiina.. mm YV particle sphericity
m constant Subscripts
n empmca}l sl'lape' factor, n= 3/¢ b base fluid
n(r) radius distribution function 1 : ¢ -
Nu Nusselt number, Nu =hD/k ¢ ¢ uste.r ol particies
Pe Peclet number, Pe = puL/T" ‘?’ff thfectlve
Pr Prandtl number, Pr=Cpu/k n nner tu})e
re apparent radius of clusters nf nanofluid
Re Reynolds number, Re = pV D /1 out outer tube
T EMPETAtUIe. . ..\t ieeeeeeeen. K pe modified nanoparticle
X coordinate p nanoparticle
with dispersed coarse-grained particles have not yet been com- Table 1

mercialized.

Modern nanotechnology provides new opportunities to
process and produce materials with average crystallite sizes
below 50 nm. Fluids with nanoparticles suspended in them
are called nanofluids, a term proposed by Choi in 1995 of
the Argonne National Laboratory, U.S.A. [2]. Nanofluids can
be considered to be the next-generation heat transfer fluids as
they offer exciting new possibilities to enhance heat transfer
performance compared to pure liquids. They are expected to
have superior properties compared to conventional heat trans-
fer fluids, as well as fluids containing micro-sized metallic
particles. The much larger relative surface area of nanoparti-
cles, compared to those of conventional particles, should not
only significantly improve heat transfer capabilities, but also
should increase the stability of the suspensions. Also, nanoflu-
ids can improve abrasion-related properties as compared to the
conventional solid/fluid mixtures. Successful employment of
nanofluids will support the current trend toward component
miniaturization by enabling the design of smaller and lighter
heat exchanger systems. Keblinski et al. [3] made an interest-
ing simple review to discuss the properties of nanofluids and
future challenges. The development of nanofluids is still hin-
dered by several factors such as the lack of agreement between
results, poor characterization of suspensions, and the lack of
theoretical understanding of the mechanisms.

Suspended nanoparticles in various base fluids can alter the
fluid flow and heat transfer characteristics of the base fluids.
Necessary studies need to be carried out before wide applica-
tion can be found for nanofluids. In this paper we present an
overview of the literature dealing with recent developments in
the study of heat transfer using nanofluids. First, the prepara-

Thermal conductivities of various solids and liquids

Material Thermal conductivity (W/m K)
Metallic solids copper 401
aluminum 237
Nonmetallic solids  silicon 148
alumina (Al,O3) 40
Metallic liquids sodium (644 K) 72.3
Nonmetallic liquids ~ water 0.613
ethylene glycol (EG) 0.253
engine oil (EO) 0.145

tion of nanofluids is discussed; this is followed with a review of
recent experimental and analytical investigations with nanoflu-
ids.

2. Preparation of nanofluids

Preparation of nanofluids is the first key step in experimental
studies with nanofluids. Nanofluids are not simply liquid-solid
mixtures. Some special requirements are essential e.g. even and
stable suspension, durable suspension, negligible agglomera-
tion of particles, no chemical change of the fluid, etc. Nanoflu-
ids are produced by dispersing nanometer-scale solid particles
into base liquids such as water, ethylene glycol (EG), oils, etc.
In the synthesis of nanofluids, agglomeration is a major prob-
lem. There are mainly two techniques used to produce nanoflu-
ids: the single-step and the two-step method. The single-step
direct evaporation approach was developed by Akoh et al. [4]
and is called the VEROS (Vacuum Evaporation onto a Running
Oil Substrate) technique. The original idea of this method was
to produce nanoparticles, but it is difficult to subsequently sep-
arate the particles from the fluids to produce dry nanoparticles.
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A modified VEROS process was proposed by Wagener et al.
[5]. They employed high pressure magnetron sputtering for the
preparation of suspensions with metal nanoparticles such as Ag
and Fe. Eastman et al. [6] developed a modified VEROS tech-
nique, in which Cu vapor is directly condensed into nanoparti-
cles by contact with a flowing low-vapor-pressure liquid (EG).

Zhu et al. [7] presented a novel one-step chemical method
for preparing copper nanofluids by reducing CuSO4-5H,0 with
NaH;PO;-H;O0 in ethylene glycol under microwave irradiation.
Results showed that the addition of NaH,PO,-H,O and the
adoption of microwave irradiation are two significant factors
which affect the reaction rate and the properties of Cu nanoflu-
ids.

A vacuum-SANSS (submerged arc nanoparticle synthesis
system) method has been employed by Lo et al. [8] to pre-
pare Cu-based nanofluids with different dielectric liquids such
as de-ionized water, with 30%, 50%, 70% volume solutions of
ethylene glycol and pure ethylene glycol. They found that the
different morphologies, which are obtained, are mainly influ-
enced and determined by the thermal conductivity of the di-
electric liquids. CuO, Cu;0, and Cu based nanofluids also can
be prepared by this technique efficiently. An advantage of the
one-step technique is that nanoparticle agglomeration is mini-
mized, while the disadvantage is that only low vapor pressure
fluids are compatible with such a process. Recently, a Ni nano-
magnetic fluid was also produced by Lo et al. [9] using the
SANSS method.

The two-step method is extensively used in the synthesis of
nanofluids considering the available commercial nanopowders
supplied by several companies. In this method, nanoparticles
was first produced and then dispersed the base fluids. Gener-
ally, ultrasonic equipment is used to intensively disperse the
particles and reduce the agglomeration of particles. For exam-
ple, Eastman et al. [6], Lee et al. [10], and Wang et al. [11]
used this method to produce Al,O3 nanofluids. Also, Murshed
et al. [12] prepared TiO; suspension in water using the two-step
method. Other nanoparticles reported in the literature are gold
(Au), silver (Ag), silica and carbon nanotubes. As compared
to the single-step method, the two-step technique works well
for oxide nanoparticles, while it is less successful with metallic
particles.

Except for the use of ultrasonic equipment, some other tech-
niques such as control of pH or addition of surface active
agents, are also used to attain stability of the suspension of the
nanofluids against sedimentation. These methods change the
surface properties of the suspended particles and thus suppress
the tendency to form particle clusters. It should be noted that
the selection of surfactants should depend mainly on the prop-
erties of the solutions and particles. Xuan and Li [13] chose
salt and oleic acid as the dispersant to enhance the stability
of transformer 0il-Cu and water—Cu nanofluids, respectively.
Oleic acid and cetyltrimethylammoniumbromide (CTAB) sur-
factants were used by Murshed et al. [12] to ensure better sta-
bility and proper dispersion of TiO,—water nanofluids. Sodium
dodecyl sulfate (SDS) was used by Hwang et al. [14] during the
preparation of water-based MWCNT nanofluids since the fibers
are entangled in the aqueous suspension.

In general, methods such as change of pH value, addition of
dispersant, and ultrasonic vibration aim at changing the surface
properties of suspended particles and suppressing formation of
particles cluster to obtain stable suspensions. However, the ad-
dition of dispersants can affect the heat transfer performance of
the nanofluids, especially at high temperature.

3. Experimental Investigations
3.1. Measurement of thermal conductivity

Since thermal conductivity is the most important parame-
ter responsible for enhanced heat transfer many experimental
works been reported on this aspect. The transient hot wire
method [15], the steady-state parallel-plate technique [11] and
the temperature oscillation technique [16] have been employed
to measure the thermal conductivity of nanofluids. Among them
the transient hot wire method has been used most extensively.
Because in general nanofluids are electrically conductive, it is
difficult to apply the ordinary transient hot-wire technique di-
rectly. A modified hot-wire cell and electrical system was pro-
posed by Nagasaka and Nagashima [17] by coating the hot wire
with an epoxy adhesive which has excellent electrical insulation
and heat conduction. However, Das et al. [16] pointed that pos-
sible concentration of ions of the conducting fluids around the
hot wire may affect the accuracy of such experimental results.

The oscillation method was proposed by Roetzel et al. [18]
and further developed by Czarnetski and Roetzel [19]. This
method is purely thermal and the electrical components of the
apparatus are removed from the test sample. Hence ion move-
ment should not affect the measurement.

Alumina (Al,O3) and copper oxide are the most common
and inexpensive nanoparticles used by many researchers in their
experimental investigations. All the experimental results have
demonstrated the enhancement of the thermal conductivity by
addition of nanoparticles. Eastman et al. [6] measured the ther-
mal conductivity of nanofluids containing Al,O3, CuO, and
Cu nanoparticles with two different base fluids: water and HE-
200 oil. A 60% improvement of the thermal conductivity was
achieved as compared to the corresponding base fluids for only
5 vol% of nanoparticles. They also showed that the use of Cu
nanoparticles (using the one-step method) results in larger im-
provements than that of CuO (using the two-step method).

Lee et al. [10] suspended CuO and Al O3 (18.6 and 23,6 nm,
24.4 and 38.4 nm for them, respectively) with two different base
fluids: water and ethylene glycol (EG) and obtained four com-
binations of nanofluids: CuO in water, CuO in EG, Al;O3 in
water and Al,O3 in EG. Their experimental results showed that
nanofluids have substantially higher thermal conductivities than
the same liquids without nanoparticles. The CuO/EG mixture
showed enhancement of more than 20% at 4 vol% of nanoparti-
cles. In the low volume fraction range (<0.05 in test), the ther-
mal conductivity ratios increase almost linearly with volume
fraction. Although the size of Al,O3 particle is smaller than
that of CuO, CuO-nanofluids exhibited better thermal conduc-
tivity values than Al;O3-nanofluids; no explanation is available
for this observation at this time.
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Wang et al. [11] measured the effective thermal conductiv-
ity of nanofluids by a steady-state parallel-plate technique. The
base fluids (water, ethylene glycol (EG), vacuum pump oil and
engine oil) contained suspended Al,O3 and CuO nanoparticles
of 28 and 23 nm of average diameters, respectively. Experi-
mental results demonstrated that the thermal conductivities of
all nanofluids were higher than those of their base fluids. Also,
comparison with various data indicated that the thermal con-
ductivity of nanofluids increases with decreasing particles size.
Results demonstrated 12% improvement of the effective ther-
mal conductivity at 3 vol% of nanoparticles as compared to
20% improvement reported by Masuda et al. [20] and 8% re-
ported by Lee et al. [10] at the same volume fraction of parti-
cles.

Xuan and Li [13] enhanced the thermal conductivity of wa-
ter using Cu particles of comparatively large size (100 nm)
to the same extent as has been found using CuO particles of
much smaller dimension (36 nm). A appropriate selection dis-
persants may improve the stability of the suspension. They used
oleic acid for transformer 0il-Cu nanofluids and laurate salt for
water—Cu suspension in their study and found that Cu particles
in transformer oil had superior characteristics to the suspension
of Cu particles in water.

Xie et al. [21] investigated the effects of the pH value of
the suspension, the specific surface area (SSA) of the dispersed
Al O3 particles, the crystalline phase of the solid phase, and the
thermal conductivity of the base fluid on the thermal conductiv-
ity of nanofluids. They found that the increase in the difference
between the pH value and isoelectric point (the pH at which
a molecule carries no net electrical charge) of Al,O3 resulted
in enhancement of the effective thermal conductivity. Also, the
thermal conductivity enhancements were highly dependent on
the specific surface area (SSA) of the nanoparticles. The crys-
talline phase of the nanoparticles did not appear to have any
obvious effect on the thermal conductivity of the suspensions.

Eastman et al. [22] used pure Cu nanoparticles of less than
10 nm size and achieved 40% increase in thermal conductivity
for only 0.3% volume fraction of the solid dispersed in ethylene
glycol. They indicated that the increased ratio of surface to vol-
ume with decreasing size should be an important factor. Also,
they showed that the additive acid may stabilize the suspension
and thus increase the effective thermal conductivity.

A Fe-nanofluid was prepared by Hong and Yang [23] with
ethylene glycol; Fe nanoparticles with mean size of 10 nm
were produced by chemical vapor condensation process. They
found that Fe nanofluids exhibited higher enhancement of ther-
mal conductivity than Cu nanofluids. Their result indicated that
the material with high thermal conductivity is not always the
best candidate for the suspension to improve the thermal char-
acteristics of base fluids. Also, they concluded that the thermal
conductivity of nanofluids increased non-linearly with the solid
volume fraction. Hong et al. [24] also investigated the effect
of the clustering of Fe nanoparticles on the thermal conduc-
tivity of nanofluids. They found that the thermal conductivity
of nanofluids is directly related to the agglomeration of Fe
nanoparticles, which caused the nonlinear relation between the

Fe volume fraction and thermal conductivity of nanofluids due
to rapid clustering of nanoparticles in condensed nanofluids.

Murshed et al. [12] investigated TiO; nanoparticles in rod-
shape (210 x 40) and spherical shape (&15) dispersed in deion-
ized water. They observed that nearly 33% and 30% enhance-
ment of the effective thermal conductivity occurred for TiO;
particles of @10 x 40 and @15, respectively. Results showed
that both particle size and shape influence the thermal conduc-
tivity of nanofluids.

Xie et al. [25,26] prepared and measured the thermal con-
ductivities of 26 nm and 0.6 um SiC suspensions in deionized
water and EG using a transient hot-wire method. Different from
experimental results of Lee at al. [10], they found that the
nanofluids with the same solid particles in different base fluids
had the same improvement in the effective thermal conductiv-
ity. Furthermore, results showed that HC model [27] is capable
of predicting the thermal conductivity of 0.6 pm SiC suspen-
sions, while it under-predict that of 26 nm particles.

Das et al. [16] examined the effect of temperature on ther-
mal conductivity enhancement for nanofluids containing Al,O3
(38.4 nm) or CuO (28.6 nm) through an experimental investiga-
tion using temperature oscillation method. They observed that a
2 to 4-fold increase in thermal conductivity can take place over
the temperature range of 21 °C to 52 °C. The results suggest the
application of nanofluids as cooling fluids for devices with high
energy density where the cooling fluid is likely to work at a tem-
perature higher than the room temperature. They also mention
that the inherently stochastic motion of nanoparticles could be a
probable explanation for the thermal conductivity enhancement
since smaller particles show greater enhancements of thermal
conductivity with temperature than do larger particles.

Li and Peterson [28] conducted an experimental investi-
gation to examine the effects of variations in the tempera-
ture and volume fraction on the effective thermal conductiv-
ity of CuO (29 nm) and Al,O3 (36 nm) water suspensions.
Results demonstrated that nanoparticle material, diameter, vol-
ume fraction and bulk temperature have significant effects
on the thermal conductivity of the nanofluids. For example,
for Al,Oz/water suspension, increase in the mean tempera-
ture from 27 to 34.7 °C results in the enhancement of nearly
three times. They also derived two simple two-factor linear
regression for the discussed nanofluids (Al,Oz/water: (kefr —
kv)/kp = 0.764¢ + 0.0187(T — 273.15) — 0.462, CuO/water:
(keft — kb)/ kp =3.761¢ +0.0179(T — 273.15) — 0.307). How-
ever, additional investigations are necessary to verify the im-
pact of the temperature on the effective thermal conductivity of
nanofluids.

Patel et al. [29] studied gold (Au) and silver (Ag) nanoparti-
cles with thoriate and citrate as coatings in water- and toluene-
based fluids. The nanofluids were prepared to check the con-
ductivity enhancement effect at low concentrations They found
5%—-21% enhancement of the thermal conductivity of nanoflu-
ids for water with citrate in the temperature range 30-60 °C
at a very low loading of 0.00026 vol% of Ag particles. For a
loading of 0.011% of Au particles, the improvement of thermal
conductivity was around 7%—14%. Such interesting phenom-
ena indicate that, except for particle size, there exist important
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factor related to the motion of particles. Also, the increments
in thermal conductivity of the nanofluids were found to be non-
linear with temperature and almost linear with particle volume
fraction. The important chemical factors such as the need for di-
rect contact of the metal surface with the solvent medium, have
important effects on the resulting effective thermal conductiv-
ity.

Recently, however, Putnam et al. [30] did not observe sig-
nificant enhancement in the thermal conductivity of nanofluids
with small volume fractions of nanoparticles such as Cg—C7o
and Au (¢ < 1). The observed largest increase in thermal con-
ductivity for 4 nm Au particles is 1.3% % 0.8%, which was
conflicted with the anomalous results of Patel et al. [29]. Fur-
ther quantitative measurements need to be carried out to explain
reasons for this contradiction.

The largest increases in thermal conductivity have been ob-
served in suspensions of carbon nanotubes, which have very
high aspect ratio and very high thermal conductivity. The
first report on the synthesis of nanotubes was conducted by
lijima [31]. Later, nanotube (multiwalled carbon nanotubes or
MWNTs)-o0il (¢-olefin) mixtures were investigated by Choi et
al. [32] to measure their effective thermal conductivity. Results
displayed that the measured thermal conductivity was anom-
alously greater than the theoretical predictions and was nonlin-
ear with nanotube loadings. As compared to other nanostruc-
tured materials discussed previously, the nanotubes achieved
the highest conductivity enhancement and provided wide op-
portunities for effective management applications. Xie et al.
[33] also proposed a method to produce stable and homoge-
neous suspensions of multiwalled carbon nanotubes (CNTs) in
deionized water (DW), ethylene glycol (EG), and decene (DE).
They introduced oxygen-containing functional groups on CNT
surfaces to form more hydrophilic surfaces. Experimental data
indicated that the thermal conductivity enhancement increased
with increase in nanotube loading, but decreased with thermal
conductivity increase of the base fluid.

Biercuk et al. [34] measured the effective thermal conduc-
tivity of suspensions of single wall carbon nanotubes (SWNTs)
and vapor grown carbon fibers (VGCF) in epoxy using a com-
parative method [35]. Results showed 125% and 45% improve-
ments for 1.0 wt% SWNTs and VGCEF, respectively. They found
Choi et al. [36] on thermal properties of SWNTs-epoxy com-
posites showed similar improvement of the thermal conductiv-
ity. They pointed out that the bundling of nanotubes could be an
important factor for thermal transport characteristics.

Wen and Ding [37] investigated the effect of temperature
on the thermal conductivity of MCNTs (20-60 nm in diame-
ter and a few tens of micrometers in length)/water nanofluids.
For temperatures lower than 30 °C, an approximately linear de-
pendence of thermal conductivity enhancement on temperature
was obtained. However, the dependence levels off when tem-
perature was higher than 30 °C. Ding et al. [38] also showed
that the effective thermal conductivity increases with increas-
ing temperature in CNT-water suspensions. They found that the
improvement of the thermal conductivity is slightly higher than
that reported by Assael et al. [39], Xie et al. [33], and Wen and
Ding [37], but much lower than that showed in Choi et al. [32].

The discrepancy among the different groups should rely on the
properties of CNTs used, the aspect ratio, the inclusion of dis-
persants, and the experimental errors involved.

Assael et al. [39,40] experimentally studied the enhance-
ment of the thermal conductivity of carbon-multiwall nanotubes
(C-MWNT)-water suspensions with 0.1 wt% sodium dodecyl
sulfate (SDS) as a dispersant. They found that the maximum
thermal conductivity enhancement was 38% for a 0.6 vol% sus-
pension. Results showed that the additional SDS would interact
with C-MWNT in that the outer surface was affected. Later,
Assael et al. [41] repeated the similar measurements using
carbon-multiwall nanotubes (C-MWNTs) and carbon double-
walled nanotubes (C-DWNTs), but using hexadecyltrimethyl
ammonium bromide (CTAB) and nanosphere AQ as dispersants
instead. The maximum thermal conductivity enhancement ob-
tained was 34% for a 0.6 vol% C-MWNT-water suspension
with CTAB. They also discussed the effect of surfactant concen-
tration on the effective thermal conductivity of the suspensions
and found that CTAB is better for C-MWNTs and C-DWNTs.

Recently, Liu et al. [42] measured the thermal conductivities
of nanofluids containing CNTs dispersed in ethylene glycol and
a synthetic engine oil. The increase of thermal conductivity is
up to 12.4% for CNT-ethylene glycol suspensions at 1.0 vol%
and 30% for CNT-synthetic engine oil suspensions at 2 vol%.
The results from Liu [42] are relatively lower than other data
as shown in Fig. 2. It can be seen that the data from different
groups vary widely and it is difficult to get a regression directly
from the available data for CNT. One possible reason for this
is that the thermal conductivity is highly dependent on such
important factors such as the structure of the CNTs, cluster-
ing, temperature, etc. Further systematic research is necessary
to obtain a whole map for the thermal conductivities of CNTs.

Hwang et al. [14] compared the thermal conductivity of four
kinds of nanofluids such as MWCNTSs in water, CuO in water,
Si0; in water, and CuO in ethylene glycol. They found that the
thermal conductivity of MWCNT nanofluid was increased up
to 11.3% at 1 vol%, which is relatively higher than that of the
other groups of nanofluids.

From the aforementioned discussion, which is also summa-
rized in Table 2, we find that the available experimental data
from different research groups vary widely, as shown in Figs. 1
and 2. Further investigations are necessary to clarify the current
predicament.

3.2. Measurement of viscosity

Compared with the experimental studies on thermal con-
ductivity of nanofluids, there are limited rheological studies
reported in the literature. Li et al. [43] measured the viscos-
ity of water with CuO nanoparticle suspensions using a capil-
lary viscometer. Results showed that the apparent viscosity of
nanofluids decreased with increasing temperature. However, as
they pointed out, the capillary tube diameter may influence the
apparent viscosity for higher nanoparticle mass fractions, espe-
cially at lower temperatures.

Wang et al. [11] also measured the relative viscosity of
Al,O3—water and Al,Osz—ethylene glycol nanofluids. Results
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Fig. 1. Comparison of experimental data on thermal conductivity of nanofluids.

showed similar trend of increase of relative viscosity with in-
creased solid volume fraction for the two nanofluids. That
means the desirable heat transfer increase may be offset by the
undesirable increase in pressure drop.

Das et al. [44] also measured the viscosity of Al,Oz—water
nanofluids against shear rate. Their results showed an increase
of viscosity with increased particle concentrations. There is
strong possibility that nanofluid may be non-Newtonian; even
viscoelastic in some cases. Further experimental studies are
needed to define the viscosity models of nanofluids so they can
be used in simulation studies.

The viscosity of CNT-water nanofluids as a function of
shear rate was measured by Ding et al. [38] recently. They ob-
served that the viscosity of nanofluids increased with increasing
CNT concentration and decreasing temperature. Also, the shear
thinning behavior was found by the authors. That means the
nanofluids can provide better fluid flow performance due to
the higher shear rate at the wall, which results in low viscos-
ity there.

3.3. Convective heat transfer
Past decade has seen many research activities in heat trans-

fer characteristics of various nanofluids experimentally. For
forced convective heat transfer, Lee and Choi [45] studied the
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Fig. 2. Comparison of some experimental data on thermal conductivity for car-
bon nanotube-based nanofluids.

heat transfer behavior in parallel channels using an unspecified
nanofluid and observed a reduction in thermal resistance by a
factor of 2. Xuan and Li [46] experimentally investigated flow
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Table 2

Summary of experimental studies on thermal conductivity of nanofluids

Investigator Particles Size (nm) Fluids Observations

Eastman et al. [6] Al O3/CuO/Cu 33/36/18 water, HE-200 oil 60% improvement for 5 vol% CuO particles in water

Lee et al. [10] Al,O3/CuO 24.4,38.4/18.6,23.6  water, EG 20% improvement for 4 vol% Cuo/EG mixture

Wang et al. [11] Al,O03/CuO 28/23 water, EG, PO, EO  12% improvement for 3 vol% Al,O3/water nanofluids

Das et al. [16] Al O3/CuO 38.4/28.6 water 24 fold increase over range of 21 °C to 52°C

Xie et al. [21] AlyO3 12.2-302 water, EG, PO pH value, SSA, crystalline phase

Li and Peterson [28]  AlpO3/CuO 36/29 water enhancement with volume fraction and temperature

Xuan and Li [13] Cu 100 water, oil successful suspension of relatively big metallic nanoparticles

Eastman et al. [22] Cu <10 EG 40% increase for 0.3 vol% Cu-based nanofluids

Hong and Yang [23] Fe 10 EG 18% increase for 0.55 vol% Fe/EG nanofluids

Patel et al. [29] Au, Ag 4, 15/70 water, toluene size, temperature, and chemical characteristics

Murshed et al. [12] TiOy 210 x 40, 15 DW 33% and 30% increase at 5 vol% for @10 x 40 and @15, respectively

Xie et al. [21,25] SiC 226, 600 water, EG 15.8% increase at 4.2 vol% for @26 SiC-H, O and 22.9% at 4 vol%
for @600 SiC-H,O

Choi et al. [32] MWNTs @25 x 50 um oil exceed 250% at 1.0 vol%

Biercuk et al. [34] SWNTs @3-30 epoxy 125% at 1.0 wt%

Xie et al. [33] TCNTs 215 x 30 um DW, EG, DE 19.6%, 12.7%, and 7.0% increase at 1.0 vol% for TCNT/DE, EG, and
DW, respectively

Choi et al. [36] SWNTs 220-30 x 200 epoxy 300% at 3 wt% SWNT loading

Wen and Ding [37] CNTs @20-60x ~ 10 um  water 23.7% ans 31% increase at 0.84% CNT concentration for 20 °C and
45 °C, respectively

Assael et al. [39-41] MWNTs, DWNTs @130 x 10 ym water 34% increase for 0.6 vol% suspension

Liu et al. [42] CNTs @20-30 EG, EO 12.4% for EG at 1 vol%, 30% for EO at 2 vol%

Note: EG: ethylene glycol; PO: pump oil; EO: engine o0il;DW: deionized water; DE: decene.

and convective heat transfer characteristics for Cu—water based
nanofluids through a straight tube with a constant heat flux at
wall. Results showed that the nanofluids give substantial en-
hancement of heat transfer rate compared to pure water. They
also claimed that the friction factor for the nanofluids at low
volume fraction did not produce extra penalty in the pumping
power.

Wen and Ding [47] reported experimental results for the
convective heat transfer of y-Al,O3 (27-56 nm)/water based
nanofluids flowing through a copper tube (D = 4.5 mm, L =
970 mm) in laminar regime. They found that the inclusion of
Al,O3 particles can significantly enhance the convective heat
transfer coefficient, which increases with increasing Reynolds
number and particle concentrations. Furthermore, the improve-
ment of the heat transfer coefficient was particularly large in the
entrance region, and decreased with the axial distance. Apart
from the improved effective thermal conductivity, they also at-
tributed the improvement of heat transfer to particle migration,
which caused a non-uniform distribution of thermal conductiv-
ity and viscosity field along the cross-section in the tube.

Heris et al. [48] investigated laminar flow of CuO/water
and Al,Oz/water nanofluids through a 1 m annular copper
tube with 6 mm inner diameter and with 0.5 mm thickness
and 32 mm diameter outer stainless steel tube, where satu-
rated steam was circulated to create constant wall temperature
boundary condition rather than constant heat flux condition by
other researchers. Comparison of experimental results showed
that the heat transfer coefficient enhanced with increasing vol-
ume fraction of nanoparticles as well as Peclet number while
Al,O3/water showed more enhancement.

Chien et al. [49] investigated gold (17 nm)/water nanoflu-
ids flowing in a disk-shaped miniature heat pipe with diame-
ter of 9 mm and height of 2 mm. Their data showed that the

thermal resistance of heat pipe fell appreciably with increased
nanoparticle concentration. Tsai et al. [S0] also employed aque-
ous solutions of various-sized (2-35 nm and 15-75 nm) gold
nanoparticles, which were prepared by the reduction of HAuCly
with trisodium citrate and tannic acid. They found a large de-
crease of thermal resistance of the heat pipe with nanofluids
as compared with de-ionized water. The thermal resistance of
the circular heat pipe ranged from 0.17 to 0.215 K/W with dif-
ferent nanoparticle solutions. The reason is that the included
nanoparticles can bombard the vapor during the bubble for-
mation. Hence, the reduction of thermal resistance was ob-
tained due to the resulted smaller bubble size. Results indi-
cated the high potential of nanofluids as working medium to
replace the conventional fluids in heat pipes. Ma et al. [51] com-
bined nanofluids with oscillating heat pipe (OHP) to develop
an ultrahigh-performance cooling device. Experimental results
showed that the diamond nanofluid could reduce the tempera-
ture difference between the evaporator and the condenser from
40.9 to 24.3 °C for 80 W input power.

Ding et al. [38] investigated the heat transfer performance
of CNT nanofluids in a tube with 4.5 mm inner diameter. They
found that the observed enhancement of heat transfer coeffi-
cient is much higher than the increase in the effective ther-
mal conductivity. They associated the possible reasons with the
improved thermal conductivity, shear-induced enhancement in
flow, reduced boundary layer, particle re-arrangement, and high
aspect ratio of CNTs. These observations suggest that the as-
pect ratio should be associated with the high enhancement of
heat transfer performance of CNTs-based nanofluids.

However, there are some inconsistent reports on nanofluid
behavior in forced convection. Pak and Cho [52] studied heat
transfer performance of y-Al,O3 — (13 nm) and TiO, — (27 nm)
water based nanofluids in tube. They found that the convective
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heat transfer coefficient of the nanofluids at ¢ = 3 vol% was
12% lower than that of pure water for a constant average ve-
locity. The possible reason is that the suspensions have higher
viscosity than that of pure water, especially at high particle vol-
ume fractions.

Similar trends were observed by Yang et al. [53], who in-
vestigated the convection heat transfer characteristics of the
graphite nanofluids in laminar flow through a circular tube with
diameter of 4.57 mm and length of 457 mm. Note that the par-
ticles they used are disc-like (the average diameter is 1-2 um
with the thickness around 20—40 nm). Unexpectedly, the ex-
perimental results showed that the increase of the heat transfer
coefficient of the system is much lower than the enhancement of
the effective thermal conductivity itself. That means apart from
the effective thermal conductivities, particle shape or aspect ra-
tio (0.02 here) of the nanoparticle should be an important factor
in determining the thermal performance of nanofluids, which
also can be seen in the CNT-based suspensions with very high
aspect ratio [38] (>100). Further investigation should be neces-
sary to clarify this problem.

Previous studies with nearly spherical nanoparticles (aspect
ratio, « 1) [46,47,52] showed an enhancement of the convec-
tive heat transfer of up to 60%. Results on CNTs nanofluids
(a > 1) [38] increased the convective heat transfer coefficient
over 350% at Re = 800 for 0.5 wt% CNTs. However, the disc-
shape nanoparticle («¢ 0.02) from Yang et al. showed much
lower increase of convective heat transfer coefficient with re-
spect to the effective thermal conductivity. What we can con-
clude from the available experimental data is that the particle
shape or aspect ratio of the particle is a significant parameter to
affect the thermal performance of nanofluids. However, it has
not been well examined yet.

For natural convective heat transfer, relatively few investi-
gations have been carried out. As discussed previously in Sec-
tion 3.3, Khanafer et al. [54] numerically investigated the heat
transfer behavior of nanofluids in a two-dimensional horizontal
enclosure. The nanofluids were assumed to be in single phase,
in thermal equilibrium and without velocity slip between base
fluid and particle. It was showed that the heat transfer rate in-
creased with the particle concentration at any given Grashof
number. However, different experimental results have been ob-
served by Putra et al. [55] and Wen and Ding [56].

Putra et al. [55] presented their experimental observations on
natural convection of Al;03 and CuO-water nanofluids inside
a horizontal cylinder heated from one end and cooled from the
other. Unlike the results of forced convection, they found a sys-
tematic and definite deterioration of the natural convective heat
transfer, which was dependent on the particle density, concen-
tration, and the aspect ratio of the cylinder. The deterioration in-
creased with particle concentration and was more significant for
CuO nanofluids. For example, at Rayleigh number of 5 x 107,
300% and 150% decrease in the Nusselt number was found for
4 wt% of CuO and Al,O3, respectively. Then, what caused the
different results between the numerical results [54] and the ex-
perimental data [55]? It should be clarified that in the numerical
study presented by Khanafer et al. [54], some important factors
were not included. The factors include the particle size, parti-

cle shape, and particle distribution, which could significantly
influence the flow and heat transfer characteristics of nanoflu-
ids. However, these factors has not been investigated properly
as far.

Recently, Wen and Ding [56] also addressed the problem
of natural convective heat transfer of TiO, (30-40 nm)/water
nanofluids in a vessel which was composed of two horizontal
aluminum discs of diameter 240 mm and thickness 10 mm sep-
arated by a 10 mm gap. They investigated both the transient
and steady heat transfer coefficients for various concentrations
of nanofluids. Similar to Putra et al. [55], they also found that
the natural convective heat transfer coefficient decreased as
compared to that of pure water. Furthermore, such deteriora-
tion increased with nanoparticle concentrations. They proposed
several possible mechanisms for their observations such as the
convection caused by concentration difference, particle—fluid
and particle—particle interactions, and modifications of the dis-
persion properties.

Considering the limited experimental studies on the natural
convection heat transfer in nanofluids as listed in Table 3, firm
conclusions can not be drawn yet. However, it has been clearly
shown by the available results that the heat transfer behavior
of nanofluids is very complex and the application of nanoflu-
ids for heat transfer enhancement should not be decided only
by their effective thermal conductivity. Many other factors such
as particle size, shape and distribution, micro-convection, pH
value, and the particle—fluid interactions should have important
influence on the heat transfer performance of the nanofluids in
natural convective heat transfer, which should be identified fur-
ther in future work.

3.4. Boiling heat transfer

Continuous advances in semiconductor miniaturization and
manufacturing are bringing power densities to increasingly
higher levels. For example, at the upper limit of future applica-
tions, high-end military and aerospace band-gap amplifier will
produce waste heat flux on the order of 1000 W/cm?. Only
two-phase (boiling) liquids are suitable for such high dissipa-
tion rates. Faulkner et al. [57] tried to achieve 1000 W/ cm?
cooling flux using boiling with ceramic/water nanofluids. Their
maximum heat flux dissipation was only 125 W/cm? for sat-
urated boiling and 280 W/cm? for sub-cooled boiling. From
their results we can see the high potential of boiling of nanoflu-
ids in cooling systems.

Witharana [58] investigated the boiling heat transfer coeffi-
cients (HTC) of Au (unspecified size)/water, SiO; (30 nm)/water,
and SiO,/ethylene glycol nanofluids in a cylindrical vessel with
10 cm in diameter and 10 cm in height. The bottom of the ves-
sel was supplied by fixed heat flux and the top was open to
the atmosphere. Results of Au/water nanofluids (¢ = 0.0002
0.001 wt%) showed that the HTC of nanofluids was higher
than that of pure water, and increased with increasing gold par-
ticle concentrations. For example, the enhancement of HTC
was above 11% in the intermediate heat flux (3 W/cm?) and
as high as 21% in the extreme case (4 W/cm?). However,
the SiOy/water and SiO,/ethylene glycol nanofluids recorded
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Table 3

Summary of experiments on convective heat transfer of nanofluids

Investigator Geometry Nanofluids Findings

Forced convective heat transfer:

Lee and Choi [45] parallel channels unspecified reduction in thermal resistance by a factor of 2
Xuan and Li [46] tube (D = 10, L = 800 mm), Cu/water turbulent, large enhancement of heat transfer coef.

Wen and Ding [47] tube (D =4.5, L =970 mm)

Chien et al. [49] disk-shaped heat pipe (D =9,

H =2 mm)
Tsai et al. [50] heat pipe (D =6,
L =170 mm)

Ding et al. [38] tube (D =4.5, L =970 mm) CNT/water

Pak and Cho [52] tube

Yang et al. [53] tube (D =4.57, L =457 mm)

Heris et al. [48] annular tube (Dj, = 1 mm,
Doyt =32 mm, L =1 m)

Natural convective heat transfer:

Putra et al. [55] horizontal cylinder
Wen and Ding [56] two horizontal discs

(H =10, D =240 mm)

AlpOz/water (27-56 nm)
Au/water (17 nm)

Au/water (2-35, 15-75 nm)

Al»O3 (13 nm), TiOy
(27 nm)/water
graphite nanofluid

Al,03(20 nm), CuO
(50-60 nm)/water

CuO (87.3 nm), Al,O3
(131.2 nm)/water
TiOy/water (30—40 nm)

Uy M3 p 0.4
Nuypp = c1 (1.0 + c2¢™1 Pe )Renf Prnf
laminar, enhancement increases with Reynolds number and
particle concentration

significant reduction of thermal resistance

high potential to take place conventional fluids in heat pipe
applications

significant enhancement of convective heat transfer, which
depends on the flow condition, CNT concentration and the
pH level

h with ¢ = 0.03 vol% was 12% lower than that of pure water
for a given average fluid velocity

the enhancement of / is lower than the increase of the
effective thermal conductivity

enhancement of & with ¢ and Pe. AlO3 showed more
enhancement than CuO

a systematic and significant deterioration in natural
convective heat transfer
deterioration increases with particle concentrations

decreased HTC as compared to the base fluids, which was
somewhat contrary to expectations. The author had not ex-
plained such strange phenomena. Possibly re-examination of
the experiments should be a good choice. Li et al. [59] also
observed deteriorated pool boiling heat transfer for CuO/water
nanofluids. They attributed the reason to the decreasing of ac-
tive nucleation sites from nanoparticle sedimentation.

Das et al. [44] carried out an experimental study of pool
boiling characteristics of AlO3 nanofluids under atmospheric
conditions on a tube with diameter in 20 mm. The found that the
inclusion of nanoparticles degraded the boiling performance by
increasing the wall superheat for a given heat flux. The deterio-
ration in boiling performance increased with increasing particle
concentration and surface roughness. This means there should
be additional effects to degrade the boiling characteristics such
as the changed surface features of the nanoparticles. Since the
surface tension and latent heat were unaffected and the only un-
favorable change was the increased viscosity, the heat transfer
characteristics during pool boiling was expected to be enhanced
considering the significant increase of thermal conductivity,
which had active effects on the major factors in heat transfer
during pool boiling such as the micro-layer evaporation and ref-
ormation of thermal boundary layer. They attributed it to the
affected surface roughness during pool boiling of nanofluids.
For higher particle concentration and higher surface roughness,
the uneven surface can trap the particles more easily and make
the surface smoother, which can cause the degradation of the
boiling performance.

Das et al. [60] also studied the pool boiling performance un-
der tubes with small diameter (4, 6.5 mm) where the bubble size
and tube diameter are in the same order. They observed that de-

terioration for the narrow tubes was lower than that in the large
tube (D = 20 mm). The small tube results in a large curva-
ture of the surface to induce direct departure rather than sliding
of larger bubbles. From the discussion above, apart from the
increased effective thermal conductivity, there should be some
other factors that affect the boiling performance of nanofluids.

Bang and Chang [61,62] studied boiling of Al,Oz—water
nanofluids on a 100 mm square surface at high heat fluxes
and observed that the surface roughness after boiling increased
with nanoparticle concentration. However, the critical heat flux
(CHF) (the peak heat flux, under which a boiling surface can
stay in nucleate boiling regime) performance has been en-
hanced to ~32% and ~13% for both horizontal flat surface and
vertical flat surface in the pool, respectively. They claimed that
the increased roughness caused by the deposition of nanopar-
ticles will cause a fouling effect to deteriorate the boiling heat
transfer performance.

On the other hand, however, significant pool boiling heat
transfer enhancement was found for Al,Os/water nanofluids. by
Tu et al. [63]. You et al. [64] investigated the boiling curve and
the CHF of Al,Os/water nanofluids in pool boiling with vari-
ous nanoparticle concentrations ranging from 0 g/1 to 0.05 g/1.
They found that the boiling heat transfer coefficients of all
various concentrations as well as pure water were the same,
which demonstrated that the nucleate boiling heat transfer effi-
ciency was not affected by the inclusion of nanoparticles. They
also found that the size of bubbles increased with addition of
nanoparticles to water. Correspondingly, the frequency of bub-
ble departure degraded substantially. They claimed that there
were some unknown key factors to increase the CHF in nanoflu-
ids, which need further investigation.
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Vassallo et al. [65] confirmed that the CHF increases for
nanofluids (silica—water). They conducted experiments for both
nano- and micro-solutions at the same solid volume fraction
on a 0.4 mm diameter horizontal NiCr wire at the atmospheric
pressure. The heat transfer enhancement were not found in the
nucleate boiling regime, but the CHF was increased signifi-
cantly for both nano- and micro-particles. Addition of nanopar-
ticles resulted in a maximum heat flux of about three times that
of pure water and almost twice that of micro-particle/water mix-
ture.

Zhou [66] investigated experimentally the heat transfer char-
acteristics of copper/acetone based nanofluids with and without
acoustic cavitation. Results showed that the copper nanoparti-
cles and acoustic cavitation had significant influence on heat
transfer in the fluid. However, the addition of nanoparticles did
not affect the dependence of the heat transfer on acoustic cav-
itation and fluid sub-cooling. As compared to the experimental
results of Das et al. [44,60], the pool boiling heat transfer did
not reduce with increased particle volume fractions in absence
of acoustic field. While in an acoustic field, the boiling heat
transfer of nanofluids was enhanced and the boiling hysteresis
disappeared.

Wen and Ding [67] conducted experiments on pool boil-
ing heat transfer using y-Al,Os—water nanofluids, which were
produced through an electrostatic stabilization method with the
aid of a high shear homogeniser. They found that presence of
alumina in the nanofluid can enhance the boiling heat trans-
fer significantly, by ~40% for a 1.25 wt% concentration of the
particles. Considering the controversies from previous studies,
they proposed some possible reasons such as the extra thermal
resistance to the boiling surface caused by the sedimentation
of nanoparticles, effect of surfactant, and interaction between
boiling surface and nanofluids. The aggregation of nanofluids
should be an important factor to affect the boiling performance,
which need to be clarified quantitatively further.

The currently available experimental data on boiling heat
transfer of nanofluids (as shown in Table 4) are limited. How-
ever, conflicting results were observed from these limited data
as far as the effect of nanoparticles on the boiling heat trans-
fer performance is concerned. The inconsistencies indicate that
our understanding of the thermal behavior of nanofluids re-
lated to the boiling heat transfer is still poor. Further detailed
and valuable investigations are necessary for us to understand
the phenomena of boiling of nanofluids. As we know, the pool
boiling will be affected by the surface properties such as sur-
face roughness, surface wettability, and surface contamination.
In the reviewed studies, however, only the surface roughness is
the most often considered parameter. They systematic studies
should have been carried out to include the interaction between
the surface and nanofluids (wettability), also as suggested by
Wen and Ding [67].

4. Theoretical investigations
4.1. Mechanisms of nanofluids

The conventional understanding of the effective thermal con-
ductivity of mixtures originates from continuum formulations
which typically involve only the particle size/shape and vol-
ume fraction and assume diffusive heat transfer in both fluid
and solid phases. This method can give a good prediction for
micrometer or lager-size solid/fluid systems, but it fails to ex-
plain the unusual heat transfer characteristics of nanofluids.

To explain the reasons for the anomalous increase of the
thermal conductivity in nanofluids, Keblinski et al. [68] and
Eastman et al. [69] proposed four possible mechanisms e.g.
Brownian motion of the nanoparticles, molecular-level layering
of the liquid at the liquid/particle interface, the nature of heat
transport in the nanoparticles, and the effects of nanoparticle
clustering, which are schematically shown in Fig. 3. They pos-
tulated that the effect of Brownian motion can be ignored since

Table 4

Experiments on boiling heat transfer of nanofluids

Investigator Geometry Nanofluids Results

Witharana [58] cylindrical vessel (¢10 x 10 cm) Au, SiO7 (30 nm)/water, Au/water nanofluids displayed increased /4, but SiO;/water,
EG SiO,/EG caused decreased h

Lietal. [59] - CuO/water Deteriorated pool boiling heat transfer

Das et al. [44] tube (D =20 mm)

Al Oz/water

Nanoparticles deteriorated boiling performance and the
degradation was found to increase with particle
concentrations

the deterioration in narrow tube is less

Das et al. [60] tube (D =4, 6.5 mm) Al,Oz/water
Tu el al. [63] - Al Oz/water
You et al. [64] cartridge Al O3/water
Vassallo et al. [65] NiCr wire (D = 0.4 m) SiOy/water

Zhou [66]
Wen and Ding [67]

Bang and Chang [61,62]

horizontal copper tube

cylindrical boiling vessel
(D =160 mm, H = 300 mm)
horizontal heater in a vessel

Cu/acetone (80—-100 nm)
Al Oz/water

Al Oz/water

significant pool boiling enhancement

enhancement of CHF 200% for pool boiling, no change for
nucleate boiling

markable increase of CHF for both nano- and
micro-solutions, but no significant differences for powers
less than CHF

Effects of acoustical parameters, nanofluids concentration,
and fluid subcooling on heat transfer enhancement
significant enhancement of the boiling heat transfer, ~40% at
1.25 wt% suspensions

decrease of pool nucleate boiling heat transfer, but
enhancement of CHF performance
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Fig. 3. Schematic diagrams of several possible mechanisms [68]: (a) Enhancement of k due to formation of highly conductive layer-liquid structure at liquid/particle
interface; (b) Ballistic and diffusive phonon transport in a solid particle; (c) Enhancement of k due to increased effective ¢ of highly conducting clusters.

contribution of thermal diffusion is much greater than Brownian
diffusion. However, they only examined the cases of stationary
nanofluids. Wang et al. [11] argued that the thermal conduc-
tivities of nanofluids should be dependent on the microscopic
motion (Brownian motion and inter-particle forces) and particle
structure. Xuan and Li [13] also discussed four possible reasons
for the improved effective thermal conductivity of nanofluids:
the increased surface area due to suspended nanoparticles, the
increased thermal conductivity of the fluid, the interaction and
collision among particles, the intensified mixing fluctuation and
turbulence of the fluid, and the dispersion of nanoparticles.

Many researchers used the concept of liquid/solid interfacial
layer to explain the anomalous improvement of the thermal con-
ductivity in nanofluids. Yu and Choi [70,71] suggested models
based on conventional theory which consider a liquid molecular
layer around the nanoparticles. However, a study of Xue et al.
[72] using molecular dynamics simulation showed that simple
monatomic liquids had no effect on the heat transfer charac-
teristics both normal and parallel to the surface. This means
that thermal transport in layered liquid may not be adequate
to explain the increased thermal conductivity of suspensions of
nanoparticles.

Khaled and Vafai [73] investigated the effect of thermal dis-
persion on heat transfer enhancement of nanofluids. These re-
sults showed that the presence of the dispersive elements in the
core region did not affect the heat transfer rate. However, the
corresponding dispersive elements resulted in 21% improve-
ment of Nusselt number for a uniform tube supplied by a fixed
heat flux as compared to the uniform distribution for the dis-
persive elements. These results provide a possible explanation
for the increased thermal conductivity of nanofluids which may
determined partially by the dispersive properties.

Wen and Ding [74,75] studied the effect of particle migration
on heat transfer characteristics in nanofluids flowing through
mini-channels (D = 1 mm) theoretically. They studied the ef-
fect of shear-induced and viscosity-gradient-induced particle
migration and the self-diffusion due to Brownian motion. Their
results indicated a significant non-uniformity in particle con-
centration and thermal conductivity over the tube cross-section
due to particle migration. As compared to the uniform dis-

tribution of thermal conductivity, the non-uniform distribution
caused by particle migration induced a higher Nusselt number.

Koo and Kleinstreuer [76] discussed the effects of Brownian,
thermo-phoretic, and osmo-phoretic motions on the effective
thermal conductivities. They found that the role of Brown-
ian motion is much more important than the thermo-phoretic
and osmo-phoretic motions. Furthermore, the particle interac-
tion can be neglected when the nanofluid concentration is low
(<0.5%). However, these findings have not been validated by
experiment yet.

Recently, Evans et al. [77] suggested that the contribu-
tion of Brownian motion to the thermal conductivity of the
nanofluid is very small and cannot be responsible for the extra-
ordinary thermal transport properties of nanofluids. They also
supported their argument using the molecular dynamics simula-
tions and the effective medium theory. However, they just lim-
ited their discussion to stationary fluids, which weakens their
results.

Rather than Brownian motion, liquid layering, phonon trans-
port, and agglomeration, Lee et al. [78] experimentally investi-
gated the effect of surface charge state of the nanoparticle in
suspension on the thermal conductivity. They showed that the
pH value of the nanofluid strongly affected the thermal perfor-
mance of the fluid. With farther diverged pH value from the
isoelectric point of the particles, the nanoparticles in the suspen-
sion got more stable so to change the thermal conductivity. That
may partially explain the disparities between different experi-
mental data since many researchers used surfactants in nanoflu-
ids, but with insufficient descriptions. By adopting a variation
of the classical heat conduction method in porous media to the
problem of heat conduction in nanofluids, On the other hand,
Vadasz [79] demonstrated that the transient heat conduction
process in nanofluids may provide a valid explanation for the
apparent heat transfer enhancement.

Hence, so far there are no general mechanisms to rule the
strange behavior of nanofluids including the highly improved
effective thermal conductivity, although many possible factors
have been considered, including Brownian motion, liquid—solid
interface layer, ballistic phonon transport, and surface charge
state. However, there are still some other possible macro-scale
explanations such as heat conduction, particle-driven natural
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convection, convection induced by electrophoresis, thermo-
phoresis, etc.

4.2. Thermal conductivity

Currently, there is no reliable theory to predict the anom-
alous thermal conductivity of nanofluids. From the experimen-
tal results of many researchers, it is known that the thermal
conductivity of nanofluids depends on parameters including
the thermal conductivities of the base fluid and the nanopar-
ticles, the volume fraction, the surface area, and the shape of
the nanoparticles, and the temperature. There are no theoretical
formulas currently available to predict the thermal conductivity
of nanofluids satisfactorily.

However, there exist several semi-empirical correlations
to calculate the apparent conductivity of two-phase mixtures.
They are mainly based on the following definition of the effec-
tive thermal conductivity of a two-component mixture

o — kp¢p(dT/dx)p ~+ kpdp (AT /dx)p
(AT /dx), + ¢o (T /dx)p

For particle—fluid mixtures, numerous theoretical studies
have been conducted dating back to the classical work of
Maxwell [1]. The Maxwell model for thermal conductivity for
solid-liquid mixtures of relatively large particles (micro-/mini-
size) is good for low solid concentrations. The effective thermal
conductivity, ke, is given by

kp + 2ko + 2(kp — ki)
kp + 2kp — (kp — k)P

(1

kett = ky )
where k, is the thermal conductivity of the particle, k;, is the
thermal conductivity of the base fluid and ¢ is the particle vol-
ume fraction of the suspension. Maxwell’s formula shows that
the effective thermal conductivity of nanofluids relies on the
thermal conductivity of the spherical particle, the base fluid and
the volume fraction of the solid particles.

Bruggeman [80] proposed a model to analyze the inter-
actions among randomly distributed particles. For a binary
mixture of homogeneous spherical inclusions, the Bruggeman
model gives

kp—keff> (kb—keff)
el ) gy ) =0 3
¢(kp+2keff (1= kp + 2ker ©)

This model can be applied to spherical particles with no
limitations on the concentration of inclusions. For low solid
concentrations, the Bruggeman model results in almost the
same results as the Maxwell model provides. When the particle
concentration is sufficiently high, the Maxwell model fails to
provide a good match with the experimental results. However,
the Bruggeman model agrees quite well with the experimental
data [2].

Hamilton and Crosser [27] proposed a model for liquid—
solid mixtures for non-spherical particles. They introduced a
shape factor, n, to account for the effect of the shape of the par-
ticles. The thermal conductivity, in which the ratio of conduc-

tivity of the solid and fluid phases is larger than 100 (k,/kp >
100), can be expressed as follows:

kp + (n — Dkp — (n — D) (kp — kp)¢
kp + (n — Dkp + (ko — kp)@

where n is the empirical shape factor given by n = 3 /¢, and
Y is the particle sphericity, defined as the ratio of the surface
area of a sphere with volume equal to that of the particle, to
the surface area of the particle. Comparison between Eqgs. (4)
and (2) reveals that Maxwell’s model is a special case of the
Hamilton and Crosser’s model for sphericity equal to one.

As discussed earlier, the classical models are derived from
continuum formulations and include only the particle shape
and volume fraction as variables and assumed diffusive heat
transport in both liquid and solid phases. The large enhance-
ment of the effective thermal conductivity in nanofluids defies
Maxwell’s theory [1] as well as its modification by Hamilton
and Crosser [27]. Some important mechanisms in nanofluids
appear to be neglected in these models. Keblinski et al. [68]
investigated the possible factors of enhancing thermal conduc-
tivity in nanofluids such as the size, the clustering of particles,
and the nano-layer between the nanoparticles and base fluids.
Based on the traditional models, many later theoretical works
have been proposed to address such effects, especially the in-
terfacial characteristics.

Yu and Choi [70] proposed a modified Maxwell model to
account for the effect of the nano-layer by replacing the thermal
conductivity of solid particles kp in Eq. (2) with the modified
thermal conductivity of particles kpe, which is based on the so-
called effective medium theory [81]:

R(1—y)+ A+ +2y)y]
—1=—y)+1+B8)31+2y)

where y = kiayer/ kp is the ratio of nano-layer thermal conduc-
tivity to particle thermal conductivity and 8 = h/r is the ratio of
the nano-layer thickness to the original particle radius. Hence,
the Maxwell equation (Eq. (2)) can be re-cast as follows:

kpe + 2kb + 2(kpe — ko) (1 — B)3¢
kpe + 2ky — (kpe —kp)(1+ ﬂ)3¢

The new model including the nano-layer can predict the
presence of very thin nano-layers having a thickness less than
10 nm. It also indicates that the addition of smaller (<10 nm)
particles could be better than increasing solid volume fraction
with respect to the improvement of thermal conductivity.

Yu and Choi [71] proposed a modified Hamilton—Crosser
model to include the particle-liquid interfacial layer for non-
spherical particles. The effective thermal conductivity was ex-

pressed as
A
m) ke )
1 — e A

where A is defined by

acly Gk

3 kpj + (n — Dky

j=a,b,c

keft = kp “4)

e = ko 5)

(6)

kett =

ketr = (1 +



X.-Q. Wang, A.S. Mujumdar / International Journal of Thermal Sciences 46 (2007) 1-19 13

and

_ V@@ + 0+ 1)

abc

Qett

is the equivalent volume concentration of complex ellipsoids,
which is an imaged structure of elliptical particles (a > b > ¢)
with surrounding nano-layers. With a general empirical shape
factor n (n =3¥ ™%, here « is an empirical parameter and ¥ is
the particle sphericity), this modified HC model can predict the
thermal conductivity of carbon nanotube-in-oil nanofluids rea-
sonably well. However, it fails to predict the nonlinear behavior
of the effective thermal conductivity of general oxide and metal
based nanofluids.

Xue [82] developed a model for the effective thermal con-
ductivity of nanofluids. His model is based on the average po-
larization theory and includes the effect of the interface between
the solid particles and the base fluid. His formula of effective
thermal conductivity is

9(1_?> keff_kb f|: keff_kc,x
AJ 2ketr + ko A | kefr + By (ke x — Kefr)
keff — k.
+4 eff c,y i| -0 (8)
2kefr + (1 — B x) (ke,y — keff)

where A = abc/[(a + t)(b + t)(c + t)] with half-radii (a, b, ¢)
of the assumed elliptical complex nanoparticles, which consist
of nanoparticles and interfacial shells between particles and the
base fluids. kc ; is the effective dielectric constant and B .
is the depolarization factor along x-symmetrical axis which
is derived from the average polarization theory. A test of this
formula [83] reveals that it is not as accurate as Xue claimed
since he used incorrect values of the parameters such as the
depolarization factor. Xue and Xu [84] obtained an equation
for the effective thermal conductivity according to Bruggeman
model [80]. Their model takes account of the effect of inter-
facial shells by replacing the thermal conductivity of nanopar-
ticles with the assumed thermal conductivity of the so-called
“complex nanoparticles”, which included the interfacial shells
between the nanoparticles and the base fluids.

(1 B f) ketr — kb
o ) 2keft + ko

@ (kett — ka) Zka + k1) — a(ky — k2) 2ka + ker)

o« (kefr + k2) (2kz + k1) + 2(ky — ko) (ko — ketr)

)

where « is the volume ratio of spherical nanoparticle and com-
plex nanoparticle. k1 and k» are the thermal conductivity of
the nanoparticle and interfacial shell, respectively. The modi-
fied model is in good agreement with the experimental data on
the effective thermal conductivity of CuO/water and CuO/EG
nanofluids [10].

Xie et al. [85] considered the interfacial nano-layer with
linear thermal conductivity distribution and proposed an effec-
tive thermal conductivity model to account for the effects of
nano-layer thickness, nanoparticles size, volume fraction, and

thermal conductivities of fluid, nanoparticles, and nano-layer.
Their formula is

ketr = <1 +30¢r + %)kb (10)
1 -O¢r
with
o Bl +7)* = Bo/Bul
(1+9)3 +2BwBpi

where
ki — ky
Bib =
ki =+ 2kp
ky — kK
ﬁpl = k P
p+ 2kt
kp — ki
Bol = ——7=—
ky + 2k

and y = §/rp is the thickness ratio of nano-layer and nanopar-
ticle. ¢ is the modified total volume fraction of the original
nanoparticle and nano-layer, ¢t = ¢(1 + y)>. They claimed
that the calculated values could agree well with some available
experimental data.

For metallic particles, Patel et al. [29] found 9% enhance-
ment of thermal conductivity even at extremely low concen-
trations such as 0.00026%. (Note that if not mentioned in the
context, the concentration should be in volume fraction.) The
previous formulas fail to predict such strange phenomena. The
Brownian motion of nanoparticles at the molecular and nano-
scale levels may be a key mechanism governing the thermal
behavior of nanofluids. Also, from recent experiments [16]
we find that the thermal conductivity of nanofluids depends
strongly on temperature. Hence, this important fact should be
considered in theoretical models.

Xuan et al. [86] considered the random motion of suspended
nanoparticles (Brownian motion) based on the Maxwell model
and proposed a modified formula for the effective thermal con-
ductivity as follows:

ke = kp + 2ko — 2(kp kp)¢>kb n opdcy | kgT (11

kp + 2ko + (ko — kp)d 2\ 3aren
where Boltzmann constant kg = 1.381 x 10723 J/K, r. is the
apparent radius of clusters and depends on the fractal dimen-
sion of the cluster structure. Although this model incorporates
the effect of temperature on the conductivity enhancement, the
dependence is too weak (oc 7''/?) and not in agreement with the
experimental data of Das et al. [16].

Based on the fractal theory [87], which can well describe the
disorder and stochastic process of clustering and polarization
of nanoparticles within the mesoscale limit, a fractal model for
predicting the effective thermal conductivity of nanofluid was
proposed by Wang et al. [88], who developed a fractal model
based on the multi-component Maxwell model by substituting
the effective thermal conductivity of the particle clusters, k1 (r),
and the radius distribution function, n(r), as follows:

_d=-¢)+3¢ Jo ka(rn(r)/Tka(r) + 2ky] dr L
(1= ¢) +3¢ [5 kn(r)n(r)/Tka(r) + 2kp1dr ’

eff (12)
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This model fit successfully the experimental data for 50 nm
CuO particle suspension in deionized water with ¢ < 0.5%.

Kumar et al. [89] proposed a comprehensive model to ac-
count for the large enhancement of thermal conductivity in
nanofluids and its strong temperature dependence, which was
deduced from the Stokes—Einstein formula. The thermal con-
ductivity enhancement taking account of the Brownian motion
of particles can be expressed as:

2kgT ory

Kt = K K
e k(= gy

13)

where ¢ is a constant, v is the dynamic viscosity of the base
fluid, and d,, is the diameter of the particles. However, the valid-
ity of the model has got to be established; it may not be suitable
for high concentration of particles.

Bhattacharya et al. [90] developed a technique to compute
the effective thermal conductivity of a nanofluid using Brown-
ian motion simulation. They combined the liquid conductivity
and particle conductivity as follows

kett = ¢kp + (1 — Pk (14)

where k,, is replaced by the effective contribution of the par-
ticles towards the overall thermal conductivity of the sys-
tem, kp = W > 1_0(Q(0)Q(jAn)At. The model showed
a good agreement of the thermal conductivity of nanofluids.

Jang and Choi [91] devised a theoretical model that in-
volves four modes such as collision between base fluid mole-
cules (kp(1 — ¢)), thermal diffusion in nanoparticles in fluids
(kp@), collision between nanoparticles due to Brownian motion
(neglected), and thermal interaction of dynamic or “dancing”
nanoparticles with the base fluid molecules ( f#5t). The result-
ing expression for the effective thermal conductivity of nanoflu-
ids is

d
ket = kn(1 — @) + kpop +3cd—bkbRe§p Pr (15)
P

where h ~ (ky, /dp)RefipPr2 and 6 ~ 3d,, presents the heat trans-
fer coefficient for the flow past nanoparticles and the thickness
of the thermal boundary layer, respectively. The advantage of
the model is to include the effects of concentration, tempera-
ture, and particle size. However, the Brownian effect was ne-
glected, which may not be suitable since the high temperature-
dependent properties may caused by the Brownian motion.

On the other side, Prasher [30,92] proposed that convection
caused by Brownian motion of the nanoparticles is primarily
responsible for the enhancement in the effective thermal con-
ductivity of nanofluids. By introducing the general correlation
for heat transfer coefficient /2, he modified the Maxwell model
by including the convection of the liquid near the particles due
to Brownian movement:
kp + 2k + 2(kp — kv) o
kp + 2ky — (kp — kp)¢

where h = ky/a(1 + ARe™ Pr'333¢) and A and m are con-
stants. The Reynolds number can be written as:

1 [18k,T
Re = —
v\ mopdp

ket = (1+ ARemPr°-333¢)[ ]kb (16)

Recently, Koo and Kleinstreuer [93,94] developed a new
model for nanofluids, which includes the effects of particle size,
particle volume fraction and temperature dependence as well as
properties of the base fluid and the particle subject to Brownian
motion. The resulting formula is

kp + 2kt £ 20kp — k)
kp + 2kp — (kp — k)

+5x 10°Bgopey. | BL £(7.9) (17)
P*p ppD

Note that the first part of Eq. (17) is obtained directly
from the Maxwell model while the second part accounts for
Brownian motion, which causes the temperature dependence of
the effective thermal conductivity. f (T, ¢) can be assumed to
vary continuously with the particle volume fraction, f (T, ¢) =
(—6.04¢ +0.4705)T + (1722.3¢p — 134.63) while B is related
to particle motion. Based on the investigation of pressure gradi-
ents, temperature profiles and Nusselt numbers, Koo and Klein-
streuer [94] also claimed that addition of 1-4% CuO nanoparti-
cles and high-Prandtl number base fluid such as ethylene glycol
and oils could significantly increase the heat transfer perfor-
mance of micro-heat sinks.

Considering the fact that carbon nanotubes possess large as-
pect ratio, their thermal conductivity is more difficult to predict.
Nan et al. [95] generalized Maxwell-Garnett approximation
and derived a simple formula (keff = 1 + ¢kp,/3kp) to predict
the effective thermal conductivity of carbon-nanotube-based
composites. The results within Nan’s model [95] agree well
with the experimental observations [32]. However, this model
does not considering the thermal resistance across the carbon
nanotube—fluid interface. Later, Nan et al. [96] modified their
model and tried to describe the effect of the interface thermal re-
sistance. However, the model still cannot explain the nonlinear
phenomena of the effective thermal conductivity of nanotube
suspensions with nanotube volume fractions. Recently, to ac-
count for the geometric and physical anisotropy simultaneously,
Gao and Zhou [97] proposed a differential effective medium
theory based on Bruggeman’s model [80] to predict the effec-
tive thermal conductivity of nanofluids. Although their model
involves the effect of aspect ratio of the nanotube, the size ef-
fect and temperature dependence have not be included. From
the results, the prediction of the thermal conductivity of normal
nanofluids rather than nanotube-based suspensions is not good.

Recently, Xue [98] proposed a Maxwell theory based model
of the effective thermal conductivity of CNTs-nanofluids to
include the effect of large axial ratio and the space distribu-
tion of the CNTs. As compared with the existing experimental
data [32], the proposed model provided reasonable agreement
with adjusted thermal conductivity of CNTs. With the assumed
distribution function P(B;) = 2, the corresponding expression
of the effective thermal conductivity of CNTs-based nanofluids
is

kett =

k kp+ki
1= ¢ +2¢ T In G

k kp+ky
1= ¢ +2¢ 720 In

ket = kb (18)
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Table 5
Analytical models on thermal conductivity of nanofluids — a summary
Investigator Formula (kegs/ ky,) Comments

kp+2kp+2(kp—kp)$
Maxwell [1] Tp+2k,—Rp—Fkp)d
kp+(n—Dkp—(n—1) (kpy—kp)¢

Hamilton and Crosser [27] TpF(n— Dy Tk —kp)p

kp+2k, —2(kpy—kp)
TpF2kp+ ko —Fp)d

HGo - DR +@—3¢) + VAT

Wasp [100]

Bruggeman [80]

relates the thermal conductivity of spherical particle, base fluid
and solid volume fraction

for non-spherical particles, kp/ k, > 100, n is an empirical shape
factor (n =3/, ¥ is the sphericity)

special case of Hamilton and Crosser’s model with ¥ =1

A=[B¢ — D (kp/kp)? + 2 = 3)% + 22 + 9 — 9¢>) (kp/ k)]

kpe 2k, +2(kpe —ky) (1=8)3 ¢ N A
kpe+2k, —(kpe—kp) (1+8)3¢ 1=degrA
(1=¢)+3¢ [5° ket ()n(r) /Tke1 (r)+2kp] dr
(1=¢)+3¢ [§° ky (r)n(r) [Tkl (r)+2kp] dr

Yu and Choi [70,71] 1+

Wang et al. [88]

a modified Maxwell and Hamilton—Crosser model, respectively

a fractal model based on effective medium approximation and
fractal theory

_ _ & kefi—kp | ¢ Kot —ke.x
0= 9(1 )L)zkeff‘i“kb + A [keff—O—Bz'x(kc,x_keff)
Xue [82] ket —ke.y
. y

A =By key e )

0= (1-2)jeit
o
Xue and Xu [84] eff™ "

¢ (keff—kp)Ckp+ky)—a (k) —ko)(2ko+kef)

includes the effect of interface between solid particles and base
fluid

a modified Bruggeman model including effect of interfacial shells

o (2kefp+ky) 2k +k1)+2a (ky —ko) (ko —kefr)

. 2(,,)2 2

Xie et al. [85] 1+30¢7 + —I_QZTT
kp+2kp—2(ky—kp)¢ | ppdcp [ kgT

Xuan et al. [86] kg T 2ko TRy k) 2Ky V 3mren

¢ 2kpT £rp
(ﬂndg) kp(1—e)rp

k
we+1-9)
ko (1= @) + kpop +3C3—EkbRe5p Pro

Kumar et al. [89]

Bhattacharya et al. [90]
Jang and Choi [91]

kp+2ky+2(kp—kp) P

m p,0.333
Prasher [92] (I + ARe™ Pr Al kp+2kp—(hp—Fp)b ]
Koo and Kleinstreuer [93,94] %ﬁxwe” +5 x 10* Bpppcp ,D’;% f(ka'(P)
k kp+h
1=¢+2¢ P In B>
Xue [98] foto b
g2 b1y oty
Fp—Fp " 2Ry

includes effect of nanolayer

includes effect of the random motion of the suspended
nanoparticles as well as the interfacial interactions

particle size, concentration, and temperature

kp = 1y Xjoo{QO)Q(jAN) At

four modes: collisons between fluid molecules, thermal diffusion
of nanoparticles, collisons between nanoparticles due to Brownian
motion and thermal interaction of dynamic nanoparticles with
base fluid molecules

effect of convection of the liquid near the particle included

surrounding liquid motion with randomly moving nanoparticles
considered

for CNTs-based nanofluids and including the axial ratio and the
space distribution

Xue [99] also presented a model of the effective thermal con-
ductivity for carbon nanotube composites by incorporating the
interface thermal resistance with an average polarization theory.
The proposed model includes the effects of carbon nanotube
length, diameter, concentration, interface thermal resistance,
and the thermal conductivities of nanotube and base fluid on
the thermal conductivity of the nanofluid simultaneously.

ket — kp ketr — kS
91— @) [ =
2kett + ko ketr + 0. 14Z(k33 — ketf)
ket — kS
2kett + 5 (k7| — Kett)

where k7, and k§3 are the transverse and longitudinal equivalent
thermal conductivities of the composite unit cell of a nanotube
with length L and diameter d. The model predicts that the
nanotube diameter has a neglected effect on the thermal con-
ductivity enhancement of the nanotube nanofluids. It seems that
the model can agree well with the data from Xia et al. [33].

A summary of selective analytical models on thermal con-
ductivity of nanofluids is listed in Table 5. Fig. 4 shows compar-
ison between selected discussed theoretical models and exper-
imental data on thermal conductivity for Al,O3/water nanoflu-
ids. To obtain deeper understanding of the effective thermal
conductivity of nanofluids, some important facts must be taken
to account in future studies. Such facts include effect of the
size and shape of the nanoparticles, the interfacial contact re-
sistance between nanoparticles and base fluids, the temperature
dependence or the effect of Brownian motion, and the effect of
clustering of particles.

4.3. Numerical investigations

For numerical simulations two approaches have been adop-
ted in the literature to investigate the heat transfer characteris-
tics of nanofluids. The first approach assumes that the contin-
uum assumption is still valid for fluids with suspended nano-
size particles. The other approach uses a two-phase model for
better description of both the fluid and the solid phases, but it
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Fig. 4. Comparison between selected theoretical models and experimental data on thermal conductivity for Al O3/water nanofluids.

is not common in the open literature. The single phase model
is much simpler and computationally more efficient. Another
approach is to adopt the Boltzmann theory. The heat transfer en-
hancement using nanofluids may be affected by several factors
such as the Brownian motion, layering at the solid/liquid inter-
face, ballistic phonon transport through the particles, nanopar-
ticle clustering and the friction between the fluid and the solid
particles. It is difficult to describe all these phenomena mathe-
matically, however.

Maigaet al. [101,102] numerically investigated the hydrody-
namic and thermal characteristics of nanofluids flowing through
auniformly heated tube (L = 1 m) in both laminar and turbulent
regimes using the single phase model with adjusted proper-
ties. Results showed that the addition of nanoparticles can in-
crease the heat transfer substantially compared to the base fluid
alone. It was also found that the ethylene glycol-y Al,O3 pro-
vided better heat transfer enhancement than the water—y Al,O3
nanofluids. However, Maiga et al. [103] also discussed the dis-
advantages of nanofluids with respect to heat transfer. The in-
clusion of nanoparticles introduced drastic effects on the wall
shear stress, which increased with increase of solid volume
fraction. A new correlation was proposed by Maiga et al. [104]
to describe the thermal performance of Al,Os/water nanofluids
under turbulent regime, Nugy = 0.085 RO Pr035  which is
valid for 10* < Re < 5x 103,6.6 < Pr<13.9and 0 < ¢ < 10.

Roy et al. [105] conducted a numerical study of heat transfer
for water—y Al,O3 nanofluids in a radial cooling system. They
found that addition of nanoparticles in the base fluids increased
the heat transfer rates considerably. Use of 10 vol% nanoparti-
cles resulted in a two-fold increase of the heat transfer rate as
compared to that of the pure base fluid. Their results are simi-
lar to those of Maiga et al. [101,102] since they both used the
same model.

Wang et al. [106] investigated numerically free convective
heat transfer characteristics of a two-dimensional cavity over a
range Grashof numbers and solid volume fractions for various
nanofluids. Their results showed that suspended nanoparticles
significantly increased the heat transfer rate at all Grashof num-
bers. For water—y Al,O3 nanofluid, the increase of the average
heat transfer coefficient was approximately 30% for 10 vol%
nanoparticles. The maximum increase in heat transfer perfor-
mance of 80% was obtained for 10 vol% Cu nanoparticles
dispersed in water. Furthermore, the average heat transfer co-
efficient was seen to increase by up to 100% for the nanofluid
consisting of oil containing 1 vol% carbon nanotubes. Further-
more, the presence of nanoparticles in the base fluid was found
to alter the structure of the fluid flow for horizontal orientation
of the heated wall.

Khanafer et al. [54] developed an analytical model to de-
termine natural convective heat transfer in nanofluids. The
nanofluid in the enclosure was assumed to be single phase.
The effect of suspended nanoparticles on buoyancy-driven heat
transfer process was analyzed. It was observed that the heat
transfer rate increased as the particle volume fraction increased
at any given Grashof number. Kim et al. [83] analytically in-
vestigated the instability in natural convection of nanofluids by
introducing a new factor (f), which measures the ratio of the
Rayleigh number of the nanofluids to that of the base fluids, to
describe the effect of nanoparticle addition on the convective
instability and heat transport of the base fluid. Results demon-
strated that the increased particle volume fraction improves the
heat transfer rates in nanofluids compared to those in the base
fluid alone.

Xuan and Roetzel [107] derived several correlations for con-
vective heat transfer for nanofluids. Both single phase and two
phase models were used to explain the mechanism of the in-
creased heat transfer rates. However, there are few experimental
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data to validate such models. Jang and Choi [108] investigated
the natural stability of water-based nanofluids containing 6 nm
copper and 2 nm diamond nanoparticles in a rectangular cavity
heated from the bottom. They noted that nanofluids were more
stable compared to the base fluids.

From the microscopic point of view, the traditional compu-
tational methods for two-phase mixture flow do not reveal the
inherent nature of the fluid flow and heat transfer characteristics
of nanofluids. A microscopic approach needs to be introduced
to describe the effects of interactions between the suspended
nanoparticles and the base liquid particles as well as among
the solid particles. The lattice Boltzmann equation is one of the
methods available to deal with such problems. By considering
the external and internal forces on the nanoparticles and the me-
chanical and thermal interactions among the nanoparticle and
fluid molecules, Xuan and Yao [109] simulated nanoparticle
distributions and flow of nanofluids using the lattice Boltzmann
model. The increased temperature of the fluids could increase
the nanoparticle distribution, which is an important factor re-
sponsible for heat transfer enhancement in nanofluids. Xuan
et al. [110] observed that the random motion of nanoparticles
tends to flatten the temperature distribution near the boundary
wall. Due to the irregular fluctuation of suspended nanoparti-
cles, the Nusselt distribution would fluctuate along the main
flow direction rather than the smooth distribution from the base
fluid. Their results indicated that the distribution and volume
fraction of the nanoparticles were important factors determin-
ing the temperature distribution and heat transfer improvement
with nanofluids.

Another interesting numerical investigation was conducted
by Xue et al. [72] using non-equilibrium molecular dynamics
simulations. They studied the effect of the liquid—solid interface
on the interfacial thermal resistance and found that the simple
monatomic liquid around the solid particle showed no influence
on the thermal transport either normal to the surface or parallel
to the surface. They suggested that the large improvement of
thermal conductivity in nanofluids cannot be explained by the
thermal transport in the liquid—solid interface layer.

In summary, it is difficult to identify an established theory to
predict accurately the heat transfer characteristics of nanofluids.
Many researchers deal with the nanofluids as single-phase fluid
rather than two-phase mixture. However, the particle-liquid in-
teraction and the movement between the particle and liquids
should play important roles in affecting the convective heat
transfer performance of nanofluids.

5. Conclusions

This paper presents an overview of the recent developments
in the study on heat transfer using nanofluids. Many important,
complex and interesting phenomena involving nanofluids have
been reported in the literature. Researchers investigate have
given much attention on the thermal conductivity rather than
the heat transfer characteristics. The use of nanofluids in a wide
range of applications appears promising, but the development
of the field faces several challenges: (i) the lack of agreement
between experimental results from different groups; (ii) the of-

ten poor performance of suspensions; and lack of theoretical
understanding of the mechanisms. Further theoretical and ex-
perimental research investigations are needed to understand the
heat transfer characteristics of nanofluids and identify new and
unique applications for these fields.
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