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Nanofluids have become one of the most exciting options to enhance heat transfer. However, despite the large

number of investigations published recently, the knowledge about the thermophysical properties of these special

fluids is still limited. Here, the thermal conductivity of three water-based ceramic nanofluids in a temperature range

between 20 and 60�C is investigated experimentally. For that purpose, a ring-gap apparatus was very carefully

designed, built, and analyzednumerically. No anomalous enhancement of the thermal conductivity of nanofluidswas

found. Rather, the thermal conductivity was increased by a constant value over the entire temperature range

investigated here, or over parts of it. The nanofluids investigated here are in agreement with the extension of

Maxwell’s classical theory byNan et al. [Nan, C.-W., Birringer, R., Clarke, D. R., andGleiter, H, “Effective Thermal

Conductivity of Particulate Composites with Interfacial Thermal Resistance,” Journal of Applied Physics, Vol. 81,

1997, pp. 6692–6699].

Nomenclature

d = diameter
k = thermal conductivity
Rb = thermal resistance
T = temperature
� = volume fraction of nanoparticles

Subscripts

bf = base fluid
nf = nanofluid
p = nanoparticle

I. Introduction

P RESENTLY, nanofluids are among the most intensively
investigated options to enhance heat transfer [1–3]. Here, we

understand nanofluids as liquids inwhich particleswith sizes ranging
from about 10 to 200 nm are suspended in a base fluid. Particle
materials are either pure metals (Au, Ag, Cu, etc.), oxide ceramics
(Al2O3, CuO, SiO2, etc.), or nonmetals (e.g., diamond and carbon
nanotubes). The base fluid is mainly water, but several studies with
ethylene glycol, toluene, mineral engine oil, and others were also
carried out (see, e.g., [4,5]). The general expectation of nanofluids is
that their thermal conductivity is significantly higher than that of the
base fluid. However, two main streams of results are currently
reported in the literature. Although a large number of publications
(e.g., [1–3,6,7]) support an extraordinary enhancement going
beyond the classical theory by Maxwell [8], several more recent
papers show an agreement with the classical view [9–11]. The
situation is obviously especially difficult because, so far, a satis-
factory theory does not exist, and a sufficient number of experiments
have not been carried out that could explain all phenomena observed.
However, it must be assumed that a nonlinear dependency exists of
the thermal conductivity of a nanofluid and the particle size [12], the
volume fraction [6], the particle shape [13], and the temperature.
Here, we will focus on one given particle size and one given particle

shape and investigate the dependency on the temperature alone. This
strategy limits the number of relevant parameters and allows to draw
firm conclusions.

For the practical application of nanofluids, the knowledge of
thermophysical properties such as viscosity, density, thermal con-
ductivity, and their variationswith temperature is essential. However,
it is still not currently possible to calculate these properties from
scratch knowing only the thermodynamic properties of basefluid and
particles, volume fraction, and geometry of nanoparticles and other
physical and chemical properties that constitute the characteristics of
a nanofluid. Therefore, it is still a matter of measurements to provide
thermophysical properties as the base for heat transfer and other
applications. The scope of the present work is to experimentally
determine the thermal conductivity of three water-based nanofluids
with ceramic particles in a temperature range between 20 and 60�C.
For that purpose, a special static measurement devicewas developed.
Numerical simulations and preliminary experiments were under-
taken to make sure that no disturbing effects like convection and
sedimentation contaminate the measurements and that the probe is
properly calibrated. However, the study focuses primarily on the
question of whether or not the thermal conductivity over the
mentioned temperature range shows classical behavior, as proposed
by Eapen et al. [10].

II. Models of Thermal Conductivity

An overview of physical models for the thermal conductivity of
nanofluids can be found, e.g., in [2]. Most often, Maxwell’s theory
[8]

klonf
kbf
� 1�

3��kp � kbf�
3kbf � �1 � ���kp � kbf�

(1)

is taken as a reference to evaluate measured thermal conductivities of
nanofluids. However, in a more recent publication, Eapen et al. [10]
reanalyzed the situation and found that Eq. (1) is only the lower
bound provided by Maxwell’s theory. For this lower bound the
nanoparticles constitute a well-dispersed suspension. Although
the base fluid acts as the continuous phase (which conducts most of
the heat), this is different for the upper bound (2) under these circum-
stances. Considering the upper bound, Eapen et al. [10] state that here
the nanoparticles constitute the continuous phase, acting as thermal
bridges conducting most of the heat:

kupnf
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� 1 �

3�1 � ���kp � kbf�
3kp � ��kp � kbf�

(2)
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Eapen et al. [10] considered two additional and even more extreme
bounds: the series [Eq. (3)] and the parallel mode [Eq. (4)]. In both
cases all nanoparticles form a uniform block. For the first case, this
block is in series with the base fluid, and in the second case, the block
is parallel to the nanofluid (see Fig. 1 of [10]):

k�nf
kbf
�

kp
kp�1 � �� � kbf�

(3)

kknf
kbf
� �1 � �� � �

kp
kbf

(4)

For kp < kbf the different bounds order according to

k�nf < k
lo
nf < k

up
nf < k

k
nf (5)

Obviously, real nanofluids do not show one or the other physical
configuration underlying the different bounds in a pure form. It is
much more likely that a part of the nanoparticles is well dispersed,
while another part builds agglomerates that act as thermal bridges.
Therefore, the thermal conductivity of the majority of nanofluids
investigated so far are found in the range between the lower and the
upper Maxwell bounds [10].

The models discussed above consider only pure thermal con-
duction in base fluid and nanoparticles without any thermal contact
resistance occurring at the particle-fluid interfaces. Nan et al. [14]
extended the classicalMaxwell theory (lower bound) significantly by
incorporating arbitrary particulate composites and Kapitza’s concept
of thermal contact resistance. This specific physical phenomenon
was discovered by Kapitza [15] as temperature discontinuity at
metal–liquid interfaces and later confirmed for various composite
systems [14]. Considering interfacial thermal resistance, Maxwell’s
theory for spherical particles is still applicable, provided the substi-
tution kbf ! kbf � �kp is conducted, where the variable � equals
2Rbkbf=dp, and with Rb as thermal resistance, so that

kbf ! kbf

�
1� 2

Rbkp
dp

�
(6)

The second term on the right side is basically the reciprocal of the
nanoparticle Biot number, which is the ratio of the internal con-
ductive resistance dp=kbf to the outer heat transfer resistance 1=Rb.
Any thermal resistance would, in general, decrease the thermal
conductivity of a nanofluid. Here, we will consider the effect of ther-
mal resistance and analyze our experimental data with that respect.

III. Nanofluids Considered

Within this paper we consider three water-based nanofluids. Two
of them (NF1 and NF2) are prepared on our own in cooperation with
Fraunhofer Institute for Ceramic Technologies and Systems (IKTS-
Dresden, Germany). The third nanofluid (NF3) is LUDOX® TM-50
(W. R. Grace & Co.). An overview of relevant properties is given in
Table 1. LUDOX TM-50 was purchased and investigated without
any further physical or chemical treatment. It is an amorphous

synthetic silica appearing as an opalescent liquid, free of foreign and
gelatinous matter. LUDOXTM-50 was chosen (W. R. Grace &Co.),
because it was one of the nanofluids investigated within the
Massachusetts Institute of Technology (MIT) benchmark study by
Buongiorno et al. [9]. Therefore, reference values for thermal
conductivity at room temperature, pH value, particle loading, etc.,
exist that are used here for the validation of our own measurements.

NF1 and NF2 were produced using Al2O3 44932 NanoTek®.
Field emission scanning electron microscopy showed mainly nearly
perfect spherical primary particles. Specific surface of these particles
was determined according to Deutsche Institut für Normung ISO
9277 [17] employing an ASAP 2010/2020 (Micromeritics) and
found with 35:4 m2=g to be in reasonable agreement with
manufacturer’s data (36:0 m2=g). From that an average particle
diameter of about 42 nm was calculated. Because of agglomeration,
the particles cluster, even when dispersed very carefully. Therefore,
particle size was determined after dispersion employing dynamic
light scattering according to ISO 22412 [18] (ZetaSizer Nano ZS,
Malvern Instruments). An average cluster size of about 139 nm was
found [19].

Employing nanofluids as a heat transfer medium demands that
interdependencies with the heat exchanger material have to be
considered. Because copper or steel are very often used for building
heat exchangers, it suggests looking for nanofluids, which cause a
minimum amount of corrosion of these materials. From the Pourbaix
diagram of copper [20], it follows that this minimum is at a pH value
of about 9.5. Similarly, the corrosion rate of ferrous material has a
minimum at pH values greater than 9.1 [21]. According to manu-
facturer’s data, LUDOX TM-50 satisfies this demand a priori
(Table 1). Our measurements (794 Basic Titrino, Metrohm) con-
firmed the pHvalue of the employed lot of LUDOXTM-50with 9.76
at a temperature of 23�C. Because the Al2O3 water system has its
isoelectric point in a pH range between 8 and 9, a dispersant for an
electrosteric or electrostatic stabilization is necessary for NF1 and
NF2 to achieve pH values above 9 [19]. Several dispersants were
analyzed, some of themwith no or insufficient electrostatic effects. A
good stabilization was achieved by adding DOLAPIX CE 64 (2% by
mass of active DOLAPIX component with respect to the solid con-
tent of nanoparticles). DOLAPIXCE 64† (Zschimmer & Schwarz) is
an organic dispersing agent that is free from alkali. It acts as a
dispersant and gives a negative charge to the Al2O3 nanoparticles.

IV. Ring-Gap Apparatus for Measuring
Thermal Conductivity

The physically correct determination of the thermal conductivity
is a key feature in qualifying nanofluids. Here, we employ a ring-gap
apparatus (RGA). The RGA belongs to the steady-state methods for
measuring thermal conductivity of liquids and gases. The physical
operation principle is equal to coaxial-cylinder cell apparatuses, as
discussed in recent textbooks [22,23]. However, the design is
different, as will be explained below. One of the main advantages of
these measurement techniques is their versatility, which allows for
the measurement of electrical conducting fluids, which nanofluids
often are. Despite being known for some time [24], the method is still
widely used in research laboratories [25–27].

Steady-state methods measure the necessary heat flux to keep the
temperature difference between two metallic surfaces constant over
time. In the case of the classical coaxial-cylinder cell apparatuses
(Fig. 3.45 in [23]), these surfaces are constituted by inner and outer
cylinders mounted concentrically. While the inner cylinder is heated
with a constant heat output, the temperature of the outer cylinder is
kept constant by means of a thermostat. The disadvantage of this
classical design is that guard cylinders [28] or counter heaters are
needed at the lower and upper ends of the apparatuses to prevent heat
losses. The RGA employed here avoids this difficulty, because
its surfaces are formed by cylindrical and upper and lower

Table 1 Nanofluids investigated

Nanofluid Particle
material

Particle
loading

Size of
primary particles

pH value

NF1 Al2O3 1.0 vol % 42 nm 9.58
NF1 a Al2O3 1.0 vol % 42 nm 9.58
NF2 Al2O3 3.0 vol % 42 nm 9.70
NF3 SiO2 29.0 vol % �30 nm b 9.76
NF3 SiO2 26.0 vol % c 20–40 nm c 9.03 c

NF3 SiO2 31.1 vol % d 22 nm d 8.5–9.5 e

aReference measurements by IFAM-Bremen.
bChen et al. [16].
cBuongiorno et al. [9].
dW. R. Grace & Co., quoted in [9].
eLUDOX TM-50 product data sheet.

†Data available online at http://www.zschimmer-schwarz.com/Kerami-
khilfsmittel/DOLAPIX%20CE%2064/8.html?typ=K&id=DOLAPIX CE 64
[retrieved 16 March 2011].
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hemispherical parts (Fig. 1). The advantage of such a design is that
the number of parameters to be controlled is minimized. The thermal
path of the heat emitted by an heating cartridge inside the inner body
(consisting of lower and upper hemispheres and cylinder) is normal
to these surfaces from the inner body via the measured fluid into the
outer body, which acts as a heat sink. Because of the narrowness and
the shape of the gap (cylindrical part plus lower and upper hemi-
spherical parts), convection of a viscous liquid is nearly completely
suppressed (see also Sec. IV.A), and so heat transfer via the
investigated liquid layer takes place only by heat conduction. To
prevent thermal radiation and any possible corrosion that could be
caused by the analyzed alkaline nanofluids all surfaces that contact it
are silver-plated (20 �m).

The RGA employed in this study is a unique development of the
Institut für Luft- und Kältetechnik (ILK Dresden) and goes back to
the works by Heide [29]. It is frequently used for measurements of
refrigerants and refrigerant–oil mixtures up to 100 bar. The inner
body is heated uniformly. Its cylindrical and hemispherical parts
have radii of ri � 8 mm. The heater cartridge consists of a platinum
wire with a nominal ohmic resistance of 100 � at 20�C. To keep the
supplied heat constant a current correction compensating the
temperature dependency of the platinum wire is applied. The heat
output can be varied between 0.09 W (3 V) and 0.8 W (9 V),
depending on the liquid investigated. In the present study mostly an
heat output of 0.5 W was applied.

The outer surface is part of a homogeneous cylindrical copper
block with an outer radius of 40 mm. Its cylindrical and hemi-
spherical parts have radii of ri � 9 mm. At its outer edge the copper
block is kept at a constant temperature by means of a thermostat. In
our case, temperature was varied between 20 and 60�C and
controlled with an accuracy of 0.02 K. The thermostat itself is
insulated to avoid heat losses. The temperature difference across the
nanofluid is measured employing thermocouples and reaches values
between 0.1 and 1K,which is comparablewith [27] and in agreement
with the numerical calculations (see Sec. IV.A). In a preliminary test
with no heating, the offset between the inner and outer thermo-
couples is determined. The actual temperature difference is then
calculated as

�T � �Ti;H � Ti;0� � �To;H � To;0� (7)

Here, Ti denotes the temperature of the inner surface, and To is the
temperature of the outer surface. The subscripts H and 0 indicate
heated and unheated cases. The temperatures Ti;0 and To;0 are not
identical, because it would take an infinitely long time to achieve a

perfectly uniform temperature distribution within the complete mea-
surement system (including RGA and thermostat). The remaining
minute radial temperature gradient is therefore captured with Eq. (7).

The gap between inner and outer surfaces has a width of 1 mm in
all parts of the measurement device. The constant width of the gap is
maintained by two groups of three Teflon® distance pieces (�
2 mm). After evacuating the ring gap, the nanofluid is delivered into
the device via the upper inlet (Fig. 1). To empty the RGA, the
nanofluid is pressed employing nitrogen through the lower outlet.

Each measurement point was done twice at two different heat
fluxes. Therefore, altogether four individual measurements con-
stitute one single heat conductivity value given in the following
figures. Because of the thermal inertia of the system, each mea-
surement takes about 1–2 h. A complete data set in a temperature
range between 20 and 60�C takes about two days, which is similar to
comparable systems [27].

An ideal RGAwould consist only of the cylindrical ring gap and
the two hemispherical gaps. For such an ideal RGA the relation
between knf and the temperature difference between inner and outer
surfaces follows with

knf �
q

2��Ti � Ta�
h

l
ln �ro=ri� �

2riora
ro�ri

i (8)

Here, l denotes the length of the cylindrical part of the RGAand q the
heat supplied.

However, a real RGA is affected by several disturbing effects, such
as heat flux via the Teflon distance pieces that act as thermal bridges,
departure from ideal geometrical shape due to inlet and outlet
deliveries and manufacturing inaccuracies, and possible convection
within the ring gap. All of these effects make a calibration after each
assembling of the device necessary. Such a temperature-dependent
calibration removes the systematic error and is basically an expres-
sion of the fact that we are not dealing with absolute measurements.
The calibrations were carried out employing deionized water (supra
pure) as a reference fluid that has an exactly known thermal
conductivity. Figure 2 shows an example of a calibration curvewhere
reference values of the thermal conductivity of water‡ are plotted
against the accordingly measured values at different temperatures.
The raw data of knf are predicted according to Eq. (8) and corrected
employing the calibration curve.

The stochastic error remains and has to be captured by an
appropriate error analyses based on the Gaussian law of propagation
of uncertainties. According to this law the determined heat con-
ductivity values have a relative error of less than 0.8%,which is again
in agreement with the range of uncertainty values given in the
literature [23,27]. To keep a sufficient reliability of the measure-
ments, each temperature is sampled 10 times and then averaged.

Especially for LUDOX TM-50, significantly higher knf values
than those of the base fluid have to be expected [9]. This fact makes
an extrapolation of the calibration curves as for any other experi-
mental technique for measuring the thermal conductivity necessary.
Additionally, the quality of the calibration curve in the measured
region is of importance. Employing water as calibration fluid we
found that all calibration curves accomplished were highly iden-
tically. Therefore, the scatter resulting from the calibration is very
small. Averaging over all linear fits conducted shows that the slope in
the measured region varies around 1.37 (�0:02). The offset that
should be zero for ideally perfect RGA varies here around �0:08
(�0:01). However, the extrapolated results depend strongly on the
functional form of the approximation function, as Fig. 2 illustrates,
employing linear and quadratic fits. To select the appropriate
extrapolation function, numerical simulations of the RGA were
conducted.

Fig. 1 Sketch of RGA, not true to scale.

‡See the NIST Reference Fluid Thermodynamic and Transport Properties
Database (REFPROP), available online at http://www.nist.gov/srd/
nist23.cfm [retrieved June 2007].
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A. Numerical Simulation of Ring-Gap Apparatus

The aim of the simulations was twofold. First, we wanted to
predict the thermal conductivity of a known fluid equivalent to the
physical experiment to extract the proper calibration function and
second the simulations should provide insight into the intensity of the
convection currents taking place in the ring gap. The geometry of the
numerical RGA is identical with Fig. 1. It is not affected by any
effects following from manufacturing or assembling uncertainties.
However, it shows all differences of a real RGA compared with an
ideal one, which follow from convection, inlet and outlet deliveries,
heat flux via Teflon distance pieces, etc.

Numerical simulationswere carried out on a PCcluster of six cores
employing FLUENT 12. Because of the long stretched but narrow
geometry of the ring gap, the comparatively large number of
21.2 million grid points was implemented within 20 subdomains.
The mesh was built from tetrahedrons and hexahedrons (second-
order upwind discretization, double-precision). Because of the
transient character of the flow, a realizable k-� model (Boussinesq-
approximation) was employed for all test cases. Stop criteria were set
at 10�8 for the energy transport equation and 10�4 for all other
equations. CPU time per realization was between 30 and 50 h.
Simulations were undertaken for water at temperatures of 5, 10, 20,
40, 60, 80, and 97�C. With the last test case a maximal thermal

conductivity was realized and was still safely below the boiling point
of water.

The temperature distribution inside the upper half of the numerical
RGA is shown in Fig. 3. Clearly, the influences of the inlet delivery,
the revolving cartridge seal, and the Teflon distance pieces are
visible. These disturbances cause the difference between numerical
and ideal RGA. They exist in a similar form in the real RGA, where
they determine a part of the systematic error that has to be gathered
through the calibration. The convection stream inside a section of the
cylindrical ring gap is shown in Fig. 4. Because of the no-slip
condition at the gap walls, the velocity is identically zero here. Next
to the inner cylinder wall an upwardly oriented stream exists that is
part of a long stretched toroidal vortex. This vortex covers the whole
gap, including its upper and lower hemispherical parts. The down-
ward component of this vortex is found near the wall of the copper
block. Convectionvelocities are due to the narrowness and geometry
of the ring gap, with O�10�5 m=s� being very small. Therefore, it
takes several hours for liquid parcels to be transported by convection
from their position through the entire gap back to the initial position.
The additional heat transfer caused by this extraordinary weak
convection seems to be negligible. It will be even weaker for
nanofluids, due to their higher viscosities (e.g., LUDOX TM-50, 40
times in excess of water).

The numerically obtained temperature differences between inner
and outer surfaces were used to calculate the thermal conductivity
according to Eq. (8). However, in contrast to the physical experi-
ments, no corrections according to any calibration curve were
applied. The obtained values of the thermal conductivity are
compiled together with the experimental calibration points in Fig. 2.
Again, linear and quadraticfits are conducted. In contrast to thefits of
the experimental calibration points, both approximations fall on top
of each other. From that finding, it is concluded that a linear
approximation, and therewith a linear extrapolation, seems to be
preferable.

B. Preliminary Experiments with Respect to Sedimentation

Though promising, nanofluids do present experimenters with
daunting problems. Among them is sedimentation, because, as has
become clear in several recent investigations [5,30,31], it is to be
expected that nanofluids may show sedimentation. Obviously, sedi-
mentation depends strongly on several parameters, and among them
is the specific chemical stabilization of the nanofluid. Therefore, it is
not possible to perform any thermal conductivity measurements
without checking the sedimentation behavior of the investigated
nanofluid within the measurement device. For that purpose, a glass
model of the actual size of the RGA was built. The glass model
basically consists of the lower half of the cylindrical ring gap, the
lower hemispherical gap, and the lower set of Teflon distance pieces
(also made from translucent glass).

0.50 0.55 0.60 0.65 0.70 0.75 0.80
kRGA W mK

0.50

0.55

0.60

0.65

0.70

0.75

0.80
k r

ef
W

m
K

LUDOX TM50

Al2O3 3%

Al2O3 1%

Fig. 2 Example for calibration of ring-gap apparatus; ideal RGA (bold

solid line), results from numerical RGA (circles), values obtained from

experimental calibration (triangles), linear fits (thin solid lines), and
quadratic fits (dashed-line curves). Thick horizontal barsmark expected

ranges of thermal conductivity of nanofluids.

Fig. 3 Numerical simulation of temperature distribution in the RGA.

Fig. 4 Convection currents in ring-gap apparatus.

EHLE, FEJA, AND BUSCHMANN 381



Figure 5 illustrates the sedimentation process of Al2O3 nanofluid
(3.0 vol %). Two observations are obvious. First, the specific Al2O3

nanofluid employed here indeed sediments; second, it takes a suf-
ficiently long time until sedimentation is significantly strong. About
24 h after starting, sedimentation is only visible in the very narrow
region of the nanofluids meniscus. This time interval is sufficient to
carry out themeasurements without being affected by sedimentation.
However, after about 11 days, sedimentation is remarkable. Further
observations showed that about three months after preparation the
nanoparticles are nearly completely discharged. The same is true for
Al2O3 nanofluid (1.0 vol %) not shown here.

LUDOX TM-50 does not show any sedimentation when
monitored in the glass model. Therefore, it was additionally
monitored in a standard test tube employing the Tyndall effect
(Fig. 6). Three simple laser pointers (red light) were mounted
beside the test tube sending their beams parallel through the tube
filled with LUDOX TM-50. The photos were taken in a darkroom
to ensure clear contrasts. After 400 h (17 days) no differences
compared with the initial state were found. The bottom line of these
experiments is that the thermal conductivity of LUDOX TM-50
should be measurable in the RGA without any restrictions due to
sedimentation.

In summary we find that numerical investigations and preliminary
sedimentation experiments show that the RGA is an appropriate tool
for measuring the temperature-dependent thermal conductivity of
nanofluids.

V. Results and Discussion

Measured thermal conductivities are compiled in Fig. 7 (NF1),
Fig. 8 (NF2) and Fig. 9 (NF3). Measurements of Al2O3 nanofluids
were repeated after a time interval of onemonth (first and second runs

Table 1) to demonstrate time stability of these suspensions.
Independent control measurements for NF1 (Al2O3 1.0 vol %) were
carried out by Fraunhofer Institute for Manufacturing Technology
and Applied Materials Research (IFAM-Bremen, Germany) with a
laser flash technique. The active principle of this technique is
completely different from that of the RGA and described by Blumm
et al. [32]. This strategy ensures that for the nanofluid with the lowest

Fig. 5 Sedimentation ofAl2O3 nanofluid 3.0 vol % in glass model of RGA after 24, 48, and 260 h. Inner body is filled with reddish-colored water. The
blurred dot (middle right position) indicates one of the glass distance pieces.

Fig. 6 Sedimentation of LUDOX TM-50 visualized after 400 h

employing Tyndall effect. The three laser pointers (light beams are
visible) are positioned right of the test tube. No sedimentation can be

seen.
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Fig. 7 Increase of thermal conductivity of NF1 (Al2O3 1.0 vol %) for
the temperature range of 20 to 45�C. Symbols: first measurement (black
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Fig. 8 Increase of thermal conductivity ofNF2 (Al2O3 3.0 vol%). Lines
are the same as in Fig. 7. Symbols: first measurement (black square),

second measurement one month (gray square), [33] (star), [36]

(downward triangle), and [38] (open diamond).
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increase of thermal conductivity to be expected, a set of reference
values exists that can be used for validating the RGA results.

All results show that the thermal conductivity of water is increased
when nanoparticles are added. However, in any case, this increase is
below the lower Maxwell bound [Eq. (1)], but higher than the bound
of the seriesmode [Eq. (3)]. The variation of the thermal conductivity
of the nanofluids show a similar behavior as the base fluid. For
LUDOX TM-50 the absolute increase with �147 mW=�mK� is
nearly constant over the entire temperature range. This is slightly
higher than the reference value byBuongiorno et al. [9] suggests. The
reason might be found in the different properties of the employed
batches. While the batch of [9] has a lower particle loading than the
nominal value of 31.1 vol%, the batch investigated here is very close
to this value (Table 1). Therefore, the increase of the thermal
conductivity obtained here must be slightly higher.

The Al2O3 nanofluids show nearly constant increases of the
thermal conductivity of �16 mW=�mK� (NF1) and of �40 mW=
�mK� (NF2) in a temperature range from 20 to 45�C. This finding is
confirmed for NF1 through the independent measurements by
IFAM-Bremen. At 22�C excellent agreement is found with the
thermal conductivity values measured by Townsend and Christian-
son [33] (insulated-hot-wire technique) for Al2O3 nanofluids with 1
and 3 vol %. Agreement is also found with the results by Das et al.
[34] (temperature-oscillation technique), da Fonseca et al. [35] (line
heat-source probe), and Lee et al. [36] (transient-hot-wire technique)
at room temperature. Note that for some of these experiments,
primary particles with averaged diameters (50.0 nm [33] and 38.4 nm
[34,36]) that are similar to the particles used here (42 nm) were
employed. Da Fonseca et al. [35] used smaller primary particles
(20 nm). There are only a few experimental results that enlighten the

temperature dependence ofAl2O3 nanofluids. Among them are Beck
et al. [37] and Wong and Kurma [38], which are in good agreement
with our findings (Figs. 7 and 8). The repeated measurements after
one month indicated that no significant change in the thermal
conductivity occurs within this time period.

The observed increases of the thermal conductivity of NF1 and
NF2 slightly decline between 45 and 60�C. A similar effect was
found by Beck et al. [37]. In our case the knf values fall below the
curves according to Nan et al.’s theory [14] obtained for a tem-
perature range of 20 to 45�C. Therefore, one may hypothesize that
with increasing temperature either the thermal resistance is enhanced
or, additionally to this effect, chainlike clusters of nanoparticles
break up and percolating effects are diminished. The thermal
resistance of theAl2O3 nanofluids employed here is most likely also
constituted by the dispersant DOLAPIX CE 64, which covers the
surface of the nanoparticles. Any change of this surface film with
temperature would then change the thermal resistance too. The
observed effect was not found for LUDOX TM-50 (Fig. 9), which is
obviously stabilized differently. Note that an increased convection
within the RGA can be excluded as a reason for the observed decline,
because the numerical simulations show that this effect is very weak.

The percental increase of the thermal conductivity is shown in
Figs. 10–12. Below 45�C the increase of the Al2O3 nanofluids is
about 2% for NF1 and about 6% for NF2. The thermal conductivity
of a Al2O3 nanofluid with nanorods (1 vol %) from the MIT
benchmark test by Buongiorno et al. [9] is in reasonable agreement
with the results found here. Above this temperature the discussed
decline is again visible. For LUDOX TM-50 the increase of the
thermal conductivity falls from 26% (20�C) to 22% (60�C).
However, in contrast to theAl2O3 nanofluids this decline is in perfect
accordance with Nan et al.’s theory [14].

Based on the finding that all measured values of the thermal
conductivity are below the lower Maxwell bound we argue that an

10 20 30 40 50 60 70
0.59

0.60

0.65

0.70

0.75

0.80

0.85

0.90

T ino C

k S
iO

2
W

/m
K

Fig. 9 Increase of thermal conductivity of NF3 (SiO2 31.1 vol %) for
the temperature range of 20 to 60�C. Symbols: ownmeasurement (black

triangle), set 3, sample 1 [9] (open upward triangle), pure water (dotted

line), borders according to series and parallel mode (light dashed lines),

lower and upperMaxwell borders [10] (light solid lines), and Nan et al.’s
theory [14] (dark dashed and solid lines).

10 20 30 40 50 60 70
−2

0

2

4

T ino C

in
cr

ea
se

k A
l2

O
3

in
%
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additional thermal resistance has to be considered. Applying Nan
et al.’s theory [14] the Rb values are calculated according to
Eq. (6). For LUDOX TM-50 an averaged Rb value of about
0:135 	 10�8 Km2=W was found. In the temperature range of 20
to 45�C both Al2O3 nanofluids show a Rb value that scatters
around 1 	 10�8 Km2=W. This Rb value is in excellent agreement
with the findings by Ju et al. [39] for aluminum oxide nanoparticles
and the Rb value assumed by Buongiorno et al. [9] for the lower
Maxwell bound. However, for higher temperatures the Rb value
increases up to 5 	 10�8 Km2=W. Figures 7–12 indicate the ther-
mal conductivity according to Nan et al.’s theory [14] for averaged
Rb values in a temperature range of 20 to 45�C for NF1 and NF2
and 20 to 60�C for NF3. Additionally, curves for Rb values of
�40% are shown.

With Fig. 13 we adopt a plot from Eapen et al. [10]. The idea
behind this plot is to transform Eq. (1), introducing the similarity
variable �� ��kp � kbf�=�kp � 2kbf� so that

klonf
kbf
� 1� 2��

1 � �� (9)

follows. The ratio klonf=kbf is then only a function of a single variable
��. The data obtained here fit well into this hypothesis. This is
especially true for LUDOX TM-50, which has a negligible thermal
resistance.

VI. Conclusions

This study addresses the question of whether or not the tem-
perature dependence of the thermal conductivity of nanofluids shows
classical behavior according to Maxwell [8]. For that purpose a
special measurement apparatus was developed. The thermal con-
ductivity of three nanofluids was determined employing this
apparatus. The major results of the study are as follows:

1) Nanofluids behave as such even in measurement devices.
Therefore, these devices have to be carefully analyzed before mea-
suring thermal conductivity and other thermophysical properties. A
steady-state ring-gap apparatus was found to be the appropriate
device to measure thermal conductivity of nanofluids. Intensive
numerical simulations of this special apparatus were undertaken to
show that convection is a minor effect that can be gathered through
proper calibration. Additionally, the simulations showed that a linear
extrapolation of the experimental calibration curve is appropriate.

2) As shown in several publications, it cannot be excluded a priori
that nanofluids sediment. While the Al2O3 nanofluids investigated
here sediment, LUDOX TM-50 does not. Regardless, sedimentation
time scales were experimentally investigated to ensure that this
phenomenon does not harm thermal conductivity measurements.

3) Thermal conductivities of two Al2O3 nanofluids and one SiO2

nanofluid (LUDOX TM-50) were measured in a temperature range
between 20 and 60�C. It was found that the thermal conductivity of
the suspensions behave similar to that of the base fluid water. No

anomalous enhancement was seen. The thermal conductivity is
rather increased by a constant value over the entire temperature range
investigated here, or over parts of it.

4) In any case, the measured thermal conductivities were found to
be below the lower Maxwell bound, but above the series mode,
according to Eapen et al. [10]. This finding gave room to the
hypothesis that a thermal contact resistance has to be considered.
Employing Nan et al.’s theory [14], the Rb value was calculated.
However, the thermal resistance seems to be weak, and so the
nanofluids investigated here are more or less in agreement with the
classical theory by Maxwell [8].

This paper showed that the temperature dependence of the thermal
conductivity of the nanofluids investigated here behaves according to
the classical theory. In conclusion, the findings advocated by Eapen
et al. [10] are confirmed. This does not rule out that there are more
sophisticated nanofluids with percolating effects and therefore
significantly higher thermal conductivities, as proposed byMaxwell
[8] (lower bound) and Nan et al. [14]. However, the hurdles seem to
be very high to produce such tailor-made nanofluids.
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