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Abstract

Nanofluids are prepared by dispersing Fi@anoparticles in rod-shapes@i0 nmx 40 nm (diameter by length) and in spherical shapes of
215 nm in deionized water. A transient hot-wire apparatus with an integrated correlation model is used to measure the thermal conductivities
of these nanofluids more conveniently. The pH value and viscosity of the nanofluids are also characterized. The experimental results show
that the thermal conductivity increases with an increase of particle volume fraction. The particle size and shape also have effects on this
enhancement of thermal conductivity. For Bifarticles of@10 nmx 40 nm andz15 nm dimensions with maximum 5% volume fraction,
the enhancement is observed to be nearly 33% and close to 30%, respectively over the base fluid. For 5% volumetric loading of rod-shape
TiO» nanoparticles 0£10 nmx 40 nm in deionized water, this enhancement is found to be 12% higher than that predicted by the Hamilton—
Crosser model [| & EC Fundamentals 1 (1962) 187]. However, with the same volumetric loading, the maximum enhancement is determined
to be about 16% higher than that predicted by the Bruggeman model [Y. Ding, D. Wen, R.A. Williams, in: Proceedings of 6th International
Symposium on Heat Transfer, Beijing, 2004, pp. 66—76] forsTi@noparticles of215 nm in the same base fluid of deionized water. The
measurement error is estimated to be within 2%.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction Nanofluids with metallic nanoparticles and oxide nanopar-
ticles have been investigated by several researchers [3] such
Fluids with nanoparticles suspended in them are called @ Choi [1], Das et al. [4], Xuan et al. [5], Eastman et al. [6,
nanofluids. This term was coined by Choi in 1995 at Ar- 7] and Lee et al. [8] who found great enhancement of ther-
gonne National Laboratory of USA [1]. Nanofluids are mal conductivity_ (5—60%)_over the volume fractiop range
thought to be the next-generation heat transfer fluids, and©f 0-1-5%. In this study, Tig—water based nanofluids are
they offer exciting possibilities due to their enhanced heat teste(_j and thelr thermal conductlvmes. are measured by the
transfer performance compared to ordinary fluids. The ad- fransient hot-wire method. The experimental resul'ts' show
vantages of these nanofluids are (1) better stability compared® Maximum 33% enhancement of thermal conductivity for
to those fluids containing micro- or milli-sized particles and °% volumetric loading of nanoparticles. These results are
(2) higher thermal conductive capability than the base flu- _als_o compared with theoretical predictions with several ex-
ids themselves. Nanofluids are proposed for various uses in'Sting models.
important fields such as electronics, transportation, medical,
and HVAC [2]. Hence, there is a need for fundamental under-
standing of the heat transfer behavior of nanofluids in order
to exploit their potential benefits and applications.

2. Sample preparation and characterization
2.1. Sample preparation

* Corresponding author. Tel.: +65 6790 5596, fax: +65 6792 2619. A nanofluid does not mean a simple mixture of liquid
E-mail address: mkcleong@ntu.edu.sg (K.C. Leong). and solid particles. To prepare nanofluids by suspending
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Nomenclature
1 CUITENE . oo e A vy Euler constant
q heatrate............................ vl 0 temperature rise of the wird” — Tp) . . ... .. K
L lengthof thewire......................... m B resistance temperature coefficient....... K
R FeSIStANCE . ..ottt e Q o thermal diffusivity . .................. fas1
C, specificheat.................... kg~t.K-1 ¢ volume fraction
k thermal conductivity . ........... wh-1.K-1 .
Subscripts
14 voltage ... \ .
a Wire radiis ... m nf nanofluid
w wire
Greek symbols g A/D converter
) AENSity . ...t kg3 f base fluid

Fig. 1. TEM photograph of15 nm TiG, particles in deionized water.

nanoparticles into base fluids, proper mixing and stabiliza-

Fig. 2. TEM photograph 0&10 nmx 40 nm TiG, particles in deionized
water.

supplier. This is because of the large particle density, huge

tion of the particles are essential. Nanofluids dispersing number of particles, inter-particle attraction, and agglomera-
copper, aluminum and their oxide nanoparticles have beention of particles, which were observed using the particle size

widely investigated by many researchers [5-10]. However,
titanium oxide, which has excellent chemical and physical
stability, is not widely used although it is a cheap and com-
mercially available mineral product. In this study, spherical-
shape TiQ nanoparticles ofa15 nm and rod-shapes of
210 nmx 40 nm (Nanostructured and Amorphous Mate-
rials, Inc., USA) were used. Two types of sample nanofluids
were prepared by dispersing Ti@anoparticles with differ-
ent volume fractions in the deionized (DI) water base fluid.
Their pH value, viscosity, and stability are characterized.
An ultrasonic dismembrator was first used for nearly 8-10
hours to ensure proper mixtures of different volume frac-
tion of TiO, nanoparticles into the base fluid (DI water).
A transmission electron microscope (TEM) and patrticle size

analyzer were then used to monitor the dispersion, cluster-

ing and morphology of nanoparticles in base fluids, which

analyzer and TEM (Figs. 1 and 2). The particles are also not
uniformly dispersed in the base fluid. There is therefore a
need to use surfactants to break down the particle conglom-
eration in suspension. The surfactant keeps particles dis-
persed in base fluids by electrostatic repulsive forces among
the particles and hydrophobic surface forces due to physi-
cal adsorption of surfactant in solution [11]. Oleic acid and
cetyltrimethylammoniumbromide (CTAB) surfactants were
used to ensure better stability and proper dispersion without
affecting nanofluids’ thermo-physical properties and single-
phase heat transfer performance since the surfactant concen-
trations used in the experiments are very low (e.g., volume
percentage around 0.01-0.02%). CTAB is found to be more
effective.

2.2. Miscosity and pH value

are also considered as factors for higher heat transfer perfor-

mance of nanofluids. The sizes of the nanoparticles in the

The pH value and viscosity, which are considered as fac-

base fluid were found to be larger than those specified by thetors that may affect the stability of nanofluids were measured
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at room temperature. For maximum 0.05 volume fraction of The inner boundary condition at=a is
TiO>—@10 nmx 40 nm nanopatrticles in deionized water, 30
the viscosity was found to be35 x 10~3 Pa.s, which in- ¢ = —27ak—
creases slightly with an increase of particle volume fraction. "
For TiO,—@15 nm, the viscosity was.83 x 103 Pa.s, The solution of Eq. (1) for the temperature rise of the hot-
which was observed to increase more significantly with vol- wire is obtained as

ume fraction compared with TiE@—210 nmx 40 nm. This q [I ‘el Ao ]

a2

fort>0 3)

r=a

is because of the smaller particle size, shape, and larger num? (@, 1) = Ak (4)

ber of particles. The pH values of T}o-deionized water ]

nanofluids are found to be within 6.8-6.2 for the particle vol- WhereC = exp(y) andy =0.5772 is Euler's constant.

ume fraction of 0.001-0.02, which shows that the nanofiuid  F"om EQ. (4), the thermal conductivity of nanofluids can
is nearly neutral in nature and it decreases with increas- be calculgted using the linear rela'.tionship.between the tem-
ing particle volume fraction. According to Xie et al. [12], Perature rise and the natural logarithm of time.

the hydration forces among particles increase with a de-
crease in the pH value of the suspension, which results in the

enhanced mobility of nanoparticles in the suspension lead- ) o
ing the heat transport process. Hence, the pH value of the. From the analogy of the Wheatstone bridge circuit used

nanofluids should be kept low for better heat transport. in the hot-wire apparatus and imposing the mathematical
formulation for temperature rise of the hot-wire (Eq. (4)),

an integrated mathematical formulation is established for
measuring the thermal conductivity and thermal diffusivity
simultaneously and more conveniently.

) ) ] Applying Kirchoff’s voltage law to the balanced Wheat-
The transient hot-wire (THW) method is employed 10 gione pridge circuit (Fig. 3) and using the temperature-

measure the thermal conductivity of sample nanofluids. The yegjstance relationship of wire, the voltage change is given
measuring principle of the transient hot-wire technique is |,

based on the calculation of the transient temperature field

around a thin wire (called hot-wire), which can be treated y _ [ R3 i|(,3Rw)Vs9 (5)
as a line source. A constant current is supplied to the wire (R3+ Ry)?

to generate the necessary temperature rise. The wire is surgypstituting Eq. (4) into Eq. (5), we have

rounded by a sample nanofluid, whose thermal conductivity

and thermal diffusivity are to be measured. The wire serves y, — [L}(ﬁlgw) Vsq [m, +1In ﬂ} (6)
as both the heat source and the temperature sensor. The heat L (R3 + Ru)? Ak a?C

dissipated in the wire increases the temperature of the wireFor

3.2. Mathematical formulation for experiments

3. Measurement of thermal conductivity of nanofluids

and also that of the sample. The temperature rise in the wire BR3R,, V.
.. 30y Vy q
depends on the thermal conductivity of the sample through [m} e A
which the wire is inserted. 3T Mw
and

i i o

3.1. Theoretical basis Aln =B
a<C

The transient hot-wire method is well documented in the Eq. (6) can be written as the simplest form of
literature [13-15]. Thus, the basic assumptions and deriva-

tions for the mathematical formulation of the transient hot- Vg=Alnt +B )
wire system are not discussed in detail. Since V, can be obtained directly from the Wheatstone
The governing equation for radial transient heat conduc- bridge circuit through theA/D converter or digital volt-
tion in a homogeneous and infinite medium is given by meter, the thermal conductivity and thermal diffusivity can
) be calculated more conveniently from slop€) and inter-
0% 1060 190 (1)  Sect(B) of Eq. (7).

a2 rar aot
whered = T — Ty is the temperature rise in the medium and 3.3. Transient hot-wire apparatus and procedure
To is the initial temperatureT is the temperature in sur-

rounding medium at time and radial position, anda = The transient hot-wire method has been proved to be one
—k_ s the thermal diffusivity of the surrounding medium. of the most accurate and fast ways of determining the ther-
pcpThe initial and outer boundary — oo) conditions are mal conductivity of a fluid. The advantage of the method

lies in its almost complete elimination of the effects of nat-
O(r,t)=0 (2) ural convection, whose unwanted presence causes problems
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Fig. 3. Schematic of experimental setup.

for measurement. A schematic of the transient hot-wire ap- (Eq. (7)), the thermal conductivity can be easily calculated
paratus used in this study is shown in Fig. 3. The main ex- from the other known parameters.
perimental cell is actually a part of the Wheatstone bridge
circuit since the wire (so-called hot-wire) is used as one arm
of the bridge circuit. Since these nanofluids are electrically 4. Resultsand discussion
conductive, teflon spray was used for easy and convenient
coating of the platinum wire to act as an electric insula- 4.1. Calibration and error estimation
tion. A bare wire can be used if the fluid is electrically
nonconductive. A platinum wire was chosen because of its  To estimate the error in measurement of the thermal con-
well-known resistance/temperature relationship over a wide ductivity, the experimental apparatus was calibrated with a
temperature range. The resistance-temperature coefficient obase fluid (deionized water) for different input voltages. For
Pt wire is 0.0039092C [16]. A thermocouple platinum wire  the calibration and experimental operation, each sample re-
of 76.2 pm and length of 215 mm is used in the hot-wire cell sult is the average of 1000 scans by theD converter. At
whose electric resistance is measured and calculated. It washe same operating condition, the thermal conductivity was
desired to a have a wire with as small a diameter as possi-determined for each sample and the average is taken. The
ble for it to act as a line heat source. For this cell, the wire hot-wire cell was insulated thermally by self-adhesive insu-
length to diameter ratio is 2821. The dimensions of the sam- lation foam tape to maintain uniform room temperature in
ple container were chosen to be sufficiently large for it to be an air-conditioned laboratory. The measurements were per-
considered as infinite compared to the platinum wire. The formed with different input voltages and then a suitable volt-
volume capacity and diameter of the sample container areage was chosen for each test sample. The time of each run
80 mL and 20 mm, respectively. was kept within three seconds to avoid the convection effect.
After calibration, the nanofluids were taken into the hot- The thermal conductivities of nanofluids were measured in
wire cell to measure the thermal conductivity. Measurements several runs to obtain the statistical standard deviation and
were performed at room temperature and atmospheric presthe repeatability, which are shown in Fig. 4 as error bars. The
sure. Initially, the Wheatstone bridge circuit was balanced standard thermal conductivity of deionized water is consid-
by adjusting the adjustable resistance in circuit and ground ered as 0.607 Wh~1.K~1. Based on the deviation between
resistance of the analog to digitéli/D) converter input  this standard thermal conductivity of deionized water and the
panel. When no voltage change reading was observed (i.e.measured thermal conductivity in calibration operation, the
Vout = 0) in A/D converter, the circuit was considered as measurement error was estimated to be within 2%.
balanced. After switching on the DC supply through the sta-
bilizer (R4, in Fig. 3) to the Wheatstone bridge circuit, a 4.2. Experimental results
voltage change occurred in the hot-wire, which caused to
circuit to be unbalanced. This unbalanced voltagg) over TiO2 nanoparticles 010 nmx 40 nm and@15 nm
time was recorded in the computer by thg D converter in deionized water with different volume fractions (0.005—
at a sampling rate of 15 sampfasgcond. Labview software  0.05) were tested to measure the thermal conductivity. Both
was used to support thee/ D converter to obtain the data in  the experimental results (Fig. 4) and the theoretical predic-
required format. The input voltage to the circuit was also tion by various existing models (Figs. 5 and 6) show that
recorded for each run. This measured unbalanced voltagethe thermal conductivity of Tig—deionized water based
over natural logarithm of time was plotted. The thermal con- nanofluids increases with particle volume fraction. Fig. 4
ductivity was then calculated from the slope of linear fitted shows that the measured thermal conductivity for 2TiO
curve. Since this magnitude of slope of fitted curve is equal (@15 nm)—water nanofluids has a maximum enhancement
to the slope of the integrated mathematical linear equation 29.70% for a particle volume fraction of 5%. For TiO
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Fig. 4. Enhancement of thermal conductivity of BHi©deionized water Fig. 5. Comparison between experimental and theoretically determined
nanofluids with CTAB surfactant. thermal conductivity of TiQ (15 nm)—deionized water nanofluids with

CTAB surfactant.

(210 nmx 40 nm)—water nanofluids, the maximum en-
hancement is 32.80% from the base fluid with the same 135
particle volume fraction. The experimental results show a
nonlinear relationship between the thermal conductivity and -
particle volume fraction at lower volumetric loading (0.005—
0.02) and a linear relationship at higher volumetric loading -
(0.02-0.05). This nonlinear behavior of nanofluids at lower
volume fractions of nanoparticles may be due to the influ-
ence of the CTAB surfactant, long time (8-10 hours) of
sonication, and hydrophobic surface forces in the nanoflu- 5
ids. However, the results are in good agreement with those of & 1.5 —e— Wasp Model [20]
other researchers [4-10,17], i.e., the thermal conductivities ~ Lo ] —v— H-CModel [19]
of nanofluids increase as particle volume fraction increases. T Frperimentl

It is also observed that for the nanofluid with rod-shape 095
(210 nmx 40 nm nanoparticles, the increase in thermal
conductivity is larger than that of the nanofluid with spheri-
cal shape®15 nm) particles. According to the Hamiltonand  Fig. 6. Comparison between experimental and theoretically determined
Crosser model (Eq. (8)), the shape faatoe= 6) for cylin- thermal conductivity of TiQ (210 nmx 40 nm)—deionized water nanoflu-
drical particles is larger than that for spherical particles with ids with CTAB surfactant.
shape factorp = 3. This model also shows that the ther-

mal conductivity for the mixture with cylindrical particles i ) . .
is higher than that of the mixture with spherical particles. @nd 6 with the theoretical predictions by the model of Hamil-

Due to the larger shape factor, the thermal conductivity of N and Crosser (Eq. (8)), Wasp (Eg. (9)), and Bruggeman

nanofluids composed of rod-shape nanoparticles is Iarger(Eq' (10)).

than that of the nanofluids with spherical shape nanoparti-  1h€ Hamilton and Crosser [19] model for determining
cles. the effective thermal conductivity of a two-phase mixture is

given by

(k, /k

at1ol

1.10

mal conductivity r:

T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Particle volume fraction

4.3. Comparisons of experimental results with theoretical
prediction keft/k p = [

kp+(n—1)kf—(n—1)¢(kf—kp)] ®)

kp+ (n— Dy + §ky — kp)

wheren is the empirical shape factor given by= 3/v and
¥ is the sphericity. For the spherical and cylindrical shape
particle, the sphericityy) is 1 and 0.5, respectively.

The Wasp model for calculating the effective thermal
conductivity of solid—liquid mixtures is given by Xuan and
Roetzel [20] and Wang et al. [21] as

Since no exact theory for the determination of thermal
conductivity of nanofluids is available as yet, existing clas-
sical models for the solid—liquid mixture are used to com-
pare with the measured thermal conductivity. The Maxwell
model [18] is used for determining the thermal conductiv-
ity of suspensions containing spherical particles. However,
thermal conductivity of suspensions depends not only on the
particle volume fra(_:tion but also on the size and shape of Tk = kp+2ky—2¢ (ks —kp) ©)
the suspended particles. The results are compared in Figs. eft/ ky = kp+ 2k + ¢ (ks —kp)
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For only spherical particles, the Wasp model yields the samethermal conductivity enhancement of nanofluids. The exper-
results as the Maxwell and the Hamilton and Crosser mod- imental results are compared with theoretical predictions by
els. several existing models. It is found that the experimental re-
The Bruggeman model gives a slightly better predic- sults are remarkably higher than those predicted by existing
tion [22,23] than other models in the case of spherical par- models for solid—liquid mixtures. The comparisons indicate
ticles with no limitations on the concentration of inclusions. that further research efforts are needed to develop a suit-
It was used to consider the effect of nanoparticle clustering able model to predict the thermal conductivity of nanofluids
in [23]. which will take into account several possible factors in en-
For a binary mixture of homogeneous spherical inclu- hancing the heat transfer performance of nanofluids.
sions, the Bruggeman model has
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