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An experimental investigation was conducted on the effective thermal conductivity and viscosity of Al,Os
water-based nanofluids. The thermal conductivity was determined using the transient hot wire (THW) method.
The results show that the thermal conductivity of Al,Os; nanofluids increases with increasing nanoparticle
concentrations in a distinct linear trend. Adding (1 to 5) % of Al,O; nanoparticles to water increases the
effective thermal conductivity of Al,O3 nanofluids by (6 to 20) % at room temperature. Thereis a substantial
increase in the enhancement of thermal conductivity as temperature increases. At 55 °C, this value increases
to around 16 %. The thermal conductivity enhancement decreases from (30 to 10) % while the particle size
increases from (10 to 35) nm, but enhancement increases when the particle size is above 35 nm. Theincrease
in thermal conductivity is 27.5 % for a particle size of 150 nm. In the viscosity measurements, the effective
viscosity increases up to 60 % as the volume concentration increases from 1 % to 5 % at 25 °C. As the
temperature increases, the viscosity of Al,Oz; nanofluids decreases exponentially. Experimental results also

indicate that the viscosity of nanofluids is much higher when the nanoparticle size is smaller.

I ntroduction

Nanofluids are a new class of advanced heat transfer liquids
consisting of solid nanoparticles, with sizestypically in the order
of (1 to 100) nm. For the past decade, nanofluids have drawn
much attention to researchers due to their highly enhanced
thermal properties. For example, dispersing a volume fraction
of less than 1 % of copper nanoparticles or carbon nanotubes
in ethylene glycal or il has been reported to increase the thermal
conductivity by 40 % and 160 %, respectively.? Furthermore,
nanofluids are expected to exhibit better properties compared
to conventional heat transfer liquids and fluids that control
microsized metallic particles. Nanoparticles which have a much
larger surface area than microsized particles possess the potential
to further improve heat transfer capabilities® and increase the
stability of suspensions. Successful implementation of nanofluids
can bring benefits and applications to numerous important fields
such as microelectronics, transportation, and manufacturing. On
the other hand, the viscosity of nanofluidsis believed to be lower
than those of conventional micrometer-sized particle-liquid
suspensions, therefore reducing the pressure drop in the flow
channel and pumping power, which in turn lowers operating
cost. However, presently, few studies have addressed the viscous
properties of nanoparticle suspensions, and data collected have
shown that no theoretical models*° are able to predict the
viscosity of nanofluids accurately. This can be supported by
the experimental results from Masoumi et al.*® and Nguyuen
et a.™ as their data shows a maximum viscosity increment of
90 % and 45 % for a 5 % nanoparticle volume concentration,
whereas theoretical models such as the Einstein, Brinkman, and
Batchelor models predict that the viscosity increment is around
15 %. More thorough investigations should be carried out on
the effective viscosity of nanofluids. A good understanding of
the rheological properties and flow behavior of nanofluids is
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necessary before they can be commercialized in real heat transfer
applications. Thus, a complete understanding of nanofluid
properties is essential so that we can optimize the usage of
nanofluids and understand their limitations. In this paper, thermal
conductivity and dynamic viscosity are measured in Al,O3—
water nanofluids.

Experimental M easurements

Nanofluid Preparation. In our experiments, we dispersed
Al,O3 nanoparticles with an average diameter of 25 nm and a
particle density of 3.7 g-cm™2 (Nanostructured and Amorphous
Materials, Inc.) into 100 mL of deionized water to prepare the
nanofluids with volume concentrations, (m/p)/(100 + n/p) at 1
%, 2 %, 3 %, 4 %, and 5 %. Oxide-particle volume concentra-
tions are normally below 5 % to maintain moderate viscosity
increases. Also, to investigate the particle size effect on the
thermal conductivity and viscosity, an additional four sets of
nanofluids each with a constant volume concentration of 5 %
but with different particle sizes (10 nm, 35 nm, 80 nm, and
150 nm) were prepared. Sample preparation is carried out using
a sensitive mass balance with an accuracy of 0.1 mg. To keep
the particles well-dispersed in the base fluid, the surfactant
cetyltrimethylammonium bromide (CTAB) is added in the
nanofluids. As a cationic dispersant, it can keep particles well-
dispersed in base fluids.*>** The nanofluids were then stirred
by a magnetic stirrer before undergoing an ultrasonification
process (Fisher Scientific model 500). Thisisto ensure uniform
dispersion of the nanoparticles and aso to prevent the nano-
particles from agglomerating in the base fluid.

Measures of Thermal Conductizity and Dynamic Vis-
cosity of the Nanofluids. Numerous experimental work has been
reported on thermal conductivity measurements of nanofluids
using the transient hot wire (THW) method,** the steady-state
parallel-plate technique,*® and the temperature oscillation tech-
nique.*® Among them, the THW method has been used most
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Figure 1. Schematic of THW experimental setup.'*

extensively since it is accurate and fast at determining the
thermal conductivity of a fluid. The significant advantage of
this method liesin its almost complete elimination of the effects
of natural convection. A schematic of the THW apparatus used
in this study is illustrated in Figure 1. A thermostat water
circulator was applied to maintain different temperatures for
the nanofluid measurements. The measuring principle of the
THW technique is based on the transient temperature field
around a hot wire. The wire functions as the probe which is
used as a line heat source as well as athermometer. A constant
current is supplied to the wire to raise its temperature. The heat
dissipated in the wire increases the temperature of the wire as
well as that of the nanofluids. This temperature rise depends
on the thermal conductivity of the nanofluid sample in which
the hot wire isinserted. Therefore, by modeling the temperature
change with the voltage change as introduced in the Appendix,
the thermal conductivity value of the fluids can be determined.

The experimental apparatus was calibrated by measuring the
effective thermal conductivity of deionized water. On the basiss
of the calibration results from the THW method for the base
fluid, the measurement error was estimated to be within & 1
%. All measurements were performed at atmospheric pressure.
After calibration, the nanofluids were taken into the hot wire
cell to measure the thermal conductivity as shown in Figure 1.
First, the DC power supply was switched on, and the input
voltage Vs was adjusted to 0.5 V, while the switch in the circuit
remained on the stabilizer resistor (R,) circuit. Thereafter, the
switch was turned to the Wheatstone bridge circuit, and Vg (as
indicated in Figure 1) was balanced by adjusting manually the
variable resistor in circuit. Once there was no voltage change,
that is, Vg across the Wheatstone bridge was near to 0, the circuit
was considered as balanced. Again, after switching back to the
stabilizer resistor circuit, the input voltage Vs was then set to
the desired value of 2.0 V. Lastly, switched back to the
Wheatstone bridge circuit, a voltage change would appear in
the hot wire, which caused the circuit to be unbalanced. This
unbalanced voltage (V) was recorded for 10 s in the computer
by the MX 100 data acquisition unit. The input voltage to the
circuit was also recorded for each run. This measured unbal-
anced voltage over natural logarithm of time was plotted. The
slope of the fitted curve was egual to the slope of the integrated
mathematical linear equation of the THW method in the
Appendix, and therefore the thermal conductivity could be
determined from other known parameters.

The effective viscosity of Al,Oz water-based nanofluids was
measured by a standard controlled rate rheometer (Contraves
LS 40) which has a cup and bob geometry. The geometry
requires only a sample volume of around 5 mL, and hence
temperature equilibrium can be achieved quickly within 5 min.
The experimental apparatus was calibrated by measuring the
viscosity of deionized water. On the basis of the calibration
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Figure 2. Thermal conductivity enhancement as a function of volume
concentrations at 25 °C. Model from: Maxwell (dashed line);*° Bruggeman
(dotted line);*® Yu and Choi (dashed—dotted line).>* Data from: A, this
study; x, Eastman et al.;* v, Das et a.;*® O, Li and Peterson.*”

results, the measurement error was estimated to be within £ 1
%. All measurements were performed at atmospheric pressure.
Relative viscosity is calculated with a comparison to pure water.

Results and Discussion

Thermal Conductizity of the Al,Os—Water Nanofluids. As
presented in Figure 2, the nanofluid thermal conductivity ratio,
kesi/Ks, is plotted as a function of nanoparticle volume fraction
for a series of Al,Oz nanofluids prepared from 25 nm particles
and measured at 25 °C. In theratio, kg is the measured thermal
conductivity of the nanofluids, while k; is the thermal conductiv-
ity of water. Overal, it can be noted that the previous ex-
perimental values and the predicted therma conductivity do
increase with a increase of nanoparticle concentration in the
fluids and in a distinct linear trend.**®*" Our experimental
results have the same trend. It is found that adding a small
volume percentage [(1 to 5) %] of Al,O; nanoparticlesin water
increases the effective thermal conductivity of Al,Oz nanofluids
by (6 to 20) %. If we disregard the minor differences in the
particles size, Figure 2 also clearly shows that there are
discrepancies between past experimental data and our data on
the amount of enhancement. This difference may be caused by
various factors such as different particle preparation, or particle
sources. Presently, there are no standard guidelines on the
preparation of nanofluids such as the amount and type of
surfactant added, the time duration for ultrasonification pro-
cesses, the measurement methods and procedures, and the size
and shape of nanoparticles. Some of these reasons may add up
to account for the difference in experimental data. Recently, in
abenchmark study of nanofluids,® it is found that the thermal
conductivity enhancement was consistent between measurement
techniques so long as the same measurement technique at the
same temperature conditions was employed to measure the
thermal conductivity of the base fluid. Therefore, it is indicated
that different experimental techniques do not have a significant
effect on the thermal conductivity measurement.

However, conventional models™®~2* underestimate the ther-
mal conductivity enhancement when compared against our
measured values and the previous experimental data by Eastman
et al.* The possible reason might be that the present proposed
models take into account additional assumptions, such as the
interfacial layer, the effects of Brownian motion, the size and
shape of nanoparticles, and the effect of clustering of particles.
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Figure 3. Temperature dependence of thermal conductivity enhancement
for Al,O3 nanofluids. Data from: A, this study [5 % (by volume)]; v, Das
et al. [4 % (by volume)];*® O, this study [3 % (by volume)]; ®, Chon et al.
[4 % (by volume)];?? ©, this study [1 % (by volume)]; x, Daset a. [1 %
(by volume)];*¢ O, Chon et al. [1 % (by volume)].??

The model of Yu and Choi shows a better estimate by modifying
the Maxwell equation by including the interfacial resistance
between nanoparticles and base fluids.*® At this point of time,
most of these aforementioned mechanisms are neither well-
established nor well-understood especially when there are large
discrepanciesin the past data collected. Therefore, more coherent
experimental work is required before concrete conclusions can
be inferred from the thermal conduction behavior of nanofluids.

The effective thermal conductivity ratio, Ke/ks, is expressed
at different temperatures, as shown in Figure 3. For the volume
concentrations at 1 %, 3 %, and 5 %, there is a substantial
increase in the enhancement from (15 to 55) °C. With 1 %
particles at about 15 °C, the enhancement is around 1.7 %, but
this value increases tremendously to 16 % at 55 °C. Therefore,
the presented results imply that the enhancement achieved by
having a small volume of nanoparticles in the fluid is consider-
ably higher at higher temperatures. The measurement in 1 %, 3
%, and 5 % nanofluids has a gradient of 0.003575, 0.0045, and
0.00475, respectively. Thus, it can be said that the enhancement
of thermal conductivity shows an increase with temperature and
the rate of this increase depends on the concentration of
nanoparticles. To further substantiate the above trends explained
by our experimental results, temperature-dependent results from
authors such as Das et a.*® and Chon et al.?* were also plotted
in Figure 3, although there are differences in the particle size.

The experimental data were compared with the predictions
from the thermal conductivity model by Jang and Choi,*® and
good agreement was found for 10 nm, 25 nm, and 35 nm
Al,Oz—water nanofluids as shown in Figure 4. The present
experimental data show that the effective thermal conductivity
decreases tremendously from (10 to 35) nm. However, as the
particle size increases, it deviates from the Jang and Choi model,
which was based on the few available data by Lee et al.>* and
Masuda et a.® The model of Jang and Choi shows the
nanoparticle size dependency of the nanofluid conductivity. As
the nanoparticle diameter is reduced, the effective thermal
conductivity of nanofluids becomes larger. They explained that
this phenomenon was based on Brownian motion; the smaller
the average size of nanoparticles in the fluid, the higher the
velocity of Brownian motion in nanosized particles. Thus,
the heat transferred by convection is enhanced. As aresult, the
effective thermal conductivity of nanofluids becomes larger.
However, as the particles approach micrometer size, they do
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Figure 4. Effects of diameter of nanoparticles on the effective thermal
conductivity of nanofluids at 25 °C. Model from: Jang and Choi model
(dashed line); modified Maxwell model (dotted ling). Data from: <, this
study [5 % (by volume)]; O, Beck et al. [4 % (by volume)].?®

not remain suspended in the base fluid. Thus, large micropar-
ticles do not have significant Brownian motion any more, and
there is no enhancement on the effective thermal conductivity
by convection. The experimental results of the Al,Os—water
nanofluids at (80 and 150) nm did not show a similar trend on
the decrease in thermal conductivity enhancement when particle
size increases. Instead, the data show that the thermal conduc-
tivity enhancement in the Al,Os; nanofluids increases as the
particle size increases above 35 nm, similar to the data of Beck
et al.%® after 50 nm. As the particles become larger, the modified
Maxwell model is better to explain the nanoparticle size effects
on thermal conductivity given by the Chen correlation,?” who
investigated thermal conductivity of a single particle smaller
than the mean free path, and the predicted effective thermal
conductivity can be expressed as,

- 0.75(d/1)
ko = I‘*>U'ko.75(dp/|:) 1 1)

where k,, dp, lp, and ke are the thermal conductivities,
characteristic length of the nanoparticles, mean free path of the
nanoparticles, and thermal conductivity of the bulk material,
respectively. Because the thermal conductivity of ananoparticle
proposed by Chen et a. is much less than its bulk value, the
modified Maxwell model therefore predicts a decreasing nanof-
luid thermal conductivity with adecrease of particle size. Thus,
athreshold in particle size might exist where either the Brownian
motion or the diffusive heat transport would be more dominant
on the thermal conductivity in the nanofluids.

Dynamic Viscosity of the Al,O;—Water Nanofluids. Figure
5 shows that the dynamic viscosity ratio increases as the volume
concentration increases at room temperature. The results of
Masoumi et al. (28 nm)*® and Nguyen et al. (36 nm)** show
similar trends. From the present experimental results, the
measured viscosity of Al,O3 nanofluids is significantly higher
than the base fluid by about (20 and 61) % at a (1 and 5) %
volume fraction, respectively. The Masoumi et al. and Nguyen
et a. data and our measured data are much higher than those
of predicted values using the Einstein, Brinkman, Batchelor,
and Graham equations.*>®° Einstein’s formula and the others
originating from it can be used to better explain liquids that
contain asmall number of dispersed particles (< 1 %). However,
for higher particle concentrations the deviation of conventional
models from our experimental dataiis considerably larger. Even
Batchelor's formula, the one taking Brownian effects into
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Figure 5. Relative viscosity of Al,Oz nanofluid as a function of volume
concentration at 25 °C. Data from: O, this study; B, Masoumi et al.;*° +,
Nguyen et a.** Model from: Graham (dashed—dotted line);° Brinkman
(dotted line);® Batchelor (solid line);® Einstein (dashed line).*
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Figure 6. Dynamic viscosity as a function of the liquid temperature for
Al,Oz—water nanofluids. Data from: O, this study, water; <, this study [1
% (by volume)]; 4, this study [2 % (by volume)]; x, this study [3 % (by
volume)]; v, Nguyen et al. [1 % (by volume)];** O, Nguyen et al. [4.5 %
(by volume)].**

account, performs poorly. Chandrasekar et al.?® suggested that
a huge difference between experimental results and predicted
values may be because conventional models neglected the
hydrodynamic interactions between particles which become
important as the disturbance of the fluid around one particle
interacts with that around other particles at higher volume
concentrations. Hence, the conventional models cannot explain
the high viscosity ratio.

The dynamic viscosities were illustrated for the three nanof-
luids with a particle volume fraction ranging from (1 to 3) %
for temperatures varying from (15 to 55) °C in Figure 6. It is
observed that the nanofluid dynamic viscosity decreases with
increasing temperature. Nguyen et al. suggested that the
temperature effect is probably due to weakening of interparticle
forces.™* Also shown in Figure 6, the gradient of the dynamic
viscosity with temperature becomes steeper in the temperatures
from (15 to 30) °C. This observation can be supported by the
results of Nguyen et al.**

In Figure 7, the experimental results show that the effective
viscosity decreases significantly as particle sizes increase and
reaches an almost constant value. This trend is very similar to
the other studies presented®?%3° in Figure 7 except for the
particle size greater than 100 nm. Timofeeva et a. identified
that nanofluids with smaller particles have a higher relative
viscosity because of their tendency to form larger agglomerates
while the larger diameter particles form smaller agglomerates.®*
The possible reasons for a stronger agglomeration in smaller
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Figure 7. Relative dynamic viscosity as a function of diameter of Al,O5
particles in the nanofluids at 25 °C. Data from: <, this study [5 % (by
volume)]; O, Lu and Fan [5 % (by volume)];?° A, Masoumi et al. [2.85 %
(by volume)];*° x, Prasher et al. [3 % (by volume)].*°

Al,Oz particles may be their better ability to undergo the
dissolution—precipitation growth or their weaker repulsion due
to a smaller surface charge.

As mentioned by Chen et a.,> nanoparticles in nanofluids
are mostly in the form of aggregates. Therefore the Krieger
model,*® (1./11) = (1 —(¢ddm)) 2>, is more appropriate to
calculate the relative viscosity between a nanofluid (nf) and its
base fluid (f), where 2.5 isthe intrinsic viscosity, 7o, of spherical
particles, ¢, is the volume fraction of aggregates, ¢n, is the
volume fraction of densely packed spheres and the volume
fraction of the aggregates is expressed as ¢, = ¢(d/d)>%, in
which d is the fractal dimension of the aggregates. For well-
dispersed individual particles, ¢4 is equal to ¢, and the Krieger
model reduces to the Einstein model. Thisis a very idea case
where there is zero agglomeration. However, none of the
research is able to obey fully the Einstein equation until now.
The reason may be that it is unlikely to eliminate the ag-
glomeration completely. Zhao et a. measured the diameter of
silicon dioxide aggregates using a Malvern-Zetasizer Nano
$90.3* When the nanoparticle size increases, the magnitude of
(d4/d) decreases. Thus the volume fraction of the aggregates
decreases, and the relative viscosity ratio decreases based on
the Krieger model.®® In addition, Zhao et al. mentioned that
the shape of the aggregates is no longer spherical because of
aggregation and the intrinsic viscosity, whereas 79 which
consequently changes with the shape must be considered. From
theoretical considerations, Einstein obtained that 7, = 2.5 for
spherical particles and 7, is greater than 2.5 for other shapes.®
As d decreases, the aggregated shape becomes disordered and
varied. Thus, 7o should be larger than that of the spherical
particles. This can also account for the increase in viscosity
ratio as the particle diameter decreases.

Slight agglomeration is likely to remain in the nanofluids in
this study since measures are made for different particle sizes
at a constant 5 % volume concentration, which is considered
high. On the basis of the Krieger model, it is possible that the
relative viscosity is higher for particles at a smaller size, aswe
observed in this study.

Conclusions

The effective therma conductivity and viscosity of nanofluids
were found experimentally to increase significantly with the
particle volume fraction (Figures 2 and 5). A linear increase in
the effective thermal conductivity of nanofluids with temperature
was also observed (Figure 3). Besides the volume fraction of
particles and temperature, it can be concluded that the particle
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size aso influences the therma conductivity of nanofluids
(Figure 4). It isindicated that existing classical models cannot
explain the observed enhanced thermal conductivity of nanof-
luids. More comprehensive models therefore need to be
developed. Particle sizes, particle dispersions, clustering, and
temperature should be taken into account in the model develop-
ment for nanofluids. Similarly, the conventional models are
unable to predict the anomalous increase in dynamic viscosity.
At volume concentrations of 5 %, the dynamic viscosity has an
increment of 60 % (Figure 5). The significant deviation between
the experimental results and the existing theoretical models is
still unaccounted for. The dynamic viscosity of the Al,Os;
nanofluid decreasing exponentialy as temperature increases
(Figure 6), together with the increased thermal conductivity,
makes it more attractive as a cooling fluid for devices. The
effects of particle size on the dynamic viscosity is limited as
shown in Figure 7. More complete experimentsinvolving awide
range of nanoparticle sizes can be conducted in future work,
especialy at smaller nanoparticle sizes.

Appendix: Mathematical Formulation

The detailed derivation of the THW method is reported in ref
36. The governing equation for radial transient heat conduction
in a homogeneous infinite cylindrical medium is given by

2(,00)  £20

ar\ ar] oot )

where 8 = T — Ty isthe temperature rise in the medium and Ty
istheinitial temperature, T isthe temperature in the surrounding
medium at time t and radial position r, and a. = (k/pcp) is the
thermal diffusivity of the surrounding medium.

The outer boundary (r—e<) condition is

o(r,t)=20 (3)

The inner boundary condition at r = ais

00
q=—2nal{5) . t>0 (@)

where q is the heat rate per unit length. Thus, the solution of
eq 2 can be given by

O(at) = %(In(:%t) )

where C = exp(y) and y = 0.5772 is Euler’s constant. From
eq 5, the thermal conductivity of nanofluids can be calculated
using the linear relationship between the temperature rise and
the natural logarithm of time.

From the analogy of the Wheatstone bridge circuit used in
the hot-wire apparatus and imposing the mathematical formula-
tion for temperature rise of the hot wire (eq 5), 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 Wheatstone
bridge circuit (Figure 1) and using the temperature resistance
relationship of wire, the voltage change is given by

_ Rs

where V is the input voltage across the Wheatstone bridge, and
B is the resistance-temperature coefficient of Pt wire.
Substituting eg 5 into eq 6, we have

[ R
%_&&+mf

V.
)(ﬁRN)M—S?((Int +1n %) @)

For

Ao [PRREYs )\ g
(R, + R,)?) 47K

B=Aln22
acC

Equation 7 can be written as the simplest form of
Vo=AlInt+B (8)

Since V, can be obtained directly from the Whesatstone bridge
circuit through the digital voltmeter, the thermal conductivity
and thermal diffusivity can be calculated more conveniently
from slope (A) and intersect (B) by eq 8.
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