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Thermophysical Properties

and Pool Boiling Characteristics
of Water-in-Polyalphaolefin
Nanoemulsion Fluids

In this work, thermophysical properties, microstructure, and pool boiling characteristics
of water-in-polyalphaolefin (PAO) nanoemulsion fluids have been measured in the water
concentration range of 0-10.3 vol. %, in order to gain basic data for nanoemulsion
boiling. Water-in-PAO nanoemulsion fluids are formed via self-assembly with surfactant:
sodium sullfosuccinate (AOT). Thermal conductivity of these fluids is found to increase
monotonically with water concentration, as expected from the Maxwell equation. Unlike
thermal conductivity, their dynamic viscosity first increases with water concentration,
reaches a maximum at 5.3 vol. %, and then decreases. The observed maximum viscosity
could be attributed to the attractive forces among water droplets. The microstructures of
the water-in-PAO nanoemulsion fluids are measured via the small-angle neutron scatter-
ing (SANS) technique, which shows a transition from sphere to elongated cylinder when
the water concentration increases above 5.3 vol. %. The pool boiling heat transfer of
these water-in-PAO nanoemulsion fluids is measured on a horizontal Pt wire at room
temperature (25 °C, subcooled condition). One interesting phenomenon observed is that
the pool boiling follows two different curves randomly when the water concentration is in
the range of 5.3 vol. % to 7.8 vol. %. [DOI: 10.1115/1.4024423]
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1 Introduction

Cooling high heat flux electronics and optoelectronics are one
of the most challenging problems in industry and military areas
[1-34]. The coolants, lubricants, and other heat transfer fluids
used in today’s thermal systems typically have relatively poor
heat transfer properties. Hence, heat transfer fluids with improved
thermal properties are urgently needed. Recently, the authors had
proposed a new “nanoemulsion heat transfer fluid” system in
which one liquid is dispersed into another immiscible liquid as
self-assembled nanodroplets to improve the fluid thermal proper-
ties [8-10,12,13]. The nanoemulsion heat transfer fluids belong to
the family of microemulsion and are thermodynamically stable
which is different from widely used emulsions [19-24,30,35-41].
The dispersed low boiling point fluid is expected to modity the
thermophysical properties of base oil especially its phase change
behavior.

In this study, thermophysical properties and pool boiling
characteristics of water-in-PAO nanoemulsion fluids and their
dependence on water concentration have been investigated experi-
mentally. The microstructure of these fluids is also characterized
via small-angle neutron scattering technique.

2 Experimental Apparatus and Procedure

2.1 Synthesis of Water-in-PAO Nanoemulsion Fluids. The
water-in-PAO nanoemulsion fluids are spontaneously formed
by self-assembly and are especially designed for enhanced heat
transfer capability via addition of phase changeable fluids, such as
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water (as done here). These water nanodroplets are reverse
micelles swollen with water, and stabilized by the surfactant AOT
molecules (sigma Aldrich) that have hydrophilic heads facing
inward and hydrophobic tails facing outward into the base fluid
PAO (Chevron Philips Chemical Company).

The water-in-PAO nanoemulsion fluids are transparent, but
scatter light due to the Tyndall effect [42,43], as shown in Fig. 1.
Their microstructure and dynamics are highly dependent upon the
molar ratio of water to AOT. Therefore, their thermophysical
properties and pool boiling heat transfer characteristics are
expected to vary with the molar ratio of water to AOT. In this
study, 12 water-in-PAO nanoemulsion fluid samples with water

Fig. 1 Water-in-PAO nanoemulsion fluid (bottle A) and pure
PAO (bottle B). The Tyndall effect can be seen in the nanoemul-
sion fluid (bottle A).
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Fig.2 Schematic of pool boiling test apparatus

volume fraction ¢ from 0.47% to 10.3%, equivalent to molar
ratios from 0.8 to 19.2, are investigated.

2.2 Measurement of Thermal Conductivity and Viscosity.
Thermal conductivity of the water-in-PAO nanoemulsion fluids is
measured at room temperature using a 3w-wire technique
[8,10-14,44,45]. This technique is a combination of the hot-wire
method and the 3w method. In the measurement, a sinusoidal cur-
rent at frequency o is passed through the metal wire and then a
heat wave at frequency 2w is generated in the liquid. The 2w tem-
perature rise of the wire can be deduced by the voltage component
at frequency 3w. The thermal conductivity of the liquid, %, is
determined by the slope of the 2w temperature rise of the metal

wire
P 8T2w -
k=—" 1
4l <81n(1)) M

where p is the applied electric power, o the frequency of the
applied electric current, / the length of the metal wire, and 75, the
amplitude of temperature oscillation at frequency 2w in the metal
wire. Pure PAO is used for calibration and its measured value
kpao = 0.14 W/(m - K) agrees well with the literature value [46].

The dynamic viscosity of the pure PAO and ethanol/PAO nano-
emulsion fluids was measured using a commercial viscometer
(Brookfield DV-I Prime).

2.3 SANS Measurement. The microstructure of water-in-
PAO nanoemulsion fluid is measured via the SANS technique
to detect the property-structure relation [35,40,47-55]. Unlike
dynamic light scattering, SANS can be applied to “concentrated”
colloidal suspensions (e.g., >1 vol. %) for the in situ determina-
tion of the particle size. In our SANS experiment, samples are pre-
pared using deuterated alcohol to achieve the needed contrast
between the droplets and the solvent. SANS measurements are
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conducted on the NG-3(30m) beamline at the NIST Center for
Neutron Research (NCNR) in Gaithersburg, MD. Samples are
loaded into 2-mm quartz cells. The scattering intensity / is meas-
ured versus the scattering vector ¢ =4 sin(0/2)/A, where / is the
wavelength of the incident neutrons and 0 is the scattering angle.
The approximation g =27r0// is used for SANS (due to the small-
angle 0).

2.4 Measurement of Pool Boiling Heat Transfer. Figure 2
shows the experimental apparatus for measurement of pool
boiling heat transfer in water-in-PAO nanoemulsion fluids with
different water concentrations. A platinum wire 25 ym in diameter
is horizontally hanged in the test vessel, which serves as both the
heater and thermometer. It is heated electrically via a dc power
supply (ePower SPS150-8-20 V) and the voltage and current are
recorded using multimeters (Agilent 34401 A and 34410A). A
transparent glass vessel is used to hold the liquids and allows vis-
ual observation. Ten milliliter sample is needed for each test.
Such small amount is essential for screening a large number of
samples in search for high performance thermal fluids. The test
vessel is immersed in a water bath to maintain at a constant room
temperature. Two K-type thermocouples are used to monitor tem-
peratures, one for the sample and the other for water bath.

The experimental system is controlled by a LABVIEW program.
The wall heat flux is calculated from the measured voltage and
current directly. The wire temperature is determined from the
relation between the electrical resistance and temperature of the
platinum wire. Heat flux to the heated wire is stepwise increased
till the wire burns out. The critical heat flux (CHF) is measured
within an accuracy of 5%. Each sample is tested at least eight
times to confirm that there is no deterioration of the fluid and the
repeatability of the boiling curves. The uncertainty of measure-
ment is listed in Table 1.

The SEM images of the Pt wires are obtained before and after
boiling, and no surface modification is observed in the present
experiment.
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Table 1 Uncertainty of measurement

Value and uncertainty

Measured quantity Range * (% of reading + % of range)
AV yoltage sensor probes 100.0mV 0.0030 + 0.0030
1oV 0.0020 - 0.006
10V 0.0015 4+ 0.0004
L urrent 1.0mA 0.007 +0.006
10.0mA 0.007 +0.02
100.0mA 0.010+0.004
1.0OA 0.050 +0.006
Temperature (type K)  —50 to 1382 °F 1°F
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Fig. 3 Thermal conductivity of water-in-PAO nanoemulsion
fluids versus water volume fraction. The prediction from the
Maxwell equation is shown for comparison.

3 Experimental Results and Discussion

3.1 Thermal Conductivity of Water-in-PAO Nanoemulsion
Fluids. Figure 3 shows the measured thermal conductivity in the
water-in-PAO nanoemulsion fluids with water volume fraction
from 0.47 vol. % to 8.6 vol. %. It can be seen that, the thermal
conductivity increases approximately linearly with water volume
fraction. A maximum increase in 16% is observed at water vol-
ume concentration 8.6 vol. %. This trend can be explained by the
classic Maxwell equation [5,56-58]

@ _ kp + Zk() + 2¢(kp — k())
ko kp 4 2ko — Pp(kp — ko)

@

where kg is the thermal conductivity of the base fluid, &, is the
thermal conductivity of the particles, and ¢ is the particle volume
fraction. Water has a thermal conductivity of 6 W/(m K), about
four times larger than that of PAO. No anomalous enhancement
of thermal conductivity is observed in the water-in-PAO nanoe-
mulsion fluids tested in this study.

3.2 Dynamic Viscosity of Water-in-PAO Nanoemulsion
Fluids. Figure 4 shows the measured dynamic viscosity of the
water-in-PAO nanoemulsion fluids with water volume fraction
from 0.47 vol. % to 8.6 vol. %. The test samples exhibit a shear-
independent characteristic of Newtonian fluids for a spindle rota-
tional speed from 10 to 30 rpm.

It can be seen in Fig. 5 that the viscosity first increases with
water concentration, reaches a maximum at 5.3 vol. %, and
then decreases. A similar trend is observed in other water-in-oil
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Fig. 4 Dynamic viscosity of water-in-PAO nanoemulsion fluids
versus water volume fraction
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Fig. 5 Molecular structure of AOT-Na™ surfactant

microemulsion systems [37,38]. The maximum in viscosity can
be attributed to the attractive force between droplets within the
nanoemulsion fluids. As the amount of water is increased, the sur-
factant AOT molecules become hydrated while releasing their
counter ions into water. The molecular image of the surfactant
AOT is shown in Fig. 5. The exchange of surfactants molecules
and counterions between the droplets could become oppositely
charged. The interdroplet attraction increases with water concen-
tration till the hydration process is complete, which corresponds
to the maximum viscosity observed in water-in-PAO nanoemul-
sion fluids [35,38,59].

3.3 Microstructure of Water-in-PAO Nanoemulsion
Fluids. Figure 6 shows the processed SANS data for water-in-
PAO nanoemulsion fluids with water concentration ranging from
1.8 vol. % to 10.3 vol. %. It can be seen in this figure that the neu-
tron scattering curves can be categorized into three groups: 1) for
water concentration of 1.8-4.5 vol. %, the curves level off when
the scattering intensity q is less than 0.1 A™'; 2) for water concen-
tration of 5.3%—7.8 vol. %, those curves have a slightly downward
sloping shape with increasing wave vector; 3) for water concentra-
tion of 8.6 vol. % and 10.3 vol. %, those curves shift to a more
obvious ternary form.

The fitting of SANS data are processed using the IGOR PRO soft-
ware under the protocol from NCNR NIST [13,47,53,60]. The
hard-sphere model fits well for low water concentration curves
(i.e., 1 8-4.5 vol %), the nanodroplet radii are found to be 13. 2A
25.6A, and 96 A for water loading 1.8 vol. %, 3.6 vol. %, and
4.5 vol. %, respectively. For higher water concentration (i.e.,
7.8-10.3 vol. %), the hard-sphere model does not fit well espe-
cially for scattering q less than 0.1 A™' region, which suggests
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Fig. 6 Small-angle neutron scattering curves for water-in-PAO
nanoemulsion fluids: water volume concentration from 1.8% to
10.3%. Three different symbols represent three different scat-
tering curves.
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Fig. 7 Pool boiling curves for water-in-PAO nanoemulsion
fluids: water volume fraction from 1.8% to 4.5%. The arrows
in the figure represent where the burn out of wire occurs.
Tsaturation IS 100 °C for water at 1 atm.

that those nanodroplets are not simply spherical. The three-region
Guinier-Porod empirical model is used to determine the nanodrop-
let geometry by fitting the SANS data.

In the three-region Guinier-Porod model, Ry, and R, are the
radii of gyration for the short and overall sizes of the scattering
object [60]. The fitted curves give Ry =121 A, and Ry :04.6A
for 10.3 v°ol. % sample. For 7.8 vol. % one, Ry, =47.4 A, and
Rg1 =5.2 A. These parameters suggest that the nanodroplets have
a cylinder-like shape [60].

From the aforementioned analysis, it can be assessed that
that the nanodroplet size and shape strongly depend on water
concentration in water-PAO nanoemulsion fluids. The water nano-
droplets change from sphere to elongated cylinder when the water
concentration increases above 5.3 vol. % [35,61,62].

3.4 Pool Boiling of Water-in-PAO Nanoemulsion Fluids.
Figure 7 shows the pool boiling curves for the nanoemulsion
fluids with water volumetric concentration below 4.5 vol. %, and
Fig. 8 is for concentration above 5.3 vol. %. As shown in Figs. 7
and 8, all tested water-in-PAO nanoemulsion fluids start to boil at
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Fig. 8 Pool boiling curves for water-in-PAO nanoemulsion
fluids: water volume concentration from 5.3% to 10.3%. The
arrows in the figure represent where the burn out of wire
occurs. Tgaiuration 1S 100 °C for water at 1 atm.

around 170°C. At low heat flux levels, single-phase natural con-
vection appears to be the same for all water-in-PAO nanoemulsion
fluids and for pure PAO. This indicates that without phase transi-
tions, water nanodroplets have insignificant effect on the fluid
heat transfer, which is consistent with the measured thermal con-
ductivity and viscosity increase described in Secs. 3.1 and 3.2. At
sufficiently large wall superheat (about 70 °C), nucleate boiling
begins on the heater surface in these nanoemulsion fluids. After
boiling incipience, the curves have a similar slope and appear
to coincide for the water-in-PAO nanoemulsion fluids with differ-
ent water concentrations [63,64]. It is observed that the CHF of
these fluids decreases as water concentration increases in the
measured water concentration range. For the transition region
(5.3 vol. %-7.8 vol. %), the dependence of CHF on water concen-
tration is very weak. It is generally accepted that CHF is accompa-
nied by the formation of a vapor blanket and the dryout of a liquid
sublayer between the blanket and the heated surface. The increase
in water loading would facilitate the formation of water vapor
layer between the PAO and the heated surface. Please note that
the CHF of water-PAO nanoemulsion fluids is measured on a Pt
wire 25 ym in diameter, so their values are expected to higher
than those measured on a flat surface.

An interesting phenomenon observed in the experiment is that
pool boiling of the water-in-PAO nanoemulsion fluids randomly
varies between two different curves when the water concentration
is larger than 5.3 vol. %, as shown in Fig. 8. In one set of boiling
curves, the wire burnout occurs right after the critical heat flux is
reached, without experiencing transition and film boiling. This set
of curves is plotted with hollow symbols in Fig. 8. In another set
of curves, the shift from nucleate boiling to transition boiling
occurs at a lower heat flux, and the wire burns out in the film boil-
ing regime. These curves are plotted in Fig. 8 with solid symbols.
If the water content is increased above 8.6 vol. %, the wire burn-
out always occurs in the film boiling regime as shown in Fig. 8. It
is also observed experimentally that the probability of the occur-
rence of the first type of boiling curves decreases with increasing
water loading.

It is clear that the moderate change in thermal conductivity and
viscosity in the water-PAO nanoemulsion fluids would not be re-
sponsible for the striking difference in pool boiling between the
nanoemulsion fluids and the pure PAO. It is observed that water
nanodroplets change from sphere to elongated cylinder as the
water concentration increases over 5.3 vol. %. In this transition
region, pool boiling of those nanoemulsion fluids varies between
two curves.

No satisfactory explanation to this observed structure-property
relation is currently available since the mechanisms of nanoemul-
sion boiling are little known.
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4 Conclusion

In summary, thermophysical properties, microstructure, and
pool boiling characteristics have been measured have been meas-
ured in the water-in-PAO nanoemulsion fluids with different
water concentrations. Water-in-PAO nanoemulsion fluids are
formed via self-assembly with AOT and are thermodynamically
stable. The thermal conductivity increase is rather moderate in
these fluids, for example, a 16% increase for 8.6 vol. % sample,
which can be explained by the classical Maxwell model. The
dynamic viscosity exhibits a maximum value of 10.7 cP at a water
volume concentration around 5.3%. It is also found that the pool
boiling characteristics are highly dependent upon water volumet-
ric concentration. The pool boiling of nanoemulsion fluids ran-
domly follows two different curves when the water concentration
is in the range between 5.3 vol. % and 7.8 vol. %. In this transition
region, water nanodroplets change from sphere to elongated cylin-
der shape and the interdroplet attraction reaches maximum due to
hydrated surfactant molecules AOT.
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Nomenclature

I = scattering intensity, cm ™'

k = thermal conductivity, W/(mK)
q = wave vector, A!

R = radii of gyration, A

S = dimensionality parameter

T = temperature, K

Greek Symbols

7 = mathematical constant

0 = scattering angle

¢ = volume fraction

/ = wavelength of the incident neutrons
0 = uncertainty

Subscripts

0 = base fluid
1 = parameter 1
2 = parameter 2
eff = Maxwell prediction
gl = short size
g2 = overall size
p = particle
PAO = polyalphaolefin oil
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