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Abstract

Cooling is one of the most important technique challenges faced by a range of diverse in-
dustries and military needs. There is an urgent need for innovative heat transfer fluids
with improved thermal properties over currently available ones. This chapter discusses
the development and characterization of nanoemulsion heat transfer fluids with phase
changeable nanodroplets to increase the thermophysical properties and the heat transfer
rate of the fluid. Nanoemulsion heat transfer fluids can be formed by dispersing one fluid
into another immiscible fluid as nanosized structures such as droplets and tubes, in
which those nanostructures are swollen reverse micelles with the dispersed phase and
stabilized by the surfactant molecules. In addition to the enhancement of thermophysical
properties such as thermal conductivity by mixing another liquid of higher thermal con-
ductivity, an even larger amount of heat can be absorbed or released when these nano-
droplets undergo phase transition from liquid to gas or vice versa, and thus enhancing
the heat transfer rate. Three types of nanoemulsion heat transfer fluids are introduced: al-
cohol-in-polyalphaolefin, water-in-FC-72, and water-in-polyalphaolefin. Structural and
property characterizations of these nanoemulsion heat-transfer fluids are the two main
aspects of this chapter. This chapter also identifies several critical issues in the nanoemul-
sion heat transfer fluids to be solved in the future.

Keywords: Nanoemulsion, Thermophysical Property, Heat Transfer, Small Angle Neu-
tron Scattering (SANS)

1. Introduction

Cooling is one of the most important technical challenges faced by a range of diverse industries:
microelectronics, optoelectronics, and, especially, power electronics [1-8]. This technology gap
is the result of the higher currents, switching frequencies, and component densities of today’s
electronics and power electronics. The advances in semiconductor materials and more precise
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fabrication techniques have the unfortunate side effect of generating higher amounts of waste
heat within a smaller volume. Today, it is not unusual to see heat fluxes of 200 W/cm? in a
power module, a figure that is expected to increase over 1000 W/cm? in the near future.

Thermal management of such high flux is becoming the bottleneck to improvements in
electronics and power electronics. Existing cooling systems is striving to meet the ever-
increasing demand in higher computational power and smaller footprint. It is important that
a cooling system with significantly improved heat transfer systems and their kernel compo-
nents can be developed; in particular the cooling fluid used inside many heat transfer systems
but yet has received little attention. The heat transfer fluids used in these heat transfer systems,
including the coolants, lubricants, oils, and other fluids, limit the capacity and compactness of
the heat exchangers that use these fluids due to their inherently poor heat transfer properties.
The heat transfer capability of the heat exchangers can be easily amplified if fluids with better
thermal properties are used. Therefore, development of innovative heat transfer fluids with
improved thermal properties over those currently available is urgently needed.

The strategy of adding solid, highly conductive particles to improve thermal conductivity of
fluids has been pursued since Maxwell’s theoretical work was first published more than 100
years ago [9]. Early-stage studies have been confined to millimeter- or micrometer-sized solid
particles dispersed in fluids. In the past decade, researchers have focused on suspensions of
nanometer-sized solid particles, known as nanofluids [2, 8]. Many reviews and introductory
reports on nanofluids have already been published [1, 2, 4, 10-14].

In this paper, it is intended to introduce some recent developments in another type of engi-
neered heat transfer fluids, in which phase changeable nanodroplets are added to increase the
thermophysical properties and heat transfer rate of the base fluids [15-22]. This chapter starts
with the introduction of nanoemulsion fluids with potential application in thermal fluids. It is
followed by the discussion on structural and thermophysical characterization techniques for
nanoemulsion fluids [15-19, 21]. Then, three groups of nanoemulsion fluids and their prop-
erties are discussed. This chapter is not intended to serve as a complete description of all
nanoemulsion fluids available for heat transfer applications. The selection of the coverage was
influenced by the research focus of the authors and reflects their assessment of the field.

2. Nanoemulsion heat transfer fluids

One fluid is dispersed into another immiscible fluid as nanosized structures such as droplets
and tubes to create a “nanoemulsion fluid.” Those nanosized structures of the dispersed phase
are micelles stabilized by the surfactant molecules on the outside. Nanoemulsion fluids are
part of a broad class of multiphase colloidal dispersions [15-19, 21]. Different from the
preparation of the nanofluids and emulsions [23-31], the nanoemulsion fluids are spontane-
ously generated by self-assembly which does not require external shear force. Thus the
nanoemulsion fluids are thermodynamically stable [16-19, 23, 32-44]. Table 1 is the compari-
son between self-assembled nanoemulsion fluids and conventional emulsions. Nanoemulsion
fluids made of specific fluids are suited for thermal management applications. Figure 1 shows
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a picture of ethanol-in-polyalphaolefin (PAO) nanoemulsion heat transfer fluids: both PAO

and PAO-based nanoemulsion fluids are transparent but the nanoemulsion exhibits the
Tyndall effect [15, 16, 19, 21, 45, 46].

Bottle B Bottle A

Las
{

1 g
‘ 'Tyndall effect

Figure 1. Pictures of ethanol-in-PAO nanoemulsion fluids (Bottle A) and pure PAO (Bottle B). Liquids in both bottles
are transparent. The Tyndall effect (i.e., a light beam can be seen when viewed from the side) can be observed only in
Bottle A when a laser beam is passed through Bottles A and B.

Sample Property Nanoemulsion Emulsion

1 Appearance Transparent Turbid

2 Interfacial tension Ultra low Low
(usually <<1 mN/m)

3 Droplet size <50 nm >500 nm

4 Stability Thermodynamically stable, long shelf Thermodynamically unstable
life

5 Preparation Self-assembly N of external shear

6 Viscosity Newtonian Non-Newtonian

Table 1. Comparison of nanoemulsion fluids and emulsions

2.1. Formation of self-assembled nanoemulsion fluids

Self-assembled nanoemulsion fluids are thermodynamically stable, and the formation of these
fluids can be explained using the classical thermodynamic theory [23, 34-39, 42, 43, 47-49].
The nanoemulsion fluid consists of one oil phase, one water phase, and certain surfactants.

The adding of surfactant lowers the surface tension of the oil-water interface and the change

in free energy of the system is given by Equation 1,



84  Neutron Scattering

DszyDA—T-DS (1)

where DG; is the free energy of formation, y is the surface tension of the oil-water interface, DA
is the change in interfacial area upon nanoemulsification, DS is the change in entropy of the
system, and T is the absolute temperature. The changein DA is very high due to the largenumber
of nanosized droplets in the nanoemulsion fluids. However, the interfacial tension y is very
small (usually <<1 mN/m), and therefore the increase in the surface energy, y DA, could be
smaller than the entropy arising from the mixing. The favorable entropic contributions also
arise from dynamic processes such as surfactant diffusion in the interfacial layer and monomer-—
micelle surfactant exchange. The entropy of mixing can be large enough to compensate for the
positive interfacial free energy and to give the nanoemulsion system a free energy lower than
that of the unmixed components. So the self-assembled nanoemulsion fluids can be formed
through self-assembly and are in fact thermodynamically stable system [23, 43, 50]. There are
mainly twoapproachesto preparenanoemulsion fluids: the spontaneousemulsificationmethod
(or the so-called phase titration method) and the phase-inversion method [23, 43].

Figure 2 shows the typical phase behavior diagram of a ternary system that contains two
immiscible so-called oil and water phases and an amphiphilic surfactant component. The term
“water” refers to a polar phase while “0il” is used for an apolar organic phase. When a system
has a composition that lies in the shaded areas, a nanoemulsion fluid, either oil-in-water or
water-in-oil, can be formed through self-assembly.

S
Surfactant

Oil in Water
hanoemulsion

Water in Oil
nanoemulsion

Water QOil

Figure 2. Schematic phase diagram of a water-oil-surfactant ternary system. The shaded areas are regions where self-
assembled nanoemulsions are found.

2.2. Structure characterization methods

Similar to other multiphase colloidal dispersions, the microstructure of nanoemulsion fluids
is sensitive to many factors, including the different dispersed liquid, surfactants and base fluid,
and molar ratio of dispersed liquid to surfactant [34]. In addition to that, temperature, pH-
value, and salinity also play an important role in the microstructure [23]. So accurate charac-
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terization of the microstructure of nanoemulsion fluids is important to understand the
nanoemulsion fluids and yet challenging and costly to perform. In the past, small angle X-ray
scattering (SAXS), small angle neutron scattering (SANS), dynamic or laser-light scattering
(DLS), transmission electron microscopy (TEM), and nuclear magnetic resonance (NMR) have
been used for the structure characterization [23]. In addition, the measurement of nanoemul-
sion properties, such as viscosity, electric conductance, thermal conductivity, dielectric
permittivity, electrophoretic birefringence, ultrasonic interferometry, and ultrasonic absorp-
tion, can also provide information on the internal microstructure.

SANS allows the characterization of the structures inside the material on the nanometer (10°
m) to micrometer (10° m) scale [51]. Many advanced engineering materials obtain unique
performance because of their engineered structures on this length scale. For example, the
toughness of high-impact plastics depends on the admixture of stiff and flexible segments of
polymer molecules on the nano-to-micro scale, as well as, many biological processes in cells:
from the storage of information on magnetic disks, to the hardness of steels and superalloys,
to the conduction of current in superconductors, and many other materials properties.

Among all methods currently available for characterizing the microstructure of nanoemulsion
fluids, small-angle neutron scattering (SANS) provides a unique approach to probe structure
in liquids thanks to the distinctive penetrating power of neutron. Unlike the conventional
dynamic light-scattering method using laser or X-rays, it can be applied to “concentrated”
colloidal suspensions (e.g., >1 % volume fraction) and can penetrate through a container [51-
57]. Another advantage of SANS method is the deuteration method, in which deuterium
labeled components in the sample in order to enhance their contrast that it can probe specific
molecules or structure inside the sample with the deuteration technique. This unique method
allows SANS to measure density fluctuations and composition (or concentration) fluctuations,
which is very important to understand the structure inside nanoemulsion fluids [23].

2.3. Thermophysical properties characterization methods

2.3.1. Thermal conductivity

Low thermal conductivity is a primary limitation in the development of energy-efficient heat
transfer fluids that are required in many industrial applications. Conventional heat transfer
fluids have relatively poor thermal conductivity compared to metals [9]. It has been reported
that the dispersed liquid nanodroplets could alter thermal conductivity of the base fluids [1,
2, 4, 58-61]. However, because of the absence of a theory for the thermal conductivity of
nanoemulsion heat transfer fluids, an investigation of the effect of nanodroplets on the thermal
conductivity will be conducted.

There are two widely used methods to measure the thermal conductivity of nanoemulsion
fluids which includes (1) the transient hot-wire technique and (2) 3w-wire method [62]. In the
transient hot-wire method, thermal conductivity value is determined from the heating power
and the slope of temperature change versus logarithmic time. The 3w-wire method is used to
measure the fluid thermal conductivity [19, 21, 62, 63]. This method is actually a combination
of the transient hot-wire method and the 3w-wire method, in which a metal wire is suspended
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to a liquid acting as both heater and thermometer. One advantage of this 3w-wire method is
that the temperature oscillation can be kept low enough: it is usually below 1 K as compared
to about 5 K for the hot-wire method. It greatly helps to retain constant liquid properties of
test liquid during measurement. Calibration experiments were performed for hydrocarbon
(oil), fluorocarbon, and water at atmospheric pressure before each measurement.

2.3.2. Viscosity

Viscosity is a measure of the resistance of a fluid which is being deformed by either shear stress
or tensile stress. Viscosity is another macroscopically observable parameter that characterizes
ananoemulsion fluid, and it may range anywhere between a low viscous fluid and a gel state.
It is an important quantity for many practical applications of nanoemulsion fluids, especially
those used for hydraulic fluids. For instance, pumping such systems might be of interest in
their application, and here viscosity plays an important role. Viscosity can be determined from
the equation below:

FopAl @

where F is the stress force, u is the velocity, A is the area and p is the proportionality factor
called dynamic viscosity. The kinematic viscosity v is related to the dynamic viscosity by
u

dividing by the density of the fluid, v="

Viscosity of a nanoemulsion fluid depends largely on its microstructure, that is, the type of
aggregates that are present, on their interactions, and on the concentration of the system. So
the viscosity can be used to monitor structural changes in the nanoemulsion system. In order
to do so, one has to compare the experimental data to theoretical expressions that give the
viscosity expected for certain model systems.

2.3.3. Specific heat measurement

The specific heat is the amount of heat per unit mass required to raise the temperature by one
degree Celsius. A differential scanning calorimeter (DSC) is usually used to measure a
material’s specific heat. In DSC measurement, it compares the differential heat flow (heat/time)
between the measured material and the empty reference pan by adjusting the heat flux into a
pan containing the sample with the heat flux into an empty pan while keeping both the
measured sample and reference sample at nearly the same temperature. The difference in the
amount of heat supplied to the sample and the reference is recorded as a function of temper-
ature (or time), and the positive or negative peaks in the relationship correspond to exothermic
or endothermic reactions in the sample, respectively. In order to determine the sample heat
capacity, three measurements are usually carried out: for the sample, for the baseline, and for
a standard. The baseline is subtracted from the sample measurement to obtain absolute values
of the heat flow to the sample. The heat capacity is to be determined by the heat flow, the
temperature rise, and the sample mass.
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3. Nanoemulsion heat transfer fluids

3.1. Ethanol-in-Polyalphaolefin (PAO) nanoemulsion fluids

Polyalphaolefin (PAO) has been widely used as dielectric heat transfer fluids and lubricants
due to its chemical stability within a wide temperature range. However, its thermal properties
are relatively poor compared to other heat transfer fluids [64]. Ethanol-in-PAO is a liquid—
vapor phase change nanoemulsion fluid, in which over 90 % consist of PAO to keep its chemical
stability very close to pure PAO. Meanwhile, the ethanol nanodroplets could evaporate
explosively and thus enhance the heat-transfer rate of the base fluid PAO [16]. The micro-
structure and thermophysical properties of the ethanol-in-PAO nanoemulsion fluids are
discussed below.

3.1.1. Microstructure of ethanol-in-PAO nanoemulsion fluids

The microstructure of ethanol-in-PAO nanoemulsion fluids are on the NG-3 (30 m) beamline
at the NIST Center for Neutron Research (NCNR) in Gaithersburg, MD. Samples are loaded
into 2-mm quartz cells. Figure 3 shows the SANS data, the scattering intensity I versus the
scattering vector q = 47 sin(0/2)/A, where A is the wavelength of the incident neutrons, and 0
is the scattering angle. The approximation q =2m0/A is used for SANS (due to the small angle
0). The analysis of the SANS data suggests that the inner cores of the swollen micelles, that is,
the ethanol droplets, are spherical and have a radius of about 0.8 nm for 9 vol. %.

st Ethanol in PAO nanoemulsions
‘_IT\
ENAYS
c
)
£

1 -----O-.IOJ- i i -----61}
Wave Vector q(A™)

Figure 3. Intensity I vs. Wave Vector q measured in ethanol-in-PAO nanoemulsion fluids.

3.1.2. Thermal conductivity of ethanol-in-PAO nanoemulsion fluids

The relative thermal conductivity in ethanol-in-PAO nanoemulsion fluids measured using the
3w-wire method along with the prediction by the Maxwell model (one model based on effective
medium theory [EMT]) is shown in Figure 4. The relative thermal conductivity is defined as
k./k, where k, and k., are thermal conductivities of the base fluid and nanoemulsion fluids,
respectively. The effective medium theory reduces to Maxwell’s equation for suspensions of
well-dispersed, non-interacting spherical particles,
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k, k+2k+ 2¢s(kp - ko)

kK +2k - g(k k) ©

where k, is the thermal conductivity of the base fluid, k, is the thermal conductivity of the
particles, and ¢ is the particle volumetric fraction.

It can be seen in Figure 4 that the relative thermal conductivity of ethanol-in-PAO nanoemul-
sion fluids is rather moderate (e.g. 2.3 % increase for 9 vol. % (kpao = 0.143 W/mK and k..o =
0.171 W/mK [64, 65]), and no strong effects of Brownian motion on thermal transport are
experimentally found in those fluids although the nanodroplets are extremely small, around
0.8 nm [16]. The thermal conductivity also appears to be linear with the loading of ethanol
nanodroplets over the loading range from 0 to 9 vol. %. The Maxwell’s equation, however,
underestimates the viscosity increase in the ethanol-in-PAO nanoemulsion fluids, as can be
seen in Figure 4. This is probably because Maxwell’s equation does not take into account the
shape transformation with different ethanol concentrations. It may suggest that the ethanol
droplets form column-like with high aspect ratio of length to radius, which leads to a higher
thermal conductivity enhancement in nanoemulsion fluids than the spherical droplets.

11 —TT— T
B Experiment
1.08l —Maxwell's model |
Alcohol/PAO Nanoemulsions
o 1.06F .
-
3
't 1 _04 . -
1.02 7

2 4 6 8
Alcohol Yolume Fraction, ¢ (%)

Figure 4. Relative thermal conductivity of ethanol-in-PAO nanoemulsions measured at different volume fractions of
ethanol nanodroplets. The estimate from Maxwell's model is shown for comparison.

3.1.3. Viscosity of ethanol-in-PAO nanoemulsion fluids

Figure 5 shows the relative dynamic viscosity, u.q/ti,, for the ethanol-in-PAO nanoemulsion
fluids with varying alcohol loading, which is measured using a commercial viscometer
(Brookfield DV-I Prime). The calibration is carried out using the pure PAO and its dynamic
viscosity is found to be 7.3 cP> which compares well with the literature value. Similar to thermal
conductivity plotted in Figure 4, an approximately linear relationship is observed between the
viscosity increase and the loading of alcohol nanodroplets in the range of 0-9 vol. %, but at a
much larger percentage. For example, the measured viscosity increase is 31 % for 9 vol. %.
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ethanol loading, compared to a 2.3 % increase in thermal conductivity. The viscosity increase
of dilute colloids can be predicted using the Einstein equation[12],

Hoy [y =1 +2.5¢ (4)

where . is the nanoemulsion viscosity, |, is the base fluid PAO viscosity and ¢ is the
volumetric fraction of encapsulated ethanol nanodroplets. The viscosity increase in the
ethanol-in-PAO nanoemulsion fluids is underestimated by the Einstein equation, as can be
seen in Figure 5. This discrepancy is probably because the droplet volume fraction, ¢, used in
the viscosity calculation does not take into account the surfactant layer outside the alcohol core
and Einstein equation used here is derived from dilute system.

15 e L B
L | ®B Experiment
14 —— Einstein model
. . Alcohol/PAO Nanocemulsions l
< 13} %} E}H 4
~ ! i
L ]
M 1zt ]
11} -
1 s N 1 . 1 N 1 . 1
0

2 4 6 8 1
Alcohol Volume Fraction, ¢ (%)

Figure 5. Relative viscosities of ethanol-in-PAO nanoemulsions measured at different volume fractions of ethanol
nanodroplets. The estimate from Einstein model is shown for comparison.

3.2. Water-in-FC-72 nanoemulsion fluids

Water-in-FC-72 nanoemulsion fluids are another group of nanoemulsion fluids designed for
heat transfer purpose, in which water could undergo liquid—-solid transition and thus increase
heat transfer rate of the base fluid FC-72. FC-72 is one of the lines of Fluorinert™ Electronic
Liquids developed by 3M™, which is used as the cooling fluids in liquid-cooled thermal
management systems due to its low boiling point and excellent dielectric properties [66].
However, its heat transfer properties such as thermal conductivity and heat capacity are much
inferior, compared to other fluids such as water.

3.2.1. Microstructure of water-in-FC-72 nanoemulsion fluids

Water-in-FC-72 nanoemulsion fluids are generated by emulsifying deionized water into FC-72
with a small amount of perfluorinated amphiphiles. Figure 6 (a) shows the picture of the water-
in-FC-72 nanoemulsion fluids and the pure FC-72. The autocorrelation function of the scattered
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light for the 12 vol. % water-in-FC-72 nanoemulsion fluids is plotted in Figure 6 (b), in which
the curve shows a typical exponential decay of the correlation function versus time [19, 21].
The Brownian diffusivity and effective hydrodynamic radius of the nanodroplets are found
to be 3.5x107 cm?/s and 9.8 nm at T = 25°C, respectively.

- '-; - ;'ﬂ
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Figure 6. (a). Pictures of Water-in-FC-72 nanoemulsion fluids (Bottle A) and pure FC-72 (Bottle B). (b). Correlation
function of the scattered light for the 12 vol.% Water-in-FC-72 nanoemulsion fluids. Measurements taken by a Photo-
cor-Complex DLS instrument.

3.2.2. Thermal conductivity of water-in-FC-72 nanoemulsion fluids

Thermal conductivity of the water-in-FC-72 nanoemulsion is measured for different water
loadings, and the results are shown in Figure 7. The 3w -wire method is used to measure the
fluid thermal conductivity. In water-in-FC-72 nanoemulsion fluids, the water phase has a
thermal conductivity much higher than that of the base liquid FC-72. Water’s thermal con-
ductivity is 0.609 W/(mK) at 300 K and FC-72’s thermal conductivity is much smaller, about
0.066 W/mK [66]. The addition of water is expected to improve the effective thermal conduc-
tivity of FC-72.
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A very large increase in thermal conductivity (up to 52 % for water-in-FC-72 nanoemulsion of
12 vol. % water) can be seen in Figure 7. The observed enhancement in thermal conductivity
is much larger than that predicted by the EMT with assumption of spherical droplets [67]. This
suggests that the water droplets are column-like with high aspect ratio of length to radius,
which leads to a higher thermal conductivity enhancement in nanoemulsion fluids than the
spherical droplets.

Weight Fraction (%)
4 5 6 7

gik—acal 8 _#10\6 A /8
B  Experiment

80 — Effective Medium Theory

= Water-in-FC72 |
>

—2 60 -

4 | J
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< 40 -

G=65 MW/m2K |

20 -

15 MW/m2K |

1 L L L L [ L L L L

Volume Fraction (%)

Figure 7. Relative thermal conductivity of water-in-FC-72 nanoemulsion fluids versus volume fraction of water. The
estimate from EMT is shown for comparison.

3.2.3. Viscosity of water-in-FC-72 nanoemulsion fluids

The dynamic viscosity of water-in-FC-72 nanoemulsions of different nanodroplet concentra-
tions is measured using a Brookfield viscometer at room temperature. The results have been
normalized to the viscosity of pure FC-72 and are shown in Figure 8. The measured viscosity
increase is nonlinear with the higher concentration of water added inside which agrees well
with the nonlinear increase in thermal conductivity. This nonlinear increase in viscosity is
common in colloidal systems, and has been interpreted by the aggregation of nanodroplets,
that is, formation of column-like microstructure. Similar to the ethanol-in-PAO nanoemulsion
fluids discussed previously, the Einstein equation significantly underpredicts the viscosity
increase in the water-in-FC-72 nanoemulsion fluids at relatively high water loadings, as can
be seen in Figure 8.

3.2.4. Effective heat capacity of water-in-FC-72 nanoemulsion fluids

Another significant thermal property enhancement can be achieved here using the phase
change of water nanodroplets formed inside the water-in-FC-72 nanoemulsion fluids. In
water-in-FC-72 nanoemulsion fluids, the fluid’s heat capacity can be increased by the high
specific heat of water(the volumetric heat capacity of water is about 4.18 J/ml K, and is over
two times the heat capacity of PAO (1.74 J/ml K) [65]) and/or the latent heat of water is the
highest among common heat transfer fluids (AH=334]/g), depending on the operating
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Figure 8. Relative Viscosity of Water-in-FC-72 Nanoemulsions versus volume fractions of water nanodroplets. The es-
timate from Einstein model is shown for comparison.

temperature of the fluids [66]. For example, the solid-liquid phase change of these droplets

a- Hwater

can increase the effective specific heat of the nanoemulsion fluid by a factor of 1+ 7—~—,
FC72

where a is the water-volume fraction, H,,.., is the latent heat of fusion of water per unit volume,
and AT is the temperature difference between the heat transfer surface and the bulk fluid.

The measured and calculated heat capacities of the water-in-FC-72 nanoemulsion fluids using
a TA-CC100 DSC are shown in Figure 9. It can be seen that over 15 % increase in heat capacity

can be achieved for a water volumetric fraction of 12 %, in which the measured « - H values

water
of the water-in-FC-72 nanoemulsions for water loadings of 3, 6,9, and 12 vol. % are 10.52, 15.44,
25.48, 39.78 J/ml, respectively. The effective heat capacity of FC-72 can be enhanced by more
than 200 % for a 12 vol.% of water-in-FC-72 nanoemulsion, according to these experimental
data. It agrees well with theoretical prediction using the model mentioned above.

The use of phase-changeable nanodroplets (e.g. water nanodroplets) provides another way to
simultaneously increase the effective specific heat and thermal conductivity of conventional
heat-transfer fluids.

3.3. Water-in-PAO nanoemulsion fluids

3.3.1. Microstructure of water-in-PAO nanoemulsion fluids

Figure 10 shows the SANS data for water-in-PAO nanoemulsion fluids with water volumetric
concentration covering 1.8 vol. % to 10.3 vol.%.

It is clear from the SANS data that intensity curves of water-in-PAO nanoemulsion fluids
gradually change the shape with increasing water loading. They can be further classified into
three ranges (marked using three different colors): the 1.8-4.5 vol. % water-in-PAO nanoe-
mulsion fluids with a smooth and gradually increasing scattering intensity for low q range
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Figure 9. (a) DSC curves and latent heat of fusion values of water of the water-in-FC-72 nanoemulsion fluids with dif-
ferent water loadings. (b) The measured and calculated heat capacity enhancement in the water-in-FC-72 nanoemul-
sion fluids when the dispersed water droplets undergo solid-liquid phase transition.

(less than 0.1 A); the 5.3-7.8 vol. % water-in-PAO nanoemulsion fluids with a sharper increase
of q for the high q range (larger than 0.1 A) and a flatter intensity curve for low q (less than
0.03 A); and for even higher concentrations like 8.6 and 10.3 vol. % water-in-PAO nanoemulsion
fluids tested here, the “hump” for high g is even more obvious and the intensity for low g
increases more sharply which appears to have scattering curves made of three different
sections. It indicates there is a dramatic microstructural change inside the water-in-PAO
nanoemulsions of different water concentrations. Simple correlation length model cannot fit
all the SANS curves well for both low and high g regions, as shown in Figure 11.

The hard sphere model (one typical simple correlation length model) fits well for low water
concentrations (i.e. 1.8 % to 4.5 % volume fractions), and nanodroplet radii are found to be 13.2
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Figure 10. SANS curves for water-in-PAO nanoemulsion fluids for water volume concentration from 1.8 % to 10.3 %.
Statistical error bars are smaller than the plotting symbols.
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Figure 11. Small-angle neutron scattering curves for water-in-PAO nanoemulsion fluids (solid symbols) and hard
sphere model curve fittings (colored lines).

A, 25.6 A, 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 vol. % to 10.3 vol.%), the hard-sphere model does not fit

well especially for scattering variable q less than 0.1 A region, which suggests that those
nanodroplets are not simply spherical.

Thus, a more comprehensive fitting model must be used to take into account of the structure
change inside the water-in-PAO nanoemulsion fluids. Here, the three-region Guinier—Porod
empirical model is used to accommodate the structural changes inside the system by fitting
curves that are shown in Figure 12 [51, 54, 56, 68].

Generally, the scattering intensity is given by two contributions in the Guinier-Porod model:
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Here3-s,and3-s, arethedimensionality parameters, and R,; and R,, are the radii of gyration

for the short and overall size of the scattering object. This generalized Guinier-Porod model
can be used to analyze SANS patterns for nonspherical objects. In general, for scattering objects
with spherical symmetry s,=s,=0 and for cylindrical objects s,=0 and s;=1. For lamellae with

equal width and length, one has s,=0 and s,=2.
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Figure 12. Small-angle neutron scattering curves for water-in-PAO nanoemulsion fluids (solid symbols) and three-re-
gion Guinier-Porod model curve fittings (colored lines).

Based on the fitting curves using the three-region Guinier-Porod model, there are two
dimensionality parameters s, and s,, plus Ry, and R,; are the radii of gyration for the short and
overall sizes of the scattering object. The fitted curves give s,=022, s;=14 and
Rg,= 121A, Rg, =4.6A for 10.3 vol. % water-in-PAO nanoemulsion fluids. For 7.8 % volume
fraction water-in-PAO nanoemulsion fluid, s,=0.18, s,=0.97 and Rg2=47.4A, Rgl =5.2A. The
dimensionality parameters suggest that those nanodroplets have a cylinder-like shape. So the
SANS data confirm that there is an inner-structure variation with increasing water loading
inside water-in-PAO nanoemulsion fluids. It is also noteworthy that the s,=0.04 and s;=0.25
is calculated for the 4.5 vol. % water-in-PAO nanoemulsion fluid and they can be approximated
tos,~0 and s;=0, which agrees well with the interpretation of being spherical shape based on

Hard Sphere model fitting. Note that for cylindrical droplets R§2=L2/

R? .
bt /2, where L is the

cylinder length and R is its radius and R§1=R2/2.
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3.3.2. Thermal conductivity of water-in-PAO nanoemulsion fluids

Figure 13 shows the thermal conductivity enhancement in water-in-PAO nanoemulsion fluids
as a function of the loading of water from 0.47 % to 8.6 vol. %, in which the thermal conductivity
linearly increases with higher water volume fraction and reaches a maximum of 16 % increase
at 8.6 vol. % water.

0.17 r T T T
——Experimental Data

0.16F .

Thermal Conductivity (W/mK)
2
&

0.14

0 30 60 9.0
Water Volume Fraction (vol%)

Figure 13. Thermal conductivity of water-in-PAO nanoemulsion fluids versus water volume fraction. The linear curve
fit is shown for comparison.

3.3.3. Viscosity of water-in-PAO nanoemulsion fluids

The dynamic viscosity of water-in-PAO nanoemulsion fluids with different water volumetric
concentrations is shown in Figure 14. All the water-in-PAO nanoemulsion fluids exhibit a
shear-independent characteristic of Newtonian fluids. One unique phenomenon that can be
seen in Figure 14 is that there is a maximum value in viscosity: it first increases with water
concentration, reaches a maximum at 5.3 vol. %, and then decreases. This trend is different
from the thermal conductivity shown in Figure 13 and the viscosity trend as observed in other
nanoemulsion fluid systems. The maximum in viscosity can be attributed to the attraction force
between droplets within the nanoemulsion fluids. The surfactant molecules become hydrated
when more water is added inside and their counter ions are released into water which makes
surfactants molecules and droplets charged oppositely so that the interdroplet attraction keeps
increasing until the hydration process is complete. This may lead to a maximum viscosity in
water-in-PAO nanoemulsion fluids as shown in Figure 14. It also coincides with the nonlinear
inner structure change with increasing water concentration as seen in Figure 10.

3.3.4. Effective heat capacity of water-in-PAO nanoemulsion fluids

Similarly, the heat capacity of water-in-PAO nanoemulsion fluids was also investigated
(shown in Figure 15). As shown in water-in-FC-72 nanoemulsion fluids, the water inside the
water-in-PAO nanoemulsion fluids can increase the system’s effective heat capacity through
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Figure 14. Dynamic viscosity of water-in-PAO nanoemulsion fluids versus volume fraction of water.

the high specific heat of water (i.e. C, =42 J/g C, Cppo=1.88 ]J/g C) and/or the latent heat of
water (AH =334 ]/ g), depending on the operating temperature of the fluids.

DSC cyclic curves of water-in-PAO nanoemulsion fluids under different water loadings are
shown in Figure 15. During the heating and cooling cycles, water nanodroplets undergo a
melting—freezing transition in the nanoemulsion fluids. Interestingly, the presence of a single
freezing peak in Figure 15 indicates a correspondence of the structural change with increasing
water concentration (or water to surfactant molar ratio) as observed in our previous SANS
measurement result: there is no obvious melting/freezing peak for water concentrations less
than 4.5 vol. %, while the exothermic crystallization peak starts at around -20 °C when water
concentration is higher or equal to 4.5 vol. %. When the water concentration is increased further
above 8.6 vol. %, the freezing peak shifts to effect lower supercooling and peak values.
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Figure 15. DSC cyclic curves of water-in-PAO nanoemulsion fluids for different water concentrations. Exothermal
peaks are observed at —20 °C, corresponding to the freezing of water nanodroplets, while endothermal peaks are ob-
served at 0 °C, corresponding to the melting of water nanodroplets.
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To gain further insight into that, the specific heat of each sample is also calculated and
summarized here in Table 2. The calculated H; values of water-in-PAO nanoemulsions for
different water concentrations from 5.3 to 8.6 vol. % are 17.7 and 28.724 ]/g, respectively, in
agreement with the measured results shown in Table 2, which are 26.72 J/g and 34.17 J/g,
respectively. Based on the calculated values shown in Table 2, (1) the specific heat sharply
increases from 9.8 J/g to 26.72 J/g when the water concentration is increased from 4.5 % to 5.3
vol. %; (2) the increase becomes moderate with higher water concentration; and (3) it decreases
when the water concentration is higher than 8.6 vol. %. In addition to that, the freezing peak
temperature is also decreased. All these occur to coincide with the structure transition with
increasing water loading based on the SANS measurement.

Water % Fractions Heat of Fusion (J/g) Peak T (°C)

10.3 28.97 -18.88
8.6 34.17 -23.97
7.8 31.27 —22.74
5.3 26.72 -20.32
4.5 9.808 —-20.63
3.6 2.48 -45

1.8 2.18 0

Table 2. Specific heat of water-in-PAO nanoemulsion fluids

In addition to that, a total maximum heat capacity increase of 88 % is obtained in the 8.6 vol.
% water/PAO nanoemulsion fluids: for a temperature increase from —20 to 0 °C, 1 ml PAO
absorbs 37.6 joules heat, and for the nanoemulsion containing 8.6 % water nanodroplets, the
melting of ice nanoparticle absorbs 34 joules heat, it means that upon the melting of the ice
nanoparticles in the nanoemulsion, the heat capacity of PAO has increased up by about 76 %
in addition to the enhancement in heat capacity caused only by the addition of water without
phase change (~12%).

4. Conclusions

The use of adding another material into thermal fluids has been emerged in recent years as a
way to enhance the heat capacity and thermal conductivity of the base fluids simultaneously.
A new type of nanostructured heat transfer fluids: nanoemulsion fluids are discussed in this
chapter, such as ethanol-in-PAO, water-in-FC-72, and water-in-PAO nanoemulsion fluids.
Many interesting properties have been reported in these nanoemulsion heat transfer fluids
recently. The nanoemulsion heat transfer fluids can be formed by self-assembly and are
thermodynamically stable. The self-assembled nanostructures have a significant effect on its
macroscopic thermophysical properties which coincides with the structural characteristics
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measured using SANS. In addition to that, the effective heat capacity of base fluid can also be
greatly enhanced when those phase changeable nanodroplets undergo phase transition: the
effective heat capacity of FC-72 by more than 200 % when those droplets undergo liquid—solid
phase transition in water-in-FC-72 nanoemulsion fluids, and the effective heat capacity of PAO
is increased by 80 % in water-in-PAO nanoemulsion fluids. The use of nanoemulsion fluids
provides a means to increase the fluid conductivity and heat capacity simultaneously in the
base fluids and their application in a wide variety of applications appears promising, but
several critical issues remain to be solved in the future, for example, large subcooling or
superheating during phase change due to lack of nucleation sites, and large viscosity increase
due to the dispersed nanodroplets inside.
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