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The strategy of adding solid particles to fluids for improving thermal conductivity has been pursued formore than

one century. Here, a novel concept of using liquid nanodroplets for enhancing thermal performance has been

developed and demonstrated in polyalphaolefin nanoemulsion fluids with dispersed ethanol nanodroplets. The

ethanol/polyalphaolefin nanoemulsion fluids are spontaneously generated by self-assembly and are thermodynami-

cally stable. Their thermophysical properties, including thermal conductivity and viscosity, and impact on

convective heat transfer are investigated experimentally. The thermal conductivity enhancement in these fluids is

found to be moderate but increases rapidly with increasing temperature in the measured temperature range of

35–75�C. A very remarkable increase in the convective heat transfer coefficient, by a factor of up to 2.2, occurs in the

nanoemulsionfluids due to the explosive vaporization of the ethanol nanodroplets at the superheat limit (i.e., spinodal

states, about 122�C higher than the atmospheric boiling point for ethanol). Such an explosive liquid–vapor phase

transition might augment the fluid heat transfer through the heat of vaporization (which intuitively raises the base

fluid specific heat capacity) and the fluid mixing induced by the sound waves. The development of such phase-

changeable nanoemulsion fluids would open a new direction for thermal fluids studies.

Nomenclature

C = heat capacity, J=m3 K
H = heat of vaporization, J=m3

h = convective heat transfer coefficient,W=m2 K
k = thermal conductivity, W=mK
P = pressure, N=m2

q = heat flux,W=m2

T = temperature, �C
V = volume, m3

� = volume fraction
� = fluid viscosity, N � s=m2

� = velocity, m=s
� = mass density, kg=m3

I. Introduction

C OOLING is one of the most limiting technical challenges
faced by a multitude of diverse industry and military groups

[1–3,32,5–20]. The coolants, lubricants, oils, and other heat transfer
fluids used in today’s thermal systems typically have inherently poor
heat transfer properties. Hence, there is an urgent need for innovative
heat transfer fluids with improved thermal properties over those
currently available. The idea of adding solid particles to improve
thermal conductivity has been pursued for more than 100 years since
Maxwell’s theoretical work [4]. Early studies were confined to large
particles (millimeter to micron sized). About a decade ago, nano-
fluids, heat transfer fluids containing suspensions of solid nano-
particles, were proposed to improve the thermal performance of the
base fluids [1–3]. Materials commonly used for nanoparticles
include oxides, such as alumina, silica, and titania; metals, such as
copper and gold; and carbon nanotubes.

Recently, the authors have proposed a radically new design for
thermal fluids, “nanoemulsion fluids,” that completely eliminate

solid particles and, instead, use liquid nanostructures [12,21,22].
Nanoemulsion fluids are suspensions of liquid nanodroplets (e.g.,
spherical droplets) in conventional thermal fluids, which are part of a
broad class of multiphase colloidal dispersions. The present work
focuses on an experimental study of convective heat transfer of self-
assembled ethanol-in-polyalphaolefin (PAO) nanoemulsion fluids.
The thermophysical properties, including thermal conductivity and
viscosity, and their temperature dependence are also investigated.

II. Experimental Results and Discussion

A. Nanoemulsion Fluids

The ethanol/PAO nanoemulsion fluids are spontaneously gene-
rated by self-assembly. These ethanol nanodroplets are, in fact,
reverse micelles swollen with ethanol and stabilized by the surfac-
tant molecules, sodium bis(2-ethylhexyl) sullfosuccinate (Sigma
Aldrich), which have hydrophilic heads facing inward and hydro-
phobic tails facing outward into the base fluid PAO (Chevron Phillips
Chemical Company). Figure 1 shows the prepared ethanol/PAO
nanoemulsion fluids and the pure PAO. The ethanol/PAO nano-
emulsion fluid is transparent, but scatters light due to the Tyndall
effect. The self-assembled ethanol/PAO nanoemulsion fluids are
thermodynamically stable; their free energy is even lower than in the
unmixed system [23].

The size distribution of the ethanol droplets in the self-assembled
nanoemulsion fluids were determined by dynamic light scattering
(DLS) with a Zetasizer Nano series (Malvern Instruments). All
measurements were conducted at 20�C. The nanodroplet size was
found to be less than 100 nm in diameter, as shown in Fig. 2. These
results are consistent with the literature data [24].

PAO has been widely used as a heat transfer fluid and lubricant. It
is able to remain oily in a wide temperature range due to the flexible
alkyl branching groups on the C–C backbone chain. Ethanol is
chosen as the dispersed phase mainly because it has a much lower
atmospheric boiling point (78�C) than PAO [25,26].

B. Thermal Conductivity Characterization

Thermal conductivity and viscosity are macroscopically obser-
vable parameters that affect the thermal performance of the fluids,
and their characteristics are investigated in the ethanol/PAO nano-
emulsion fluids. The thermal conductivity of the pure PAO and
ethanol/PAO nanoemulsion fluids (4 and 8 vol %) was measured in
the temperature range of 35–75�C using a 3!-wire method. Unlike
the conventional hot-wire method [27], the 3!-wire method
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determines the fluid conductivity by detecting the frequency
dependence of temperature oscillation in ametal wire [11–13,22,28–
31]. One advantage of this 3!-wire method is that the temperature
oscillation can be kept small enough (below 1 K, compared with
about 5 K for the hot-wire method) within the test liquid. Calibration
experiments were performed for oil and water at atmospheric
pressure. Literature values were reproduced with an error of <1%.

The thermal conductivity of the pure PAO and ethanol/PAO
nanoemulsion fluids, as well as the relative thermal conductivity, are
plotted in Fig. 3. The relative thermal conductivity is defined as
knf=ko, where ko and knf are the thermal conductivities of the base
fluid and nanoemulsion fluids, respectively. The PAO thermal
conductivity is experimentally found to be 0:143 W=mK at room
temperature, which compares well with the literature values [26]. As
seen in Fig. 3, the relative thermal conductivity, or the thermal
conductivity enhancement, increases rapidly with increasing tem-
perature in the measured temperature range, although the thermal
conductivity of both the pure PAO and ethanol/PAO nanoemulsion
fluids goes down with temperature. The magnitude of the con-
ductivity increase is rather moderate in the ethanol/PAO nano-
emulsion fluids, for example, an 18% increase at 75�C for 4 vol %.
These experimental results are within the range predicted by the
traditional effective medium theory [32,4,33,34]. However, the
dependence of the relative thermal conductivity on the ethanol
concentration is found to be pretty weak in the ethanol/PAO
nanoemulsion fluids, and the reason is still under investigation.
It is noteworthy that ethanol has a thermal conductivity only
slightly higher than PAO, kPAO � 0:143 W=mK and kethanol�
0:158 W=mK, at room temperature [25,26].

C. Viscosity Characterization

The dynamic viscosity of the pure PAO and ethanol/PAO nano-
emulsion fluids was measured using a commercial viscometer
(Brookfield DV-I Prime). Results for the viscosity are shown in
Fig. 4. The viscosity of the pure PAO and the ethanol/PAO nano-
emulsion fluids was measured at a spindle rotational speed from
6 to 30 rpm and exhibited a shear-independent characteristic of

Newtonian fluids. Unlike the relative thermal conductivity, the
relative viscosity is found to decrease with increasing temperature in
the ethanol/PAO nanoemulsion fluids, for example, a decrease from
1.88 to 1.61 for 4 vol % when the temperature rises from 23 to 75�C.
The similar trend of the relative viscosity has also been observed in
many other nanofluid systems [31,35,36].

D. Convective Heat Transfer

The convective heat transfer experiments were conducted on a
platinum wire 25 �m in diameter and 3 cm long, subjected to a
crossflow of the fluids. This platinum wire serves as both the heater

Fig. 1 Ethanol/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 seenwhen viewed from the side) can be observed

only in bottle A when a laser beam is passed through bottles A and B.

Picture taken by a Canon PowerShot digital camera.

Fig. 2 Size distribution of ethanol nanodroplets in the ethanol/PAO

nanoemulsion fluids. DLS measurements were conducted at 20�C.

Fig. 3 Shown are the following: a) thermal conductivity of the pure

PAO and ethanol/PAO nanoemulsion fluids vs temperature, and
b) relative conductivity of the ethanol/PAO nanoemulsion fluids vs

temperature.

Fig. 4 Shown are the following: a) dynamic viscosity of the pure PAO

and ethanol/PAO nanoemulsion fluids vs temperature, and b) relative

viscosity of the ethanol/PAO nanoemulsion fluids vs temperature.
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and the thermometer. It is heated electrically by use of a dc power
supply, and so the dissipated heat can be calculated directly from its
voltage and resistance. The wire temperature can also be determined
from its electrical resistance. The electric resistance of the platinum
wire has a linear relationship with its temperature. The temperature
coefficient of the platinum wire is found to be 0:00399 C�1. A
thermocouple is used to measure the bulk temperature of the fluids,
which is kept at 30�C. The flow rate is maintained at 3 cm=s for the
fluids, monitored by a flow meter (King Instrument Company).

The convective heat transfer curves are plotted in Fig. 5 for the
pure PAO and nanoemulsion fluids containing 4 and 8 vol % ethanol
nanodroplets. The curve for the PAO is classified as being in the
liquid forced convection regime, as the measured temperature range
is far below its atmospheric boiling point [37]. When �T < 170�C
(i.e., Twire < 200�C), the heat transfer coefficient values of all fluids
including the pure PAO appear to be the same. This indicates that
these ethanol nanodroplets have little effect on the fluid heat transfer
efficiency without undergoing phase transition. When the heater
temperature is further increased, however, an abrupt increase in the
convective heat transfer coefficient, by a factor of up to 2.2, is
observed in the ethanol/PAO nanoemulsion fluids, compared with
the pure PAO case. For example, the dissipated heat flux q is found to
be 125 and 275 W=cm2 at Twire � Tfluid � 180�C for the pure PAO
and the 4 vol % ethanol/PAO nanoemulsion fluid, respectively.

The causes of the observed abrupt increase in heat transfer
coefficient can be examined by first evaluating the Hilpert correla-
tion that works for laminar flow over a cylinder, [37] h�
Ak2=3��Cp�1=3�0:0033, where A is a constant, � is the fluid mass den-
sity, Cp is the fluid heat capacity, k is the fluid thermal conductivity,
and � is the fluid kinematic viscosity. Themass density � of the tested
nanoemulsion fluids remains nearly constant with the value of pure
PAOand, therefore, has little effect on the increase of the heat transfer
coefficient in the Hilpert correlation. The measured conductivity and
viscosity increase is rather moderate in the ethanol/PAO nano-
emulsion fluids. According to the Hilpert correlation, the net effects
on heat transfer induced by the increased thermal conductivity and
viscosity would be negligible in the ethanol/PAO nanoemulsion
fluids, which is consistent with the fact that, when Twire < 200�C, the
heat transfer coefficient of the ethanol/PAO nanoemulsion fluids is
almost same as that of the pure PAO.

Therefore, the abrupt increase in heat transfer coefficient, by a
factor of up to 2.2, would be mainly accredited to the vaporization of
those ethanol nanodroplets dispersed in the base fluid PAO. A direct
impact of the nanodroplet vaporization is that the heat of vaporization
could significantly enhance the effective heat capacity of the fluid.
The effective heat capacity can be evaluated using the following
formula:Ceff � C0 � � �Hdroplet=�T, where� is thevolume fraction
of the phase-changeable nanodroplets, Hdroplet is the heat of
vaporization of the nanodroplets per unit volume, and �T is the
temperature difference between the heat transfer surface and the bulk
fluid [38]. In this experiment, if�T � 10�C is assumed, the effective
volumetric specific heat can be increased by up to 162% for the 4 vol
% nanoemulsion fluid when the ethanol nanodroplets undergo
liquid-vapor phase transition. This would provide as much as a 38%

enhancement of the heat transfer coefficient according to the Hilpert
correlation.

In addition, the nanodroplet vaporization can enhance heat
transfer through inducing drastic fluid motion within the thermal
boundary layer around the heat transfer surface. The ethanol/PAO
interface constitutes a hypothetically ideal smooth surface, free of
any solid motes or trapped gases, so that the heterogeneous
nucleation and ordinary boiling are suppressed. In this case, the
ethanol nanodroplets can be heated to a temperature of about 120�C
above their normal atmospheric boiling point (78�C). Such a
temperature is very close to thermodynamic limit of superheat or the
spinodal state of ethanol and is only about 10% below ethanol’s
critical point. The spinodal states, defined by states for which
@P
@V
jT;n � 0 [39], represent the deepest possible penetration of a liquid

in the domain of metastable states. When those ethanol nanodroplets
vaporize after reaching their limit of superheat, the energy released
could create a sound shock wave, a so-called vapor explosion [40–
42]. This sound wave would lead to strong fluid mixing within the
thermal boundary layer, therefore enhancing the fluid heat transfer.

It is also observed in Fig. 5 that the heat flux appears to vary only
slightly in the cases of 4 and 8 vol % ethanol/PAO nanoemulsion
fluids. No satisfactory explanation is currently available. One pos-
sible explanation is that the vapor explosion effects on heat transfer
might bemainly related to the droplet number density, rather than the
droplet size, in the self-assembled ethanol/PAOnanoemulsion fluids.

III. Conclusions

In summary, the thermal and phase-change characteristics of the
ethanol/polyalphaolefin nanoemulsion fluids have been investigated
experimentally. These fluids are spontaneously generated by self-
assembly, are thermodynamically stable, and can be mass produced.
A remarkable increase in the convective heat transfer coefficient, by a
factor of up to 2.2, is observed experimentally in the 4 vol% ethanol/
PAO nanoemulsion fluids. Such an increase in the heat transfer
coefficient is not related to the increased thermal conductivity and
viscosity of the fluids. The ethanol nanodroplets vaporize explo-
sively after reaching their limit of superheat, thereupon enhancing the
fluid heat transfer through the heat of vaporization (which intuitively
raises the base fluid specific heat capacity) and the fluid mixing
induced by the sound waves. The ethanol/PAO nanoemulsion fluids
are self-recoverable after the vaporization/condensation of the
dispersed ethanol nanodroplets.

Acknowledgments

This work is financially supported by the U.S. Department of
Energy and the National Science Foundation.

References

[1] Eastman, J. A., Choi, S. U. S., Li, S., Thompson, L. J., and Lee, S.,
“Enhanced Thermal Conductivity Through Development of Nanofl-
uids,” Nanocrystalline and Nanocomposite Materials II, edited by S.
Komarnenl, J. C. Parker, and H. J. Wollenberger, Materials Research
Society, Pittsburgh, PA, 1997.

[2] Eastman, J. A., Choi, S. U. S., Li, S., Yu, W., and Thompson, L. J.,
“Anomalously Increased Effective Thermal Conductivities of Ethylene
Glycol-Based Nanofluids Containing Copper Nanoparticles,” Applied
Physics Letters, Vol. 78, 2001, pp. 718–720.
doi:10.1063/1.1341218

[3] Choi, S.U. S., Zhang, Z.G., Yu,W., Lockwood, F. E., andGrulke, E.A.,
“Anomalous Thermal Conductivity Enhancement in Nanotube
Suspensions,” Applied Physics Letters, Vol. 79, 2001, pp. 2252–2254.
doi:10.1063/1.1408272

[4] Maxwell, J. C., A Treatise on Electricity and Magnetism, 2nd ed.,
Oxford Univ. Press, Cambridge, England, U.K., 1904.

[5] You, S. M., Kim, J. H., and Kim, K. H., “Effect of Nanoparticles on
Critical Heat Flux of Water in Pool Boiling Heat Transfer,” Applied

Physics Letters, Vol. 83, 2003, pp. 3374–3376.
doi:10.1063/1.1619206

[6] Wen, D. S. and Ding, Y. L., “Effective Thermal Conductivity of
Aqueous Suspensions of Carbon Nanotubes (Carbon Nanotubes

Fig. 5 Convective heat transfer curves for the pure PAO and the
ethanol/PAO nanoemulsion fluids. Note that Tfluid � 30�C and that the

atmospheric boiling point of ethanol is 78�C.

210 XU, WU, ANDYANG

http://dx.doi.org/10.1063/1.1341218
http://dx.doi.org/10.1063/1.1408272
http://dx.doi.org/10.1063/1.1619206


Nanofluids),” Journal of Thermophysics and Heat Transfer, Vol. 18,
2004, pp. 481–485.
doi:10.2514/1.9934

[7] Milanova, D. and Kumar, R., “Role of Ions in Pool Boiling Heat
Transfer of Pure and Silica Nanofluids,” Applied Physics Letters,
Vol. 87, 2005, p. 233107.
doi:10.1063/1.2138805

[8] Li, C. H. and Peterson, G. P., “Experimental Investigation of
Temperature and Volume Fraction Variations on the Effective Thermal
Conductivity of Nanoparticle Suspensions (Nanofluids),” Journal of

Applied Physics, Vol. 99, 2006, pp. 084314-1–084314-8.
doi:10.1063/1.2191571

[9] Prasher, R., Evans,W.,Meakin, P., Fish, J., Phelan, P., andKeblinski, P.,
“Effect of Aggregation on Thermal Conduction in Colloidal
Nanofluids,” Applied Physics Letters, Vol. 89, 2006, p. 143119.
doi:10.1063/1.2360229

[10] Yang, Y., Grulke, E. A., Zhang, Z. G., and Wu, G. F., “Thermal and
Rheological Properties of Carbon Nanotube-in-Oil Dispersions,”
Journal of Applied Physics, Vol. 99, 2006, p. 114307.
doi:10.1063/1.2193161

[11] Yang, B. and Han, Z. H., “Temperature-Dependent Thermal
Conductivity of Nanorod-Based Nanofluids,” Applied Physics Letters,
Vol. 89, 2006, p. 083111.
doi:10.1063/1.2338424

[12] Yang, B. and Han, Z. H., “Thermal Conductivity Enhancement in
Water-in-FC72 Nanoemulsion Fluids,” Applied Physics Letters,
Vol. 88, 2006, p. 261914.
doi:10.1063/1.2218325

[13] Han, Z. H., Yang, B., Kim, S. H., and Zachariah, M. R., “Application of
Hybrid Sphere/Carbon Nanotube Particles in Nanofluids,” Nano-

technology, Vol. 18, 2007, p. 105701.
doi:10.1088/0957-4484/18/10/105701

[14] Shaikh, S., Lafdi, K., and Ponnappan, R., “Thermal Conductivity
Improvement inCarbonNanoparticleDoped PAOOil: An experimental
Study,” Journal of Applied Physics, Vol. 101, 2007, p. 064302.
doi:10.1063/1.2710337

[15] Kim, S. J., Bang, I. C., Buongiorno, J., and Hu, L. W., “Surface
Wettability Change During Pool Boiling of Nanofluids and its Effect on
Critical Heat Flux,” International Journal of Heat and Mass Transfer,
Vol. 50, 2007, pp. 4105–4116.
doi:10.1016/j.ijheatmasstransfer.2007.02.002

[16] Hong, H. P., Wensel, J., Peterson, S., and Roy, W., “Efficiently
Lowering the Freezing Point in Heat Transfer Coolants Using Carbon
Nanotubes,” Journal of Thermophysics and Heat Transfer, Vol. 21,
2007, pp. 446–448.
doi:10.2514/1.28387

[17] Bahrami, M., Yovanovich, M. M., and Culham, J. R., “Assessment of
Relevant Physical Phenomena Controlling Thermal Performance of
Nanofluids,” Journal of Thermophysics and Heat Transfer, Vol. 21,
2007, pp. 673–680.
doi:10.2514/1.28058

[18] Tzou, D. Y., “Thermal Instability of Nanofluids in Natural Convection,”
International Journal of Heat and Mass Transfer, Vol. 51, 2008,
pp. 2967–2979.
doi:10.1016/j.ijheatmasstransfer.2007.09.014

[19] He, P. and Qiao, R., “Self-Consistent Fluctuating Hydrodynamics
Simulations of Thermal Transport in Nanoparticle Suspensions,”
Journal of Applied Physics, Vol. 103, 2008, p. 094305.
doi:10.1063/1.2908217

[20] Wilson, C., Borgmeyer, B.,Winholtz, R.A.,Ma,H. B., Jacobson, D. L.,
Hussey, D. S., and Arif, M., “Visual Observation of Oscillating Heat
Pipes Using Neutron Radiography,” Journal of Thermophysics and

Heat Transfer, Vol. 22, 2008, pp. 366–372.
doi:10.2514/1.33758

[21] Chiesa, M., Garg, J., Kang, Y. T., and Chen, G., “Thermal Conductivity
and Viscosity of Water-in-Oil Nanoemulsions,” Colloids and Surfaces

A: Physicochemical and Engineering Aspects, Vol. 326, 2008, pp. 67–
72.
doi:10.1016/j.colsurfa.2008.05.028

[22] Han, Z. H. and Yang, B., “Thermophysical Characteristics of Water-in-
FC72 Nanoemulsion Fluids,” Applied Physics Letters, Vol. 92, 2008,
p. 013118.
doi:10.1063/1.2830334

[23] Kumar, P. and Mittal, K. L., Handbook of Microemulsion Science and

Technology, Marcel Dekker, New York, 1999.

[24] Spehr, T., Frick, B., Grillo, I., Falus, P., Muller, M., and Stuhn, B.,
“Structure and Dynamics of Reverse Micelles Containing Supercooled
Water Investigated by Neutron Scattering,” Physical Review. E,

Statistical,Nonlinear,andSoftMatterPhysics,Vol.79,2009,p.031404.
doi:10.1103/PhysRevE.79.031404

[25] Touloukian,Y. S., Liley, P. E., and Saxena, S. C.,ThermalConductivity:
Nonmetallic Liquids & Gases, Vol. 3, Thermophysical Properties of
Matter, IFI/Plenum, New York, 1970.

[26] Synfluid PAODatabook, Chevron Phillips Chemical Company LP, The
Woodlands, TX, 2002.

[27] Blackwell, J. H., “A Transient-Flow Method for Determination of
Thermal Constants of Insulating Materials in Bulk. Part 1—Theory,”
Journal of Applied Physics, Vol. 25, 1954, pp. 137–144.
doi:10.1063/1.1721592

[28] Cahill, D. G., “Thermal Conductivity Measurement From 30 to 750 K:
The3! Method,” Review of Scientific Instruments, Vol. 61, 1990,
pp. 802–808.
doi:10.1063/1.1141498

[29] Yang, B., Liu, J. L., Wang, K. L., and Chen, G., “Simultaneous
Measurements of Seebeck Coefficient and Thermal Conductivity
Across Superlattice,” Applied Physics Letters, Vol. 80, 2002, pp. 1758–
1760.
doi:10.1063/1.1458693

[30] Yang, B., Liu, W. L., Liu, J. L., Wang, K. L., and Chen, G.,
“Measurements of Anisotropic Thermoelectric Properties in Super-
lattices,” Applied Physics Letters, Vol. 81, 2002, pp. 3588–3590.
doi:10.1063/1.1515876

[31] Han, Z. H., Cao, F. Y., and Yang, B., “Synthesis and Thermal
Characterization of Phase-Changeable Indium/PolyalphaolefinNanofl-
uids,” Applied Physics Letters, Vol. 92, 2008, p. 243104.
doi:10.1063/1.2944914

[32] Keblinski, P., Phillpot, S. R., Choi, S. U. S., and Eastman, J. A.,
“Mechanisms of Heat Flow in Suspensions of Nano-Sized Particles
(Nanofluids),” International Journal of Heat and Mass Transfer,
Vol. 45, 2002, pp. 855–863.
doi:10.1016/S0017-9310(01)00175-2

[33] Nan, C. W., Birringer, R., Clarke, D. R., and Gleiter, H., “Effective
Thermal Conductivity of Particulate Composites with Interfacial
Thermal Resistance,” Journal of Applied Physics, Vol. 81, 1997,
pp. 6692–6699.
doi:10.1063/1.365209

[34] Yang, B., “Thermal Conductivity Equations Based on Brownian
Motion in Suspensions of Nanoparticles (Nanofluids),” Journal of Heat
Transfer, Vol. 130, 2008, p. 042408.
doi:10.1115/1.2789721

[35] Raghavan, S. R., Edlund, H., and Kaler, E. W., “Cloud-
Point Phenomena in Wormlike Micellar Systems Containing
Cationic Surfactant and Salt,” Langmuir, Vol. 18, 2002, pp. 1056–
1064.
doi:10.1021/la011148e

[36] Yang, Y., Grulke, E. A., Zhang, Z. G., and Wu, G. F., “Rheological
Behavior of CarbonNanotube andGraphite Nanoparticle Dispersions,”
Journal of Nanoscience and Nanotechnology, Vol. 5, 2005, pp. 571–
579.
doi:10.1166/jnn.2005.079

[37] Incropera, F. P. and DeWitt, D. P., Fundamentals of Heat and Mass

Transfer, 5th ed., Wiley, New York, 2002.
[38] Yamagishi, Y., Takeuchi, H., Pyatenko, A. T., and Kayukaw, N.,

“Characteristics of Microencapsulated PCM Slurry as a Heat-Transfer
Fluid,” AIChE Journal, Vol. 45, 1999, pp. 696–707.
doi:10.1002/aic.690450405

[39] Gibbs, J. W., The Collected Works of J. Willard Gibbs, Vol. 1.
Longmans, New York, 1928.

[40] Shepherd, J. E. and Sturtevant, B., “Rapid Evaporation at the Super-
heat Limit,” Journal of Fluid Mechanics, Vol. 121, 1982, pp. 379–
402.
doi:10.1017/S0022112082001955

[41] Dong, Z. Y., Huai, X. L., and Liu, D. Y., “Experimental Study on the
Explosive Boiling in Saturated Liquid Nitrogen,” Progress in Natural

Science, Vol. 15, 2005, pp. 61–65.
doi:10.1080/10020070512331341780

[42] Park, H. C., Byun, K. T., andKwak, H.Y., “ExplosiveBoiling of Liquid
Droplets at Their Superheat Limits,” Chemical Engineering Science,
Vol. 60, 2005, pp. 1809–1821.
doi:10.1016/j.ces.2004.11.010

XU, WU, ANDYANG 211

http://dx.doi.org/10.2514/1.9934
http://dx.doi.org/10.1063/1.2138805
http://dx.doi.org/10.1063/1.2191571
http://dx.doi.org/10.1063/1.2360229
http://dx.doi.org/10.1063/1.2193161
http://dx.doi.org/10.1063/1.2338424
http://dx.doi.org/10.1063/1.2218325
http://dx.doi.org/10.1088/0957-4484/18/10/105701
http://dx.doi.org/10.1063/1.2710337
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.02.002
http://dx.doi.org/10.2514/1.28387
http://dx.doi.org/10.2514/1.28058
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.09.014
http://dx.doi.org/10.1063/1.2908217
http://dx.doi.org/10.2514/1.33758
http://dx.doi.org/10.1016/j.colsurfa.2008.05.028
http://dx.doi.org/10.1063/1.2830334
http://dx.doi.org/10.1103/PhysRevE.79.031404
http://dx.doi.org/10.1063/1.1721592
http://dx.doi.org/10.1063/1.1141498
http://dx.doi.org/10.1063/1.1458693
http://dx.doi.org/10.1063/1.1515876
http://dx.doi.org/10.1063/1.2944914
http://dx.doi.org/10.1016/S0017-9310(01)00175-2
http://dx.doi.org/10.1063/1.365209
http://dx.doi.org/10.1115/1.2789721
http://dx.doi.org/10.1021/la011148e
http://dx.doi.org/10.1166/jnn.2005.079
http://dx.doi.org/10.1002/aic.690450405
http://dx.doi.org/10.1017/S0022112082001955
http://dx.doi.org/10.1080/10020070512331341780
http://dx.doi.org/10.1016/j.ces.2004.11.010

