Available online at www.sciencedirect.com

i i Intermﬁbr;alfoarnnlof
) ScienceDirect Multiphase
e 4 e E, s Flow
ELSEVIER International Journal of Multiphase Flow 33 (2007) 691-706

www.elsevier.com/locate/ijmulflow

Experimental studies on CHF characteristics of nano-fluids
at pool boiling

Hyung Dae Kim ?, Jeongbae Kim °, Moo Hwan Kim **

& Department of Mechanical Engineering, Pohang University of Science and Technology, San 31, Hyoja-dong, Namgu, Pohang,
Kyoungbuk 790-784, Republic of Korea
® Korea Institute of Energy Research, Jang-dong, Yuseong-gu, Daejeon, 305-343, Republic of Korea

Received 24 May 2006; received in revised form 19 February 2007

Abstract

To investigate the CHF characteristics of nano-fluids, pool boiling experiments of nano-fluids with various concentra-
tions of TiO, or Al,O3 nanoparticles were carried out using a 0.2 mm diameter cylindrical Ni-Cr wire under atmospheric
pressure. The results show that the CHFs of various nano-fluids are significantly enhanced over that of pure water. SEM
observation subsequent to the CHF experiment revealed that a nanoparticle coating is generated on the wire surface during
pool boiling of nano-fluids. The CHF of pure water was measured on a nanoparticle-coated wire which was produced dur-
ing the pool boiling experiments of nano-fluids. The CHF of pure water on the nanoparticle-coated wire was similar to that
of nano-fluids. This result clearly shows that the main reason for CHF enhancement of nano-fluids is the modification of
the heating surface by the nanoparticle deposition. The nanoparticle-coated surface was characterized with various param-
eters closely related to pool boiling CHF: surface roughness, contact angle, and capillary wicking performance. Finally,
CHF enhancement of nano-fluids is discussed using the parameters.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Critical heat flux (CHF) in pool boiling is an undesirable phenomenon causing an excessive increase of the
temperature at the boiling surface. Such a tremendous increase of temperature can lead to a fatal crisis in var-
ious thermal systems, such as boilers and nuclear reactor systems. Therefore, enhancing the CHF will provide
the thermal system with a greater safety margin. Typical approaches to enhance CHF include: vibration of the
surface or fluid to promote bubble departure from the heating surface; coating with porous media to increase
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the number of active cavities and to improve the supply of cooling liquid to the heating surface; applying an
electric field to promote the departure of bubble from heating surface.

In addition to the conventional methods for CHF enhancement, You et al. (2003) introduced a new
approach to enhance pool boiling CHF using ‘nano-fluids’, a new kind of heat transfer fluid in which nano-
particles are uniformly and stably dispersed. They performed pool boiling experiments with a 1x 1 cm?
polished copper surface immersed in water—Al,O3 nano-fluids under the pressure of 19.94 kPa (the saturation
temperature for that pressure was about 60 °C). The concentrations of nanoparticles were ranged from 0 g/l to
0.05 g/1. The pool boiling curves of those nano-fluids demonstrated that the CHF could be increased dramat-
ically (about three times as high as the CHF of pure water). However, they concluded that the unusual CHF
enhancement could not be explained by any existing CHF model.

Vassallo et al. (2004) studied the pool boiling heat transfer characteristics of 0.5% solutions of silica par-
ticles with diameters from 15 to 3000 nm. Pool boiling experiments were carried out using a 0.4 mm diameter
Ni—Cr wire at atmospheric pressure. The results showed a considerable increase in the CHFs of both nano-
and micro-solutions compared to water. At the end of the tests, a silica coating (about 0.15-0.2 mm thick)
was observed on the wire, indicating some possible surface interaction between the nano solution and the wire
at higher heat fluxes.

Bang and Chang (2005) performed pool boiling experiments on nano-fluids with volume concentrations
from 0% to 4% of alumina nanoparticles using a smooth horizontal flat surface under atmospheric pressure.
The results showed that the CHF of nano-fluids could be enhanced in not only horizontal but also vertical
heating conditions. From the roughness change of the heating surface before and after experiments, they
hypothesized that CHF characteristics might change due to the coating of heating surface with nanoparticles,
but could not reveal the exact reason.

Milinova and Kumar (2005) studied pool boiling heat transfer of pure and silica nano-fluids using a
0.32 mm diameter electrically heated Ni—Cr wire at atmospheric pressure. Two characteristics of silica nano-
particles were explored: one is the role of the salts and the other is the effect of particle size on CHF. They
distinctly showed the significant deposition of silica on the heater surface using SEM observation. They also
conjectured that the surface porosity is responsible for increasing heat transfer.

Recently, Kim et al. (2006a) carried out an experimental study to show the effect of nanoparticle surface
coating on the abnormal CHF enhancement using nano-fluids. They conducted a pool boiling CHF test of
water-TiO, nano-fluids using horizontally suspended thin wire heater. SEM observation of the heater sur-
face subsequent to the test revealed the serious coating of nanoparticles on the heating surface during the
pool boiling of nano-fluids. In addition, CHF of pure water on the nanoparticle-coated heater sufficiently
reproduced CHF of nano-fluids. The result clearly showed that the main cause of CHF enhancement of
nano-fluids was the change of surface properties of the heater due to the nanoparticle surface coating
formed during pool boiling. Subsequently, Kim et al. (2006b) confirmed with an experimental study anal-
ogous to Kim et al. (2006a) that the CHF enhancement in nano-fluids appears to correlate with the presence
of a layer of nanoparticles that build up on the heated surface during nucleate boiling. However, both still
could not elucidate the mechanism of CHF enhancement on the surface without quantitative characteriza-
tion of the heating surface.

In this work, we attempted to extensively investigate pool boiling CHF characteristics of nano-fluids as well
as to relate the parameters governing CHF phenomena with the unusual CHF enhancement of nano-fluids. In
this regard, two experimental works were performed, one is a pool boiling CHF experiment and the other is
the characterization of the heating surface modification occurring in the experiments.

Pool boiling experiments of nano-fluids are carried out for nano-fluids with volumetric particle concentra-
tions from 107°% to 10~'% using TiO, and Al,O; nanoparticles and 0.2 mm diameter Ni—Cr wire. Since a
careful review of previous research shows that the CHF enhancement of nano-fluids is closely related to
the modification of the heating surface by nanoparticles, the wire surface subsequent to pool boiling of
nano-fluids is examined using scanning electron microscope (SEM). And the effect of the modified wire surface
on CHF is also experimentally investigated.

The wire surface is characterized using surface parameters relevant to CHF: surface roughness, contact
angle, and capillary wicking performance. The reason for CHF enhancement of nano-fluids is discussed using
those surface parameters in detail.
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2. Pool boiling experiment
2.1. Preparation and characterization of nano-fluids

In this work, nano-fluids were prepared by the two-step method, dispersing dry nanoparticles into the base
liquid. Distilled water was used as a base liquid, and Al,O3 and TiO, nanoparticles were used. The nanopar-
ticles were manufactured by the patented physical vapor synthesis (PVS) process of Nanophase Technologies
Corporation and by the sol-gel process of Advanced Nano Product Corporation, respectively. Some additives
(dispersants or surfactants) could have been used to stabilize the nanoparticle suspensions, but the additives
could exert a significant influence on the rheological behavior of the fluids and the boiling heat transfer (Wen
and Ding, 2005). Therefore, in this work, no additive was used and ultrasonic excitation was performed for 3 h
just before pool boiling experiments. Nanoparticles dispersed without other additives do not change the sur-
face tension of the base fluid (Das et al., 2003).

The characteristics of nano-fluids are governed by not only the kind and size of the nanoparticles but also
their dispersion status in the base fluid. Fig. 1 shows nanoparticles dispersed in distilled water. The Al,O3
nanoparticles were spheres with a mean diameter of 47 nm and a range from 10 to 100 nm, as estimated from
TEM images. On the other hand, the TiO, particles had polygonal morphology, with a mean particle size of
23 nm and a deviation of only about 10 nm. However, the nanoparticles dispersed with no additive might have
the weak electrostatic repulsion between themselves and be easily agglomerated in the colloidal state. Nano-
particle aggregation actually occurred in both nano-fluids without additive. Aggregated nanoparticles made
an irregular cluster. In particular, the aggregation of TiO, nanoparticles was more serious.

Fig. 1. TEM images dispersed in distilled water: (a) TiO,; (b) Al,Os.
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The amount of nanoparticles dispersed in the solution was quantified not by mass concentration but by
volume concentration, because it is known that the flow phenomenon of a liquid-solid solution depends
on the hydrodynamic force acting upon the surface of solid particles. But, as it is very difficult to directly
measure the precise true volume of nanoparticles, the following conversion formula is conventionally used
to calculate the volume concentration (¢v) of nanoparticles in nano-fluids (Bang and Chang, 2005):

1
by=7—~—""
l_d)m P
(qsm )p‘?*l

(1)

where ¢,, is the mass concentration of nanoparticles, py is the liquid density, and p,, is the nanoparticle density.
Five different volume concentrations were prepared ranging from 107>% to 10~'%.

The thermal conductivity enhancement is a very important physical property of nano-fluids as a cooling
fluid. However, the volume concentrations in the present work were too low to expect a considerable enhance-
ment of thermal conductivity (Murshed et al., 2005). Due to the same reason, the viscosity and density also
had nominal changes (Brinkman, 1951).

2.2. Experimental procedure and uncertainty

A schematic diagram of the experimental apparatus is shown in Fig. 2. The main test pool consists of a
250 mm x 140 mm x 250 mm rectangular Pyrex glass vessel and a 30 mm thick Teflon cover. The simple geom-
etry and glass material of the test chamber ensured that clean conditions could be maintained for each exper-
iment. The working fluid was pre-heated using a Corning hot plate and the pool temperature was measured
with a Pt-100 ohm RTD sensor. The reflux condenser cooled with tap water prevented the loss of vapor from
the test chamber. Accordingly, the volume concentration of the working fluid did not change during the exper-
iments. The opening on the top of the condenser maintained the system pressure at atmospheric pressure.

The heating material was a horizontally suspended Ni—Cr wire (d = 0.2 mm). Since the wire is commercially
mass-produced, the surface conditions of all test wires were uniform. After each pool boiling CHF experiment,
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Fig. 2. Schematic diagram of the experimental apparatus for pool boiling.
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the wire was examined using scanning electron microscope (SEM) to identify the deposition of nanoparticles
on the wire surface.

The ends of the wire were clamped to 10 mm diameter cylindrical copper electrodes. The electrodes were
connected to a HP agilent 6575A DC power supply (120 V/18 A). A LEM hall-effect current sensor was used
to measure the current. An HP agilent 34970A data acquisition system was used to measure and store voltage,
current, and temperature data.

All pool boiling experiments were started after the bulk temperature of the working fluid was steadily main-
tained at the saturated temperature. Increasing electric power was supplied to the wire. As the heat flux neared
the CHF, the power was increased in smaller increments. At the CHF, the resistance of the wire increased
sharply, resulting in an instantaneous breakage of the wire. The CHF (¢¢yr) was calculated using data
obtained immediately before the steep increase of wire resistance:

ngF = Vmaxlmax/nDL (2)

Here, V. is the voltage drop and I, is current at the CHF point, D is the wire diameter, and L is the wire
length.
The experimental uncertainty using the method proposed by Holman (2001) is represented as follows:

Uq,(/‘HF — UVmax 2_|_ Ulmax 2_|_ @ 2_"_ ﬂ ? (3)
qléHF Vmax 1 max D L

The main sources of uncertainty to be considered are the applied voltage and the length of wire. There is also
the contact resistance between the wire and the copper electrodes because they are connected by only mechan-
ical clamping. The uncertainties of the applied voltage and the length of wire are estimated to be less than
+4.0% and £1.7%, respectively. From the above analysis, the maximum uncertainty at the pool boiling
CHF is estimated at +4.4%.

2.3. Experimental cases

A careful review of previous research on boiling of nano-fluids suggested that nanoparticles would deposit
on the heating surface during pool boiling of nano-fluids. Thus, the effect of nanoparticles on CHF should
consider two topics:

e the effect of nanoparticles coating the heating surface;
e the effect of nanoparticles suspended in the nano-fluids.

Accordingly, pool boiling CHF experiments were carried out by varying the wire surfaces and working flu-
ids as summarized in Table 1.

Case 1 is pool boiling of pure water on a bare wire with smooth surface. Case 2 is pool boiling of nano-
fluids on the same bare wire as case 1. The characteristics of CHF enhancement in pool boiling of nano-fluids
were obtained from the results of case 2 for logarithmically different particle concentrations from 107°% to
10~'% using both Al,O; and TiO,.

Table 1

Experimental cases of pool boiling test

Experimental case Heater surface characteristics Working fluid

Case 1 Bare Pure water

Case 2 Bare Nano-fluids

Case 3

(a) Nanoparticle-coated® Pure water

(b) Bare Water used in case (a)

# The nanoparticle-coating on the heater surface was generated by the same procedure as the pool boiling CHF experiment of nano-
fluids, but, to prevent the breakdown of the heater wire, the heat flux was only increased up to 95% of the CHF.
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Case 3 estimated the effect of nanoparticles coated on the heating surface and consisted of two sub-cases.
The CHF of pure water was measured on a nanoparticle-coated wire which was prepared using the same pro-
cedure as a pool boiling CHF experiment for nano-fluids on a bare wire: case 3(a). However, during the pool
boiling experiment of case 3(a), nanoparticles could detach from the surface, to disperse in the fluid and effect
the CHF. To check this effect, the CHF of the water used in case 3(a) was measured on a bare wire: 3(b).
Finally, a comparison between the results of case 2 and 3 shows the role of nanoparticle surface coating in
pool boiling CHF enhancement of nano-fluids.

2.4. Results and discussion of pool boiling experiment

2.4.1. Nano-fluids on bare wire

Prior to the experiments using nano-fluids, a number of pool boiling CHF experiments using distilled water
were carried out to examine the reproducibility and repeatability of the experimental apparatus. As shown in
Fig. 3, the CHF values of pure water are scattered within the analyzed uncertainty. The mean value is about
15% lower than Zuber (1959)’s prediction, which is widely used to predict the pool boiling CHF on an infi-
nitely large flat plate:

T
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Fig. 3. Pool boiling CHF of pure water and nano-fluids: (a) TiO,; (b) Al,O3.
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where g¢yr, is the CHF, p, is the gas density, pr is the liquid density, and /g, is the latent heat for
vaporization.

Barkhru and Lienhard (1972) reported that the Zuber correlation of Eq. (1) is not valid for a sufficiently
small horizontal wire. The decrease of CHF on the very small wire, such as the 0.2 mm Ni-Cr wire used in
this experiment, has been observed in several previous studies (Pitts and Leppert, 1966; Tachibana et al.,
1996; Van Stralen and Sluyter, 1969). Therefore, the decrease of CHF in this work is consistent with general
behavior. Since the main focus is to investigate CHF enhancement of nano-fluids compared to that of pure
water, the CHF of pure water obtained by experiment was used as the basis for the subsequent CHF
comparisons.

Fig. 3 shows pool boiling CHF values of TiO,—water and Al,Os;—water nano-fluids at atmospheric pressure.
Both nano-fluids can achieve significant enhancements, and the degree of the enhancement is dependent on the
particle volume concentration. The CHF of Al,Os;—water nano-fluids increased to 170% of the value of pure
water as the particle concentration was increased to 107>%, but changed little above that value. The CHF of
TiO,-water nano-fluids behaved similarly, reaching 180% of the pure water value at 1072% and increasing
slightly at higher concentrations. The saturation phenomena of CHF enhancement observed in this work
has been also shown by You et al. (2003) in pool boiling CHF experiments of water—Al,O3; nano-fluids at
a sub-atmospheric pressure of 19.94 kPa.

Fig. 4 compares the results of this work and of previous research. At similar particle concentrations (0.1%
and 0.5%), the CHF values of this work and Vassallo et al. (2004) are similar even though the material of the
nanoparticles is different. The data of Bang and Chang (2005) are higher than others because the CHF of pure
water in their experiment is higher than in others studies. As a result, the maximum CHF enhancements in all
works on nano-fluids are about 900 kW/m?>. This shows that the result of this study is consistent with those of
other works under atmospheric pressure.

2.4.2. Nanoparticle surface coating

The Ni—Cr wire surface was observed subsequent to the pool boiling CHF experiment using scanning elec-
tron microscopy (SEM) to examine the interaction between the nanoparticles and the surface. Both Al,O3 and
TiO, nanoparticles were deposited on the wire surface, as shown in Figs. 5 and 6.

The cause of nanoparticle surface coating can be deduced from observation of the surface microstructures.
First, the deposition structure has consistent thickness with regard to orientation, i.e., the coating on the top
surface was not thicker than that on the bottom. Moreover immersion only of heating wire without heating
produced only negligible coating of the wire. These facts show that the surface coatings were formed due to the
nucleation, growth and departure of vapor bubbles, and not due to particle-surface interaction in a single
phase or the gravitational sedimentation of nanoparticles.
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Fig. 4. Comparison of pool boiling CHF values with data from previous research.
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x 350 x 5000 x 350 x 5000

Fig. 5. SEM images of heater surfaces after pool boiling of (a) TiO,—water nano-fluids on a bare heater and (b) pure water on TiO,
nanoparticle-coated heaters.

The nanoparticle coating significantly changes the microscopic configuration of the wire surface. The char-
acteristics of the nanoparticle surface coating are markedly different according to the kind of nanoparticle
used. TiO, nano-fluids produced a rough coating formed by the deposition of the aggregated nanoparticles,
and this coating was enhanced by increasing concentration. On the other hand, Al,O3; nano-fluids formed a
relatively smooth coating with local variations in thickness. And the surface structure was fully developed
at 107°% and did not change at higher concentrations.

2.4.3. Pure water on nanoparticle-coated wire

Fig. 7 shows the results of pool boiling experiments to show the effect of TiO, nanoparticles coated on the
wire surface. The CHF of pure water on the nanoparticle-coated heater varied with the concentrations of
nano-fluids used for surface coating. However, the CHFs on the bare wire immersed in water, which was used
in the coated wire experiment, were similar to that of pure water on the bare wire within the estimated uncer-
tainty. Thus, the amount of nanoparticles that can detach from the nanoparticle-coated surface during pool
boiling is extremely small and their effect on CHF is also negligible. Therefore, the CHF enhancement of pure
water on the nanoparticle-coated wire in Fig. 7 is due to the change of surface structure characteristics by
nanoparticle coating.
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Fig. 6. SEM images of heater surfaces after pool boiling of (a) Al,Os—water nano-fluids on a bare heater and (b) pure water on Al,O3
nanoparticle-coated heaters.

Fig. 8 compares the CHF enhancement of nano-fluid on bare wire with that of pure water on the nanopar-
ticle-coated wire. For all particle concentrations of both nano-fluids, the CHF enhancements of pure water on
the nanoparticle-coated wire were at least as large as those of nano-fluids. Moreover, as shown in Figs. 5 and 6,
there is no appreciable difference in the surface characteristics of the wires for two different experimental cases
with the same concentrations. Thus, Fig. 8 clearly shows that the effect of nanoparticles coated on heating sur-
face is a prime factor in the CHF enhancement of nano-fluids.

For Al,Oz-water nano-fluids, the CHF enhancement is almost the same as that of pure water on the nano-
particle-coated wire within the uncertainty as given in Fig. 8b. On the other hand, for TiO,—water nano-fluids,
CHF enhancements of pure water on the nanoparticle-coated heater are similar to that of nano-fluids at par-
ticle concentrations below 107%, but much higher at concentrations over 10~>%, as shown in Fig. 8a. Since
the characteristics of the heater surfaces are the same, the only difference was the nanoparticles suspended in
the working fluid. In this regard, there is an effect of the suspended nanoparticles whereby the application of
TiO,—water nano-fluids degrades the CHF enhancement of pure water from the TiO, nanoparticle-coated
surface.
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Fig. 7. CHF enhancement of pure water on a TiO, nanoparticle-coated heater.
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Fig. 8. Comparison of CHF enhancements of nano-fluids on a bare heater and pure water on nanoparticle-coated heaters: (a) TiO,;
(b) Al,Os.

3. Characterization of heater surface

The previous section has shown that the main reason of CHF enhancement of nano-fluids is the modifica-
tion of the heating surface due to nanoparticle coating. Therefore, in order to understand the mechanism of
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CHF enhancement using nano-fluids, it is necessary to characterize the heating surface using the parameters
that can be closely related with pool boiling CHF phenomena. The parameters chosen in this work are surface
roughness (R,), contact angle (), and capillary wicking performance (Lc). But it is impossible to measure the
surface parameters of the small diameter wire used in this study through conventional methods. Therefore,
new quantitative measurement methodologies were adopted for the surface roughness and contact angle.

3.1. Surface roughness evaluation

An SEM image focused on the side edge of the wire was captured with magnification of 1200. The profile of
the boundary between the wire and background was extracted by image processing software. Then, the two-
dimensional profile was digitalized using the scale bar in the captured images. The digitalized profile contained
about 470 points with 0.21 um spacing along the wire. Finally, the surface roughness (R,) of each wire was
calculated using following equation (Provder and Kunz, 1996):

! N
— 1 —
Ro= (/1) [ 1700 = Tldem 5 31, -7 (5)
i=1

Here, /1s the horizontal length of test wire in the captured image, X is the horizontal position, Yis the vertical
height in the two-dimensional profile, and Y is the mean vertical height. However, the surface roughness of the
Al,O5; nanoparticle-coated wire could not be estimated using this technique because of its structure (see
Fig. 6).

3.2. Contact angle measurement

To measure the contact angle of a wire, the wire was horizontally mounted. A 2 pLL water droplet was
placed on the wire. The shape of droplet on the wire was captured using the high speed camera. The angle
between the wire and the droplet boundary at the triple point was measured from the captured image.

3.3. Capillary wicking height measurement

A wire was fixed vertically and the bottom of the wire was immersed in a reservoir. Then, as the liquid in the
reservoir moved up the wire, the rising liquid column was captured using a high speed camera. Using the cap-
tured images, the heights of the liquid column being moved were estimated not only at the maximum point
that occurred within several seconds but also at the saturated state after several minutes.

3.4. Results and discussion of surface characterization

The surface deposition of suspended nanoparticles during pool boiling of nano-fluids significantly changes
the microscopic configurations of the wire surface as shown in Figs. 5 and 6. In order to quantify the structural
change of the heater surface, the surface roughness (R,) was employed. Fig. 9 shows the values of R, measured
on the wires corresponding to the various particle concentrations of TiO,—water nano-fluids. R, values
increased with increasing concentration. This is consistent with the results of Bang and Chang (2005), who
reported that the surface roughness of test heaters submersed in Al,Os-water nano-fluids increased with
increasing particle concentration. SEM observation of Al,O; nanoparticle-coated wires given in Fig. 6 con-
firms the morphological enhancement of the surface. Without doubt, the change of R, happens due to the
nanoparticle surface coating. The increasing R, indicates that the nanoparticle surface coating is not uniform
and can make larger and more fractal structures as the particle concentration increases.

Many previous studies have shown the effect of surface roughness on boiling heat transfer and CHF. It has
been found that the surface roughness can enhance CHF by 25-35% in general (Haramura, 1991; Nishikawa
et al., 1982; Ramilison and Lienhard, 1987). However, it is not the roughness itself that affects the character-
istics of nucleate boiling, but the number of active nucleation sites existing on the heating surface (Roy Chow-
dhury and Winterton, 1985). CHF enhancement using simple surface roughening can be attributed to increase
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Fig. 9. Effect of TiO, nanoparticle surface coating on surface roughness.

of the number of active nucleation sites. But, previous research on pool boiling of nano-fluids (Bang and
Chang, 2005; Das et al., 2003) have noted that the number of active nucleation sites is decreased due to
the surface coating of nanoparticles. Less active nucleation on the nanoparticle-coated wire is opposed to
the common phenomena of the roughened surface with CHF enhancement. From the point of view, it is hard
to consider that only the effect of surface roughness (R,) can cause the unusual CHF enhancement of the
nanoparticle-coated surface.

On the other hand, the nanoparticle coating can alter not only the surface geometry but also the interfacial
properties between the solid (the wire) and surrounding liquid, especially the physico-chemical properties of
the surface. The surface coating of oxidized metal nanoparticles (e.g. TiO, or Al,O3) used in this work can
make a roughening effect as well as oxidation on a bright metal surface. It has been reported that roughening
and oxidation of metal surface can reduce the contact angle (Hong et al., 1994). Actually, the contact angles of
water on the nanoparticle coated surfaces are much smaller than that of the bare wire, as shown in Fig. 10.

Roy Chowdhury and Winterton (1985) conducted a systematic investigation into the surface effect on tran-
sition boiling, and found that the contact angle (or the surface wettability) could significantly influence the
transition boiling including the CHF. Takata et al. (2005) reported that the CHF of a super-hydrophilic sur-
face is about two times as high as that of normal surface. Recently, Fukada et al. (2004) studied CHF enhance-
ments of pure water using electrically heated Pt wire fouled with a scale deposit with high wettability. They
found that a scale of a few microns thickness could induce a 167% increase in the CHF. Therefore, it can
be confirmed from the results of previous studies that contact angle has a very strong influence on the pool
boiling CHF. Accordingly, the considerable improvement of surface wettability in nanoparticle-coated surface
may be the cause of the unusual CHF enhancement.

The other important characteristic of nanoparticle-coated surfaces is the capillary wicking performance. It
is possible that the formation of microstructures due to nanoparticle surface coating induces capillary wicking
on the heater surface. Fig. 11 shows the maximum capillary wicking height (Lc,.x) on nanoparticle-coated
wires. The wires prepared with particle concentrations below 107*% do not create a liquid rise due to capillary
wicking, because the micro-structures of the heating surface at those concentrations are not enough to act as
micro-flow-passes. Liquid rises on the wires are observed for the particle concentrations above 107°%, but the
capillary wicking performances greatly differ between Al,O; and TiO, nanoparticle-coated wires. The TiO,
nanoparticle coated wire has an Lcy,,c of 1.2 mm at the concentration of 1073%, and then Lcoay steeply
increases to 4.7 mm at 107°% and to 5.9 mm at 10~ '%. On the other hand, Al,O; nanoparticle coated wire
has a nominal Lc,,, below 0.5 mm for all concentrations. This difference occurs because of the different
micro-structures shown in Figs. 5 and 6.

In addition, Fig. 12 shows the effect of working fluid (pure water and nano-fluids) on the capillary wicking
behavior on a TiO, nanoparticle-coated wire. For the same wire, the Lc,,x of pure water is a little lager than
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a

Fig. 10. Effect of nanoparticle surface coating on contact angle: (a) bare NiCr wire; (b) TiO, nanoparticle-coated NiCr wire (1072%);
(c) Al,O5 nanoparticle-coated NiCr wire (1071%).

that of the nano-fluids. Furthermore, after reaching at the maximum wicking height, the capillary wicking
height of pure water is maintained at that maximum value, but that of nano-fluids slowly goes down and
becomes saturated at the lower wicking height. This behavior is related with whether sufficient liquid from
the reservoir can be continuously supplied to maintain the wicking height or not. When evaporation occurs
by natural convection from the wire to the environment, the capillary wicking height of pure water is main-
tained because there is a continuous flow of liquid from the reservoir to the wire. However, nano-fluids could
cause clogging of micro-flow-passes due to the suspended nanoparticles. As a result, the wicking height of
nano-fluids decreases as shown in Fig. 12.

The effect of a capillary porous layer on pool boiling CHF has been analyzed by Tehver (1992). His analysis
was from the macrolayer concept based on Haramura and Katto (1983)’s CHF model, which considers the
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Fig. 11. Effect of nanoparticle surface coating on maximum capillary wicking height: (a) TiO,; (b) AL,Os.
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Fig. 12. Capillary wicking behaviors of pure water and TiO,—water nano-fluids on a TiO, nanoparticle-coated heater. The nano-fluids
concentration was 107'%, and the nanoparticle-coated heater was prepared using a 10~'% nano-fluids.

formation and evaporation of a macrolayer under a bubble. He has hypothesized that the liquid suction due to
capillary wicking helps to supply bulk liquid to the heating surface, so the boiling crisis can be more effectively
delayed. That effect indicates that the unusual CHF enhancements on the naoparticle-coated wire in this study
can be closely related to the capillary wicking performance due to the surface morphology with micro-
scale structures. Considering boiling as a rapid and massive evaporation process, the clogging of micro-
flow-passes by suspended nanoparticles could impede the supply of bulk liquid to the heating surface.
Accordingly, CHF enhancement on nanoparticle-coated surface will be degraded if nano-fluids are used
instead of pure water.

At the concentrations above 10>% having the measurable capillary wicking height, it was found that the
behavior of CHF enhancement (shown in Fig. 8) corresponds well to the capillary wicking performance of
nanoparticle-coated wire. CHF enhancement is very largely dependent upon capillary wicking on a heating
surface (e.g. CHF of pure water on TiO, naoparticle-coated wire). But the wicking effect can be prevented
by the clogging on micro-flow-pass due to nanoparticles suspended in working fluid, and the enhancement will
be degraded (e.g. CHF of TiO,—water nano-fluids). If capillary wicking on the wire is nominal, the difference
between the CHFs of nano-fluids and of pure water on the nanoparticle-coated wire may hardly exist (e.g.
CHF of pure water on Al,O3 nanoparticle-coated surface vs. CHF of Al,Oz—water nano-fluids).
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4. Conclusions
The conclusions drawn from this study are:

1. Nano-fluids instead of pure water as a cooling liquid significantly increased pool boiling CHF. The CHFs
were enhanced at volumetric particle concentrations from 10™°% to 10™'%, with a maximum CHF increase
of about 100%.

2. Deposition of nanoparticles on the heating surface happened during pool boiling of nano-fluids. Charac-
teristics of nanoparticle surface coating were strongly dependent on the type and the concentration of
the nanoparticle material.

3. The reason for significant CHF enhancement of nano-fluids was the surface modification due to nanopar-
ticle coating. This is proved by the fact that CHF of nano-fluids could be reproduced using pure water on a
nanoparticle-coated surface, prepared during pool boiling of nano-fluids.

4. Surface coating by oxidized metal nanoparticles during pool boiling of Al,Os-water and TiO,—water nano-
fluids could significantly enhance the surface wettability. The very good wetting of cooling liquid on the
heating surface can largely increase CHF.

5. Fractal microstructures formed by deposition of aggregated TiO, nanoparticles induce liquid suction due to
capillary wicking, which makes the CHF of pure water much higher than that of nano-fluids. However, the
much higher CHF of the nanoparticle-coated heating surface is degraded by use of nano-fluids instead of
pure water as a working fluid, since nanoparticles suspended in nano-fluids may clog micro-flow-passes
supplying the bulk liquid to the heating surface by capillary wicking.
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