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a b s t r a c t

In this study, pool boiling heat transfer coefficients (HTCs) and critical heat fluxes (CHFs) are measured on a
smooth square flat copper heater in a pool of pure water with and without carbon nanotubes (CNTs) dis-
persed at 60 �C. Tested aqueous nanofluids are prepared using multi-walled CNTs whose volume concentra-
tions are 0.0001%, 0.001%, 0.01%, and 0.05%. For the dispersion of CNTs, polyvinyl pyrrolidone polymer is
used in distilled water. Pool boiling HTCs are taken from 10 kW/m2 to critical heat flux for all tested fluids.
Test results show that the pool boiling HTCs of the aqueous solutions with CNTs are lower than those of pure
water in the entire nucleate boiling regime. On the other hand, critical heat flux of the aqueous solution is
enhanced greatly showing up to 200% increase at the CNT concentration of 0.001% as compared to that of
pure water. This is related to the change in surface characteristics by the deposition of CNTs. This deposition
makes a thin CNT layer on the surface and the active nucleation sites of the surface are decreased due to this
layer. The thin CNT layer acts as the thermal resistance and also decreases the bubble generation rate result-
ing in a decrease in pool boiling HTCs. The same layer, however, decreases the contact angle on the test sur-
face and extends the nucleate boiling regime to very high heat fluxes and reduces the formation of large
vapor canopy at near CHF. Thus, a significant increase in CHF results in.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

At present, the whole world pays great attention to energy effi-
ciency improvement and environmental protection due to global
warming caused mainly by excessive use of fossil fuels. One of the fun-
damental ways of alleviating global warming is to increase the effi-
ciency of the boilers in power plants, evaporators in refrigeration
system, and various heat exchangers for commercial and domestic
use. Especially, boiling heat transfer occurs in many of these heat
exchangers and hence increasing boiling heat transfer coefficients
(HTCs) is very important for global environmental protection. In fact,
boiling heat transfer has been applied to many heat dissipation sys-
tems due to its high efficiency and much research has been done in
the past for the examination of various aspects of boiling heat transfer.

Recently, nuclear power generation is discussed again in many
countries as one of the alternative methods to solve energy crisis.
For safe operation of nuclear power plants, ways of increasing crit-
ical heat flux (CHF) which is related to the loss of coolant accident
are being investigated. In the event that local heat flux exceeds the
CHF, there is an abrupt shift in boiling curve such that nucleate
boiling ceases and transition boiling and ultimately film boiling oc-
cur and finally physical break down of the surface results in. This is
ll rights reserved.

: +82 32 868 1716.
due to the rapid increase in surface temperature caused by re-
tarded heat transfer through the vapor blanket over the surface.
Therefore, it is essential to maximize the CHF for the protection
of nuclear power plants with maximum system performance.

For the past decade, as much research was carried out for the
improvement of boiling HTCs and CHF, new methods employing
nano particles have been proposed (Eastman et al., 1997; Lee et al.,
1999; Keblinski et al., 2005; Wang and Mujumdar, 2007). For this
purpose, some nano particles based upon mainly copper and alumi-
num which possess relatively high thermal conductivity have been
developed. Nanofluids with such nano particles were shown to have
high thermal conductivities (Eastman et al., 2001; Das et al., 2003a).
Recently, some researchers performed pool boiling experiments
with such nanofluids and observed an increase in CHF. You et al.
(2003) dispersed Al2O3 particles in water and performed pool boiling
experiments using a small square flat heater and observed more than
200% increase in CHF with the nanofluid as compared to that of pure
water. They suggested that the concentration of nano particles, size
and frequency of bubbles during nucleation have great influence on
the increase in CHF. Bang and Chang (2005) also used the same Al2O3

particles in water and performed pool boiling experiments. They ob-
served only 32% increase in CHF with the nanofluid and suggested
that the nano particle deposition on the surface due to boiling caused
a significant change in surface characteristics which in turn resulted
in the increase in CHF.

mailto:dsjung@inha.ac.kr
http://www.sciencedirect.com/science/journal/03019322
http://www.elsevier.com/locate/ijmulflow


526 K.-J. Park et al. / International Journal of Multiphase Flow 35 (2009) 525–532
Kim et al. (2007a) performed boiling experiments using nanofl-
uids with alumina, zirconia, and silica particles and suggested more
concrete reasons for the improvement of CHF with the nanofluids.
They analyzed their experimental data with some theoretical equa-
tions to find reasons for the deposition of nano particles on the sur-
face during boiling. They also tried to explain how the particle
deposition decreased HTCs during nucleate boiling but increased
the CHF. Consequently, they suggested that the particle deposition
has influence on not only bubble formation as suggested by You
et al. (2003) but also surface characteristics such as roughness and
wettability.

Coursey and Kim (2008) performed pool boiling experiments
using alumina dispersed water and ethanol with oxidized and
non-oxidized surfaces in an attempt to explain the cause of the
improvement in CHF. They observed that the oxidized surface
showed 41% improvement in CHF as compared to the non-oxidized
one. They also suggested that the contact angle plays an important
role in increasing the CHF as proposed by Kim et al. (2007a).

Kim et al. (2007b) measured the CHF from a thin 0.2 mm diam-
eter wire heater in aqueous solutions with TiO2 and Al2O3 particles.
They varied the particle volume concentration from 10�5% to 10�1%
to examine the concentration effect on CHF. They observed 100%
improvement in CHF of the nanofluids as compared to that of pure
water. They attributed the improvement to the particle deposition
and decrease in contact angle.

In this nucleate pool boiling study, carbon nanotubes (CNTs) are
used instead of metal particles employed in other studies. The vol-
ume concentrations of the CNTs are changed to see if there is an
optimum concentration for the maximum improvement of the
CHF. CNTs have been known to have excellent mechanical, electri-
cal, thermal, and optical properties and are regarded as one of the
leading materials for information technology applications (Ajayan,
1999; Dresselhaus et al., 2001; Baughman et al., 2002). From the
view point of thermal consideration, CNTs are very important since
they are thermally super conductors whose thermal conductivity is
10 times that of gold (Ajayan, 1999; Dresselhaus et al., 2001). Due
to their excellent thermal properties, CNTs are being considered as
one of the means to improve boiling heat transfer.

Recently, Park and Jung (2007) measured pool boiling HTCs of
water and R22 with and without CNTs from a long copper cylinder
heater. They pre-treated the CNTs with acid for better dispersion
and dispersed them into both fluids at the volume concentration of
1.0%. They measured pool boiling HTCs at heat fluxes below
100 kW/m2, which is far below the CHF, and observed up to 30% in-
crease in HTCs with CNTs. This is a significant finding since many
researchers found that pool boiling HTCs are degraded with nano
particles due to fouling (or scaling) effect (Das et al., 2003b,c; Bang
and Chang, 2005; Kim et al., 2007a). Park and Jung (2007), however,
did not observe fouling with acid treated CNTs and attributed the
HTC improvement to the good thermal characteristics of CNTs. No
research work, however, has been found in the literature on the ef-
fect of CNTs on pool boiling HTCs up to the CHF. The objectives of this
study are to measure the nucleate pool boiling HTCs of water with-
out and with CNTs at various volume concentrations up to the CHF
and analyze the effect of CNTs on both nucleate boiling HTCs and
CHF.
2. Experiments

2.1. Experimental apparatus

Fig. 1 shows the schematic of the experimental apparatus for
nucleate boiling heat transfer tests with nanofluids. The apparatus
is composed of mainly the boiling vessel and external condenser.
The hermetically sealed boiling vessel was manufactured with a
170 mm long stainless steel pipe of 120 mm diameter and flanges
at both ends. The vapor generated by the test heater in the vessel
was condensed in the external condenser and the condensate
was circulated to the bottom of boiling vessel via gravitation as
shown in Fig. 1. The cooling water needed in the condenser was
supplied by an independent precision chiller. For low vapor pres-
sure fluids, sometimes it was difficult to lower the pool tempera-
ture to the desired value. Hence, a small copper tube coil was
placed in the vessel through which cold water from the chiller
was passed for adjusting the pool temperature. Also a cartridge
heater was installed at the bottom of the vessel to adjust the tem-
perature for initial heating. Since the main test heater used in this
study was very small, heat loss to the surrounding may cause a sig-
nificant uncertainty in the measurements. And hence, the boiling
vessel, the external condenser, and all connecting pipes were thor-
oughly insulated with 20 mm thick insulation.

2.2. Heat transfer test section

In this study, a small flat plate heat transfer test section was man-
ufactured to measure the nucleate boiling data up to the CHF. Fig. 2
shows the details of the test section. The test section was composed
of a copper plate block and a heater supplying heat to the surface. The
heater was a commercial square flat plate uniform heat generating
resistor of 20 X (9.53 mm � 9.53 mm, CGI company, model: CCR-
375-1) and could generate up to 3800 kW/m2. A 4 mm thick square
copper plate of the same size as the heater was machined since the
heater itself could not be used as the heat transfer surface. After
the selection of the heater and the copper plate, these two are
bonded together using a silver solder.

As shown in Fig. 2, four holes (1.0 mm diameter, 5.0 mm length)
were machined within the cooper plate, 2.0 mm away from the ac-
tual heat transfer surface with equal intervals and fine T-type (cop-
per–constantan) thermocouples were inserted to these holes to
measure directly the surface temperatures. And then, the holes were
filled with a silver solder for uniform heating in the copper plate
block.

In order for the heat from the heater to be transmitted up-
wardly to the copper plate block, a plastic insulation block
(40.0 mm � 40.0 mm � 20.0 mm) was made with a very low ther-
mal conductivity nylon. On the upper portion of the insulation
block, a 5.0 mm deep rectangular section of 18.0 mm by 15.0 mm
was machined to house the heater and copper plate block assem-
bly. A 15.0 mm long hole of 13.0 mm diameter was machined in
one side of the insulation block to accommodate a stainless steel
pipe. Finally, the test heater assembly was put in the insulation
block and electrical wires were carefully connected to the heater
and the wires and four thermocouple wires were led out of the
insulation block through the stainless steel pipe. Thus, these wires
were not in direct contact with the working fluids. Finally, another
epoxy that does not react with working fluids was applied to the
gap between the heater assembly and stainless steel pipe and insu-
lating block. The electrical wires were connected to a DC power
supply (Agilent model 6030A, 200 V, 17 A).

2.3. Experimental details

Heat transfer performance of boiling surface tends to degrade
over time due to a fouling effect (Webb, 1994). Therefore, it is
important to maintain uniform surface condition for all tests to
generate a reliable data set for various fluids. For this purpose,
the surface of the heat transfer section was cleaned with
#2000 emery paper and then cleansed with acetone whenever
a fluid was changed. For fair comparison, HTCs were measured
under the same steady-state condition at the same pool temper-
ature of 60 �C for all fluids tested in this study, which was



Fig. 1. Schematic of pool boiling test facility using a flat copper heater.

Fig. 2. Flat heater specifications.
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accomplished mainly through the use of an external chiller
shown in Fig. 1. For pure water, the pool was in vacuum at
19.9 kPa. The reason for keeping the pool temperature at 60 �C
was due to the material limitation of the resistor heater. When
the surface temperature exceeded 150 �C, the resistor heater
broke down. To prevent this from happening, inevitably the
measurements were taken at the pool temperature at 60 �C in
vacuum under vacuum condition.

To measure the pool temperatures and pressure, two T-type
thermocouples and a precision pressure transducer were mounted
in the liquid and vapor spaces in the vessel, respectively, as shown
in Fig. 1. All thermocouples used in this study were T-type and
were calibrated against a temperature calibrator of 0.01 �C accu-
racy. On the other hand, the pressure transducer was calibrated
against a pressure calibrator of 0.1 kPa accuracy. The power input
to the heater was determined with the help of a shunt resistor
(Yokogawa model 221509, 50 mV, 20 A).

The experimental procedure for a given fluid was as follows:
1. Nitrogen was charged to the test pool up to 2000 kPa with some
halogenated refrigerants to check with a halogen detector if
there was any leak.

2. A vacuum pump was turned on few hours to evacuate the sys-
tem thoroughly and the fluid was charged to the system up to
50 mm higher than the top of the heat transfer block.

3. After 1 h, power to the test heater was initiated and the heat
flux was increased to 10 kW/m2 gradually. And data were taken
under steady state at 60 �C from 10 kW/m2 to the CHF. Heat flux
was increased with an interval of 10 kW/m2 up to 200 kW/m2.
Beyond 200 kW/m2, heat flux was increased with an interval
of 20–30 kW/m2 up to the CHF.

4. Test fluid was changed and the same procedures of (1)–(3) were
repeated after the surface was cleaned as described earlier.

During the tests for each fluid, much care was exercised as the
heat flux approached the CHF. It was observed that as the heat flux
approached the burn out point, the fluid motion was unstable and
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all of a sudden the surface temperature sharply increased. To pre-
vent the physical burn out from happening, the surface tempera-
ture was scanned continuously and the power supply to the
heater was shut off as soon as the surface temperature exceeded
150 �C.

Since the vessel was thoroughly insulated, no subcooling was
observed for pure water which was confirmed by measured water
temperature and pressure inside the vessel. Since the amount of
PVP was very small, it was assumed that the saturation tempera-
ture for water + PVP solutions would be unchanged. Thus, during
the experiments, all data for water as well as water + PVP solutions
were taken at the fixed pool temperature of 60 �C.

Since the distilled water containing very little amount of the
dissolved gases was used throughout the tests, degassing was not
done. During the tests, no significant boiling hysteresis at the
inception occurred indicating that dissolved gas effect was indeed
small.

2.4. Dispersion of CNTs

In this study, multi-walled CNTs synthesized by a thermal
chemical vapor deposition method were used (approximately
97.5% pure, Iljin Nanotech, Korea). The CNTs have a diameter of
10–20 nm and length of 10–50 lm. In order to utilize CNTs in
many applications, it is important to make CNTs soluble in liquids.
To do so, CNTs are treated either chemically or physically. In chem-
ical treatments, CNTs are covalently functionalized to have a hy-
droxyl or carboxyl group. Although the long term dispersion
capability is superior, severe damages of the pristine structure
and properties of CNTs are sometimes experienced during the
chemical oxidation process using strong acids such as sulfuric
and nitric acids. Furthermore, environmental pollution is inevita-
ble in such treatments. On the other hand, physical treatment of
CNTs in which CNTs are encapsulated by surfactants or dispersants
does not have that kind of problem. Although the choice of solvent
is limited, the physical method has significant merits; the process
is quite simple and the structure and properties of CNTs are
unchanged.

In this study, CNTs were dispersed in water by means of PVP
(polyvinyl pyrrolidone; Mw = 40,000 g/mol, Wako Chemical) poly-
mer. PVP is soluble in water and various polar solvents, and its
wettability is excellent. PVP has been frequently used as a disper-
sant in coatings and nanofluids (O’Connell et al., 2001).

In this study, 300 wt% of PVP with respect to the amount CNT
was incorporated in CNT dispersion in water. The dispersion state
was monitored by measuring the transmittance of monochromatic
light (k = 880 nm) employing Turbiscan (Formulaction, France).
Suspensions in flat-bottomed cylindrical glass tubes (70 mm
height, 27.5 mm external diameter) were placed in the instrument
and the transmission of light from suspensions was periodically
measured along the height at room temperature. The transmission
detector receives the light going out of the sample at 0� from the
incident beam, while the backscattering detector receives the light
scattered by the sample at 135� from the incident beam. The re-
sults from transmission are presented as the sedimentation profile,
i.e., D transmission flux versus time. Fig. 3 shows the dispersion
stability of CNT dispersed aqueous solutions in which the varia-
tions of transmittance of light with time are compared for CNTs/
water and CNTs/PVP/water dispersions. When CNTs are directly
dispersed in water only by sonication for 10 min, the transmittance
steadily increases with time, showing the sedimentation behavior
of CNTs. On the other hand, the transmittance remains unchanged
for the PVP-incorporated CNT dispersion, indicating excellent dis-
persion stability over 24 h. After 15 days, most of CNTs are sedi-
mented for CNTs/water dispersion but excellent dispersion state
are well maintained for CNTs/PVP/water dispersion.
2.5. Data reduction

In this study, heat transfer coefficient (HTC) was determined by
the following equation:

h ¼ Q=A
ðTwall � TsatÞ

ð1Þ

where h, Q, A, Twall, Tsat are the heat transfer coefficient (W/m2 K),
power input to the heater (W), heat transfer area (m2), and average
surface and liquid temperatures (�C), respectively.

The heat flux was calculated by the power input to the resistor
heater and surface area of the heater. In this calculation, the heat
loss to the bottom and all sides was assumed to be negligible since
they were thoroughly insulated by low conductivity epoxy and
plastic. Of course, there would be heat loss but that would be very
small as compared to the heat going upward through copper sur-
face with boiling heat transfer.

As mentioned earlier, the actual surface of the boiling block is
2.0 mm away from the thermocouple holes and hence the surface
temperature, Twall, in Eq. (1), needs to be modified from the mea-
sured average surface temperature, Tth, by applying an 1-D heat
conduction equation as follows:

Twall ¼ Tth �
Q
A

L
k

� �
ð2Þ

where Tth, L, k are the measured average wall temperature by ther-
mocouples (�C), distance from the hole to the surface (m), and ther-
mal conductivity of the test section (W/m K), respectively.

Since the heat transfer block was made of copper, the tempera-
ture compensation term in Eq. (2), (Tth � Twall), was small at low
heat fluxes. But at high heat fluxes beyond 200 kW/m2, the term
was greater than 1 �C and hence could not be neglected in HTC
determination.

For all fluids tested, measurements were taken at least three
times under the same condition to check the repeatability. For each
measurement, the surface was polished and thoroughly cleansed
before testing and the repeatability was good showing less than
5% deviation.
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The measurement uncertainties were estimated by the method
suggested by Kline and McClintock (1953) and turned out to be less
than 7.3% at all heat fluxes. In pool boiling heat transfer, the repeat-
ability is very important and hence many measurements were ta-
ken repeatedly with an interval of 1 week to 1 month for many
fluids to check the repeatability. Overall the repeatability was al-
ways within 5% which was within the measurement uncertainties.

3. Results and discussion

In this study, pool boiling HTCs are measured from a square flat
heater, immersed in water at 60 �C, up to the CHF with and without
CNTs dispersed at various concentrations to examine the effect of
CNTs on boiling HTCs and CHF.

3.1. Confirmation of test result with well-known correlations

Before discussing the results, the measured data with pure
water are compared with other researchers’ data and theoretical
correlations to check the reliability of the test apparatus and meth-
od. Fig. 4 shows the comparison. Even though there is a deviation
in measured HTCs at heat fluxes above 200 kW/m2, the present
HTCs and You et al.’s (2003) agree within 10% in the entire heat
flux range.

In nucleate pool boiling heat transfer with water, Rohsenow’s
(1952) correlations have been used popularly. Eq. (3) shows Rohse-
now’s correlation:

h ¼ 1
Csf

Cpf q00

hfg

� �
q00

lf hfg

r
gðqf � qgÞ

 !1=2
2
4

3
5
�1=3

Pr�n ð3Þ

where Csf, Cpf, hfg, q00, lf, r, g, qf, qg, Pr are the surface-liquid coeffi-
cients, specific heat (kJ/kg K), heat of vaporization (kJ/kg), heat flux
(kW/m2), viscosity (lPa s), surface tension of the saturated liquid
(N/m), gravitational acceleration (m/s2), densities of saturated li-
quid and vapor (kg/m3), and Prandtl number, respectively.

Rohsenow presented Csf and n in Eq. (3) for various surface and
fluid combination. For the present case of copper surface and
water, the suggested values of Csf and n are 0.0086 and 1.0. The
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Fig. 4. Comparison of pure water data with You et al.’s data and some well-known
correlations.
predicted HTCs with those constants agreed with the present data
within 5% deviation.

For the prediction of CHF of pure fluids, Zuber’s (1959) correla-
tion, Eq. (4), has been used widely for the past years.

q00CHF ¼
p

24
hfgq1=2

g grðqf � qgÞ
h i1=4

ð4Þ

The predicted CHF by Zuber’s correlation is 560.5 kW/m2 which is in
excellent agreement with the present data of 560 kW/m2. On the
other hand, You et al.’s (2003) measured CHF was 540 kW/m2

which is also good agreement with the present data. From this com-
parison, the reliability of the test apparatus and method was
confirmed.

3.2. Pool boiling HTCs of nanofluids with CNTs

Fig. 5 shows the pool boiling HTCs obtained from a flat square
heater as a function of heat flux for various nanofluids of differing
CNT concentrations. Pool boiling HTCs of aqueous solutions with
CNTs increased as the heat flux increased, which is a typical trend
in pool boiling of pure fluids. At heat fluxes higher than the CHF of
pure water (560 kW/m2), no comparison can be made against pure
water data. As for the nanofluids, as the CNT concentration in-
creased, nucleate boiling HTCs decreased clearly. At heat fluxes
lower than the CHF of pure water (560 kW/m2), the trend was very
similar. As the CNT concentration increased, HTCs of the aqueous
solutions with CNTs decreased as compared to those of pure water.
When CNTs are dispersed in water, CNTs are deposited on the hea-
ter surface during the bubble formation and form a thin layer
which acts to reduce active nucleation sites. The reduction in active
sites directly impedes the bubble formation and consequently re-
sults in reduction in HTCs.

Kim et al. (2007b) reported that this kind of nano particle
deposited film causes an additional thermal resistance which in
turn contributes to the reduction in boiling HTCs. The increase in
thermal resistance, however, can not be quantified. The reduction
of nucleate boiling HTCs due to fouling effect by the nano film
was also seen in Bang and Chang’s (2005) results.

Since most of the heat exchangers are operated under the heat
flux lower than 200 kW/m2, it is important to observe changes in
0 400 800 1200 1600 2000
q'' (kW/m2)

0

20000

40000

60000

h
(W

/m
2 K

)

Pure water
Pure water + PVP
0.0001% + CNT
0.001%
0.01%
0.05%

CHF
(Pure water)

Fig. 5. Heat transfer coefficients of CNT nanofluids up to critical heat fluxes.
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HTCs due to the addition of CNTs at low heat fluxes. Fig. 6 shows
the pool boiling HTCs in detail at heat fluxes lower than 200 kW/
m2. Again, pool boiling HTCs decreased as the CNT concentration
increased as seen at high heat fluxes. At the concentrations of
0.0001%, 0.001%, 0.01%, and 0.05% CNT, the average decrease in
boiling HTCs of the aqueous solutions in the heat flux of 10–
200 kW/m2 were 7.4%, 22.3%, 34.0%, and 38.2%, respectively, as
compared to those of pure water.

These results are in contradiction with Park and Jung’s (2007)
results obtained with the same multi-walled CNTs dispersed in
water. In fact, they observed an increase in HTCs as CNTs were dis-
persed in water. The discrepancy seems to be caused by the differ-
ence in dispersion methods. In the present study, CNTs were
dispersed physically using polymer dispersant of PVP. But in Park
and Jung’s (2007) study, CNTs were treated chemically using acid
without employing polymers. Thus, Park and Jung (2007) did not
observe nano particle deposition or fouling effect and saw an in-
crease in HTCs of up to 30% at heat flux lower than 100 kW/m2.
In the present study, one can easily see the CNT deposited black
surface film after experiments. Judging from these results, it is
thought that the PVP polymer used in this study caused CNTs to
be deposited on the surface during boiling and thus pool boiling
HTCs decreased even at low heat fluxes. A further study of pool
boiling HTCs measurements using acid treated CNTs up to the
CHF is needed to verify this finding.

Since a dispersant was used for the dispersion of CNTs in water,
it is important to examine the effect of the dispersant alone on
boiling HTCs. As seen in Figs. 5 and 6, HTCs of water with the
PVP dispersant were very similar to those with pure water. From
this, it can be concluded that the PVP dispersant alone does not
play any significant role in HTCs in the entire heat flux range.
But the same dispersant causes CNT deposition on the surface in
the aqueous solutions with CNTs and this consequently results in
the reduction of boiling HTCs in the entire heat flux range.

3.3. Critical heat fluxes of nanofluids with CNTs

Fig. 7 shows the pool boiling heat transfer test results up to the
CHF from a flat heater for various CNT concentrations and Table 1
lists CHFs for six fluids including pure water. First of all, it can be
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Fig. 6. Heat transfer coefficients of CNT nanofluids up to 200 kW/m2.
seen that CHFs of all aqueous solutions increased at all CNT con-
centrations as compared to that of pure water. The aqueous solu-
tion at the CNT concentration of 0.0001% showed 168%
improvement in CHF as compared to that of pure water. On the
other hand, the aqueous solutions at the CNT concentrations of
0.001% and 0.01% showed 200% and 150% improvement, respec-
tively, as compared to that of pure water. As the CNT concentration
increased from 0.0001% to 0.001%, the CHF increased as well. But
the CHF of the aqueous solution at the CNT concentration of
0.01% decreased by 16.6% as compared to that of the solution at
the CNT concentration of 0.001%. Further measurements were ta-
ken at the CNT concentration of 0.05% to see the effect of CNT con-
centration on CHF. As listed in Table 1, the CHF at the CNT
concentration of 0.05% was 900 kW/m2, which was 60.7% higher
than that of pure water but was much lower than that at the
CNT concentration of 0.01%. From these results, it can be concluded
that the maximum CHF occurs at the CNT concentration of 0.001%
for the aqueous solution with the multi-walled CNTs with the PVP
polymer dispersant.

Kim et al. (2007b) measured CHFs from a wire heater using TiO2

and Al2O3 particles dispersed in water and reported that nano par-
ticles are deposited on the surface when nucleate boiling occurs in
nanofluids and thus generated surface modifications result in an
increase in CHF. Since no tests were carried out with aqueous solu-
tions with CNTs, similar tests were carried out in this study using a
0.25 mm diameter, 50 mm long titanium wire heater at atmo-
spheric pressure. Since the experimental apparatus was similar
to that used by Kim et al. (2007b), details will not be repeated here
and an interested reader is referred to their work. With the wire
heater, the deposition of CNTs on the entire wire can be easily
examined by a scanning electron microscope (SEM) since the
diameter is very small and the CHF can be measured by increasing
power until the wire collapses. The geometry of the wire heater,
however, is not flat and hence the data generated with the wire
heater can not be directly applied to the most of the flat surfaces
(Kim et al., 2007a). Accordingly, measurements were carried out
to obtain more or less qualitative data.

The same aqueous solutions with CNTs at the same concentra-
tions were used in the titanium wire heater experiments and after
experiments were done, the broken wires were placed on SEM for



Table 1
Critical heat fluxes of tested fluids.

Fluids CHF (kW/m2) Increase as compared to pure water (%)

Pure water 560
Pure water + PVP 600 7.1
+ PVP/CNT 0.0001% 1500 167.9
+ PVP/CNT 0.001% 1680 200.0
+ PVP/CNT 0.01% 1400 150.0
+ PVP/CNT 0.05% 900 60.7
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taking images of the surfaces. Fig. 8 shows the CHFs as a function of
the CNT concentration for both flat and wire heaters. As with the
flat heater, the CHF with a wire heater increased as the CNT con-
centration increased. But beyond certain concentration, the CHF
does not increase noticeably. For the wire heater, the CHFs also in-
creased as compared to that of pure water at all CNT concentra-
tions. At the CNT concentration of 0.0001%, the CHF was 40%
higher than that of pure water while at the CNT concentrations
of 0.001% and 0.01%, the CHFs were 140% higher than that of pure
water.

Fig. 9 shows the magnified images of the surfaces of the tita-
nium wire, which were taken by SEM after CHFs, were experi-
enced. As seen in Fig. 9, the titanium wire had longitudinal
grooves before experiments. There was little change in the surface
after performing pool boiling tests up to the CHF in pure water. As
the experiments are performed in the aqueous solutions with
CNTs, however, the amount of CNT deposition on the surface in-
creased as the CNT concentration increased as shown in Fig. 9. At
the CNT concentrations of 0.0001% and 0.001%, CNTs were depos-
ited uniformly on the surface. But at the CNT concentration of
0.01%, CNT deposition was excessive and CNTs were conglomer-
ated on the surface. From these images, it can be concluded that
there is an optimum CNT concentration and at concentrations be-
yond this optimum value, nano particle deposition is too much to
increase the CHF. This result is in agreement with You et al.’s
(2003) result that the CHF improvement is not seen when the
amount of nano particles exceeds a certain value.

Kim et al. (2007b) showed that nano particle deposition is not
caused by single phase turbulent flow or gravitational force but
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Fig. 8. Critical heat fluxes obtained from wire and flat heaters as a function of CNT
concentration.

Fig. 9. SEM images of deposition of CNTs on heat transfer wire for various
concentrations of CNTs (�300).
by the bubble formation and departure during active nucleate boil-
ing. The present result indicates that their observation is also true
of the aqueous solutions with CNTs.

Kim et al. (2007a) suggested that the decrease in contact angle
due to nano particle deposition is one of the reasons for the
improvement in CHF. Fukada et al. (2004) performed experiments
using a wire heater and deposited some materials with higher wet-
tability and observed that the CHF was increased by 167%. From
these tests, Fukada et al. (2004) proved that the decrease in contact
angle indeed has a significant impact on the improvement of CHF.
Kandlikar (2001) confirmed that there is a strong relationship be-
tween the CHF and contact angle and suggested a CHF predicting
correlation which utilizes a contact angle, Eq. (5).
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where b is the contact angle.
In fact, Eq. (5) is a modified version of Zuber’s correlation, Eq.

(4). While the right hand side of Kandlikar’s correlation is a func-
tion of the contact angle, Zuber’s correlation sets the right hand
side as a constant value of 0.131.

To test Kandlikar’s correlation, contact angles are measured for
pure water and aqueous solutions with CNTs at the CNT concentra-
tion of 0.001% on copper surface after pool boiling experiments.
Thus the copper surface was coated with CNTs for the aqueous
solution with CNTs. The contact angles for these fluids on tested
surfaces are measured to be 71 ± 2� and 30 ± 1�, respectively. In
this study, only the effect of contact angle is examined under the
assumption that all physical properties in the left hand side of
Eq. (5) remain the same. When the measured contact angles are
put into the right hand side of Eq. (5), the CHF of the aqueous solu-
tion at the CNT concentration of 0.001% is predicted to be 60%
higher than that of pure water. The actual test results, however,
show that the CHF of the aqueous solution with CNTs at the CNT
concentration of 0.001% is 200% higher than that of pure water.
Hence, one can see that the decrease in contact angle alone does
not explain the unusually high increase in measured CHF with
the aqueous solution with CNTs. It is quite likely that the decrease
in active nucleation sites due to the nano particle deposition ex-
tends the nucleate boiling regime to high heat fluxes and hence
the CHF increases even though the nucleate boiling HTCs decrease.

Finally, the effect of the PVP polymer on the CHF was investi-
gated. For this, some experiments were carried out with the PVP
polymer added water. As seen in Fig. 7, there is little change in
CHF when the PVP polymer alone is added to pure water. The con-
tact angle was measured also for water solution with PVP but was
not changed at all from that of pure water. From this, it can be con-
cluded that the PVP dispersant used for the dispersion of CNTs does
not play any role in CHF and the improvement in CHF with aqueous
solutions with CNTs is caused solely by CNTs.

4. Conclusions

In this study, pool boiling HTCs were measured from a square
flat heater (9.53 mm � 9.53 mm), immersed in water at 60 �C, up
to CHFs with and without CNTs dispersed at various volume con-
centrations to examine the effect of CNTs on nucleate boiling HTCs
and CHF. The CNT volume concentrations tested were 0.0001%,
0.001%, 0.01%, and 0.05%. For the dispersion of CNTs in water, a
PVP polymer dispersant was used. From the test results, the fol-
lowing conclusions were drawn:

(1) When CNTs are dispersed in water, CHFs of all aqueous solu-
tions increased at all CNT concentrations as compared to
that of pure water. For multi-walled CNTs with the PVP poly-
mer dispersant used in this study, the optimum CNT concen-
tration was 0.001% and the CHF at that concentration
increased 200% as compared to that of pure water.

(2) When CNTs were dispersed in water, they were deposited on
the surface during bubble formation and departure. The sur-
face images taken by SEM after CHF experiments showed
that as the CNT concentration increased, the CNT deposition
on the surface also increased. But beyond the optimum CNT
concentration of 0.001%, CNTs were conglomerated and the
CHF began to decrease.
(3) When CNTs were dispersed in water, the nucleate boiling
HTCs decreased as the CNT concentration increased. As the
nucleate boiling progressed, CNTs were deposited to form
a thin film on the surface and the contact angle decreased.
Because of this deposition, the probability of forming large
vapor blanket by bubbles at high heat flux decreased and
consequently, the CHF increased. The surface deposition,
however, acts as a thermal resistance to reduce the bubble
generation and in turn the reduction in boiling HTCs occurs
in the entire nucleate boiling range.
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