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An experimental study was performed to understand the pool boiling heat transfer of deionized water-
based carbon nanotube (CNT) suspensions on a flat copper surface under atmospheric and sub-
atmospheric pressures. Experimental results indicate that the addition of CNT in the base liquid can
apparently enhance both the heat transfer coefficient (HTC) and the critical heat flux (CHF). The pressure
has great impacts on both the HTC and the CHF enhancement of CNT suspensions and the both increase
significantly with the decrease of the pressure. The CNT mass concentration of CNT suspensions also has
strong influences on both the HTC and the CHF of CNT suspensions and there exists an optimal CNT
mass concentration corresponding to the maximum heat transfer enhancement. Besides, the effects of
the surface characteristics of the heated surface on both the HTC and the CHF of CNT suspensions were
also investigated.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Nanofluid as a new kind of functional fluid has many unique
characteristics. It's an innovative research to use nanofluid tech-
nology in traditional thermal engineering fields. A number of
studies have been carried out to understand and describe the lar-
ruping behaviors of nanofluid, such as its thermal conductivity
under the static conditions [1e6], the convective heat transfer
associated with fluid flow and heat transfer phenomenon [7e14]
and phase change heat transfer [15e28]. Most of the investiga-
tions indicated that the addition of nanoparticles could increase the
effective thermal conductivity with the increase of the nanoparticle
concentration. Therefore, studies concerning nanofluids focused
mainly on the single-phase heat transfer.

Compared with the research efforts in thermal conductivity and
forced convective heat transfer, relatively fewer studies have been
carried out on pool boiling heat transfer. Das et al. [15] firstly con-
ducted an investigation on the pool boiling of the deionized water-
based Al2O3 nanoparticle suspension on a horizontal tubular heater
having a diameter of 20 mm with different surface roughness at
atmospheric pressure. The heat flux ranged from 2 � 104 W/m2 to
1.2 � 105 W/m2. No surfactant was added into suspensions. It was
found that the nanoparticle suspensions have poor heat transfer
son SAS. All rights reserved.
compared with pure deionized water. Surface roughness could also
greatly affect the nucleation superheat. The required superheat for
a smooth surface was usually higher than that for a rough surface.
When the volume concentration of nanoparticles was higher than
0.1%, the effect waswell-regulated in their experimental conditions,
and the superheat for high concentration nanoparticle suspensions
was higher than that for low concentration nanoparticle suspen-
sions at a specified heat flux. The subsidence of nanoparticles was
considered as the main reason for the increase of superheat.

Vassallo and co-workers [16] carried out a pool boiling experi-
ment of deionized water-based silica nanoparticle suspensions on
a horizontal NiCr wire at atmospheric pressure. No surfactant was
added into suspensions. A remarkable increase in critical heat flux
(CHF) was observed compared with pure deionized water. But, no
appreciable differences in the boiling heat transfer were found for
the heat flux less than the CHF.

Bang and Cheng [17] conducted an investigation on the pool
boiling of deionized water-based Al2O3 nanoparticle suspensions
on a plain heating plate at atmospheric pressure. The test surface is
a 4� 100 mm2 rectangle with a depth of 1.9 mm. No surfactant was
added into suspensions in their experiment. It was found that the
boiling heat transfer characteristics of the nanoparticle suspensions
were poor compared with pure deionized water in the nucleate
boiling region. For the horizontal test surface, however, the CHF
increased by 32% compared with the pure deionized water case.
These were due to the changes of the surface characteristics by the
deposition of nanoparticles on the heated surface.
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Nomenclature

g gravity acceleration (m/s2)
cp specific heat (kJ/kg/K)
h heat transfer coefficient (W/K/m2)
hfg latent heat of evaporation (J/kg)
p pressure (Pa)
Pr Prandtl number
q heat flux (W/m2)
q00 critical heat flux (W/m2)
T temperature (�C)
w CNT mass concentration of CNT suspensions(wt%)
l thermal conductivity (W/m/K)

h kinematic viscosity (m2/s)
s surface tension (N/m)
r density (kg/m3)
b contact angle (�)
4 volume fraction (%)

Subscripts
0 base liquid (deionized water)
l liquid
v vapor
s CNT suspension
P nanoparticles
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You and Kim [19] carried out an investigation on the CHF of
deionized water-Al2O3 nanoparticles-suspensions in a pool boiling
experiment with a flat square heater at the pressure of 28.9 kPa.
The experimental results demonstrated that the CHF increased
dramatically two times compared with pure deionized water.
However, the nucleate boiling heat transfer coefficients appeared to
be about the same.

Das, Narayan and Anoop et al. [26e28] investigated effects of
various nanoparticle parameters such as orientation interaction,
particle size relative to roughness on pool boiling heat transfer of
nanoparticle suspensions, and discussed the Mechanism of
enhancement/deterioration of boiling heat transfer using stable
nanoparticle suspensions.

Recently, Kim and co-workers [29e31] investigated the surface
wettability of nanofluids during pool boiling and its effect on CHF.
The working liquids were deionized water-based alumina, zirconia
and silica nanofluids. A porous layer of nanoparticles formed on the
heated surface during nucleate boiling. This layer significantly
improved the surface wettability. They established a nexus
between CHF enhancement and surface wettability and considered
that themechanism of CHF enhancement in nanofluids is due to the
increase of the heated surface wettability.

Based on the previous researches, the present study investigated
thepool boiling characteristics at atmospheric and sub-atmospheric
pressures. Carbon nanotube (CNT) suspensions were used as the
working liquids. The study mainly focused on the effects of the
operating pressure, themass concentration and the contact angle of
the heated surface on the boiling heat transfer of CNT suspensions.
In particular, the boiling characteristics of CNT suspensions under
sub-atmospheric pressures were tested and discussed.

2. Experimental apparatus and procedures

In the present study, carbon nanotube (CNT) suspensions con-
sisting of deionized deionized water and multi-wall carbon nano-
tubes were applied as the working liquids. The carbon nanotubes
have an average diameter of 15 nm and a length range of 5e15 mm.
Fig. 1 shows a TEM photograph of the CNT suspensionwith its mass
concentration of 1.0 wt%. The photograph shows a good dispersing
state of CNT in deionized deionized water.

During the preparation stage of the CNT suspension, the CNTs
were firstly added in an alkali/deionized water mixture. The
CNTealkali/deionized water mixture then was oscillated continu-
ously for about 10 h in an ultrasonic deionized water bath to break
up the self-winding structure of the CNTs and make the steady CNT
suspension. Later, the nitric acid was added into the CNT suspen-
sion and the PH value was adjusted to a constant of 6.5. Finally, the
CNT suspensionwas again oscillated continuously for about 2 h and
was then hold in a tank. Before the boiling experiment, the
suspension was oscillated again for about 2 h, so three stages of
oscillation were used in the whole preparation of the CNT
suspension. The mass concentration of the CNT in the present
experiment was in the range of 0.5 wt% to 4.0 wt%. The relationship
of the mass concentration of nanoparticles and the volume
concentration could be conducted as below,

1�w
w

rP
r0

¼ 1� 4

4
(1)

The density and the specific heat of the suspensions were
calculated as:

rs ¼
�
1�w
r0

þ w
rP

��1

(2)

cp;s ¼ cp;p$4þ cp;0$ð1� 4Þ (3)

Fig. 2 shows the schematic of the experimental apparatus. It
mainly consisted of a test chamber, a heating copper bar,
a condensing system, a data acquisition system, a power supply,
a vacuum pumping unit and a liquid-filling device. The space
between the copper bar and the test boxmade of stainless steel was
filled by asbestos for thermal insulation. A cartridge electric heater
was vertically inserted into the copper bar as the main heater.
Another electric heater wrapped over the copper bar was used as
the auxiliary heater. A cooling deionized water flow system was
used to cool the top of the test chamber and condense the vapor in
the test chamber.Working liquid was charged into the test chamber
and boiled on the top surface of the copper bar. The depth of the
working liquid was fixed at 20 mm.

In the test, in order to compensate the heat losses from the
copper bar, the power of the auxiliary heater was carefully adjusted
to surely make the input power from main electrical heater
equaling to the measured output power on the heated surface.

Fig. 3 gives out the schematic configuration of the upper part of
the copper bar and the heated surface. The upper part of the copper
bar was a cube and the dimension of the top surface was
40 mm � 40 mm. Six thermocouples having a diameter of 1.0 mm
were inserted horizontally into the copper bar. They were divided
as two teams; one team including tree thermocouples was use to
measure the temperature distribution at the central axis of the
copper bar along the vertical direction and another team including
also tree thermocouples was used to measure the temperature
distribution at a edge position having a 10 mm distance from the
central axis along the vertical direction. In both two teams, the
vertical distances between the heated surface and the top ther-
mocouples, between the top thermocouples and the middle



Fig. 1. Schematic of experimental apparatus.
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thermocouples and between middle thermocouples and the
bottom thermocouples were 4.0 mm, 10 mm and 10 mm, respec-
tively. Besides, other two thermocouples were vertically inserted
into the test chamber from the top of condenser to measure the
temperatures of bulk liquid and vapor.

It has been confirmed that in the upper column of the copper
bar, the temperature distributions of the three temperatures at
the centre axial line presented good linear relationship along the
vertical direction. Furthermore, at the horizontal direction, the
measured temperatures of the two thermocouples at the same level
lines were almost equal. While the maximum relative deviation of
the wall heat fluxes between the central point and the edge of the
heated surface was less than 8%. Therefore, it could be confirmed
that the assumption of one-dimensional heat conduction along
the vertical direction was well satisfied in the upper column of the
copper bar. In order to decrease the system error caused by the
thermocouple error and the distance error between the thermo-
couples, the average wall temperature and the wall heat flux were
used in the data management.

The test run was performed under three steady operating
pressures of 103 kPa, 20.0 kPa and 7.4 kPa. In each run, the oper-
ating pressure was carefully measured and regulated to a set value
by controlling the temperature of the cooling deionized water.

In each run, the input power was gradually increased by an
increment of 5%. When the measured wall temperature firstly
increased abruptly, the power supply was instantly switched off.
Then, the run was restarted from the former input power and the
power was increased by a 1% increment of the former power. When
the measured wall temperatures increased abruptly again, the
power supply was instantly switched off and the critical heat flux
was recorded. The hysteresis phenomenon has no been measured.

The maximum calibration error of the thermocouple was 0.2 K.
The maximum location deviation error between thermocouples
was about 1%. The calculated error of the thermal conductivity of
the copper bar was estimated as 2%. The measurement error of the
powermeter was 0.5%. Truncation error of measurement was about
1%. Maximum uncertainties of the heat flux and the heat transfer
coefficient were about 9% and 14% respectively.

3. Experimental results and discussions

3.1. The thermoproperties of CNT suspensions

Fig. 4 shows the dependent relation of the viscosity ratio of
CNT suspensions on the CNT mass concentration and the liquid
temperature. Viscosity ratio was defined as the ratio of the
viscosity of the CNT suspension to that of deionized deionized
water. The viscosity was measured by an LV DV-II þ Brookfield
programmable viscometer. It is obvious that the viscosity ratio of
CNT suspensions only increases weakly with the increase of the



Fig. 2. Schematic of evaporating section (unit: mm).
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CNT concentration and has no meaningful changes with varying
liquid temperatures.

Fig. 5 shows the thermal conductivity ratio of the CNT suspen-
sions to deionized deionized water. The thermal conductivity was
measured by the transient hot wire method. In the present study,
the following empirical correlation from the present experimental
data may be used for estimating the effective thermal conductivity
of CNT suspensions.

l

l0
¼ a1$w

2 þ a2$w$t þ a3$t
2 þ a4$wþ a5$t þ a6 (4)
Fig. 3. TEM photograph of carbon nanotube suspension with the mass concentration
of 1.0 wt%.
where a1 ¼ �2.382, a2 ¼ 0.0227, a3 ¼ 7.255e-5, a4 ¼ 1.0625,
a5 ¼ 2.473e-4, a6 ¼ 1.0187. t is the liquid temperature (�C) and w is
the mass concentration of CNTs (wt%).

Fig. 6 shows the surface tension ratio of the CNT suspensions to
deionized water. It is found that the surface tension ratio reduces
rapidly with the increase of CNT mass concentration at low mass
concentrations and it trends gradually to a constant at high mass
concentrations.

Fig. 7 shows the solideliquid contact angle of CNT suspensions
on both the fresh copper surface and the coated surface after the
CNT suspension boiling test with 2.0 wt% CNT concentration at
room temperature. The solideliquid contact angles of the CNT
suspension on both the fresh copper surface and the coated surface
decrease with the increase of the CNT mass concentration. Then,
the contact angles begin to trend the constant values with
increasing themass concentration.While, the contact angles of CNT
Fig. 4. Viscosity ratio of CNT suspensions.



Fig. 5. Thermal conductivity ratio of CNT suspensions.

Fig. 7. Solideliquid contact angle and coated surface of nanofluids on fresh copper
surface.
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suspensions on the coated surface are apparently lower than that
on the copper surface.
3.2. Boiling characteristics of CNT suspensions

Fig. 8 shows the pool boiling curves of deionized water under
different pressures on the fresh copper surface. Heat transfer
coefficients (HTCs) in the present study are compared with the
following equation given by Kutateladze [29].
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The critical heat flux (CHF) can be estimated by using the
following equation given by Zuber which is widely used to predict
the pool boiling CHF for an infinite flat plate heater [30].

q00

hfgr0:5v ½sgðrl � rvÞ�1=4
¼ 0:131 (6)

If must consider the effect of the contact angle on the CHF, The
following empirical equation proposed by Kandlikar [31] as an
Fig. 6. Surface tension ratio of CNT suspensions.
extension of Eq. (6) may be used.When the contact angle is equal to
57.2�, Eq. (7) and Eq. (6) is the equivalent.

q00

hfgr0:5v ½sgðrl � rvÞ�1=4
¼

�
1þ cosb

16

��
p

4
ð1þ cosbÞ þ 2

p

�0:5
(7)

It is found the HTCs of deionized water agree reasonably well
with Eq. (5) with a maximally relative error of 20%. While, the CHFs
of deionized water agree reasonably well with Eqs. (6) and (7)
when taking the contact angle as 55� as shown in Fig. 7 with the
maximally relative errors of 24% and 23%, respectively. These date
firmed creditability of the experimental apparatus.

Fig. 9(a), (b) and (c) show the boiling curves of CNT suspensions
at the pressures of 103 kPa, 20.0 kPa and 7.4 kPa, respectively. It is
indicated that the mass concentration of CNT suspensions has great
influences on the boiling heat transfer for all test pressures. For
each pressure, HTC of the CNT suspension increases gradually with
the increase of the mass concentration when the concentration is
less than 2.0 wt%. Then, the enhancement effect slightly weakens
when the mass concentration is over 2.0 wt%. The mass concen-
tration of 2.0 wt% corresponds to the maximum heat transfer
enhancement for all test pressures.

The HTC enhancement effect for the CNT mass concentration of
2.0 wt% is shown quantitatively in Fig. 10. The HTC ratio of the CNT
suspension is used to indicate the enhancing effect. It is apparent
that the pressure has very significant impacts on the HTC
Fig. 8. Boiling curves of deionized water on copper surface at different pressures.



Fig. 9. Boiling curves of CNT suspensions under different pressures.
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enhancement ratio and it increases with the decrease of the oper-
ating pressure. The HTC can increase maximally by 60% at atmo-
spheric pressure, while 130% at the pressure of 7.4 kPa.

Fig. 11 illustrates the influence of the CNT mass concentration
on the CHF ratio of CNT suspensions. The CHF ratio firstly increases
with the increase of the CNT mass concentration. Then, it gradually
trends to a constant value when the mass concentration is over 2.0
wt%. At atmospheric pressure, the CHF of CNT suspensions can
increase by 63%, while by about 200% at the pressure of 7.4 kPa.
The CHF enhancement is more significant at sub-atmospheric
pressures.
In the present study, both the HTC and the CHF are apparently
enhanced by adding CNT into deionized water. In especial, the
enhancement effect is very significant at sub-atmospheric pressures.

3.3. Effect of the surface characteristics of the heated surface on
boiling characteristics of CNT suspensions

Das et al. [15] reported a reduction of the surface roughness
after a boiling test using nanoparticle suspensions. Since the size of
nanoparticles is one to two orders of magnitude smaller than the
roughness of the copper surface, nanoparticles deposited on rela-
tively uneven surface and formed a coated layer during boiling. The
decrease of the surface roughness was thought to reduce the
boiling heat transfer. Bang and Cheng [17] thought that the CHFwas
mainly affected by surface characteristics, such as the contact angle.
The CHF would increase with the decrease of the contact angle due
to the formation of the coated layer on the heated surface. Kim et al.
[26e28] considered that the CHF enhancement resulted mainly
from the formation of a porous layer by nanoparticles on the heated
surface. They established the nexus between CHF enhancement and
the surface wettability change, i.e. the contact angle change caused
by nanoparticle deposition, and guessed that the mechanism of
CHF enhancement in nanofluids was due to the decrease of the
contact angle caused by nanoparticle deposition.



Fig. 12. TEM photographs of the heated surfaces after the boiling tests (a) the heated
surface after deionized water boiling test (b) the heated surfaces after the CNT
suspension boiling test (c) the heated surface after the CNT suspension boiling test and
the flushing process.
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In the present study, after boiling tests using both deionized
water and the CNT suspension, the heated surfaces were directly
taken TEM photographs to understand the surface states as shown
in Fig. 12 (a) and (b). Then, the heated surface after the CNT
suspension boiling was flushed by deionized water to clean out the
CNT chips deposited on the heated surface. The heated surface
status after a deionized water flushing process was shown in Fig. 12
(c) to compare with the heated surface status without a deionized
water flushing process.

It is found that the heated surface was also covered by a loose
CNT porous layer consisted of CNT chips after the boiling test. The
porous layer can be flushed away by deionized water. However,
there still existed a thin coated layer after the flushing process.
Contact angles of deionized water and CNT suspensions on the
coated surface (before the flushing process) have been illustrated in
Fig. 7. Here, the “coated surface” was the heated surface after the
boiling test using the CNT suspension with the mass concentration
of 2.0 wt% after the boiling time of 6 h.

In this study, the boiling characteristics of deionized water on
the coated surface were also carried out and compared with those
of CNT suspensions to investigate the effect of solideliquid contact
angle on both the HTC and the CHF on the same coated surface.

Fig. 13(a) and (b) show the comparisons of boiling curves among
the water/copper surface, the water/coated surface and the CNT
suspension/coated surface. Here, the coated surface used to “the
water/coated surface” test was the same coated surface after the
boiling test using the CNT suspension.

For atmospheric pressure, the experimental CHF values of
deionized water on the copper surface, and the coated surface are
1.14 MW/m2 and 1.28 MW/m2, respectively. They agree reasonably
well with the calculated values by Eq. (7) if using the data of the
contact angles shown in Fig. 7. The experimental CHF value of CNT
suspension is 1.68 MW/m2. It increases by 31% compared with that
of deionized water on the coated surface. It may be considered that
during deionized water boiled on the coated surface, the coated
surface had been cleaned out by deionized water, and then the
surface state was different from that of the coated surface during
the CNT suspension boiled. Therefore, the boiling characteristics for
the two cases were also different. This experimental result shows
that the presumption of the CHF enhancement effect resulting from
change of the contact angle should be acceptable for atmospheric
pressure condition.

For the reduced pressure of 7.4 kPa, the experimental CHF values
of deionized water on the copper and the coated surfaces are
0.44 MW/m2 and 0.52 MW/m2, respectively. They agree also well
with the calculated values by Eq. (7). However, the experimental
CHF value of the CNT suspension is 1.32 MW/m2. It increases about
one time compared with that of deionized water on the same
coated surface. Therefore, it is unsuitable to explain the CHF
enhancement of nanofluids using only change of the contact angle.

In theoretical, the decrease of the contact angle results in the
decrease of the heat transfer coefficient at the same surface
roughness. However, as shown in Fig. 13, the HTCs of CNT suspen-
sions are apparently higher than those of deionized water on the
same coated surface. In particular, the HTCs of CNT suspensions are
about 130% higher than those of deionized water on the same
coated surface under the reduced pressure of 7.4 kPa. Therefore, the
enhancement mechanism of CNT suspensions is more complex
than that has been speculated [27e31]. It should also be related
to the effects of the accumulation and the disturbing move of CNT
in the thin liquid microlayer underneath a vapor bubble on the
heated surface [32e35].

According to the dry-spot theory of boiling heat transfer
[32e35], the reason why adding nanoparticles into the base liquid
could more significantly enhance the boiling heat transfer at the
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sub-atmospheric pressures may be guessed as the following. Both
the HTC and the CHF of pool nucleate boiling depend on the
thickness and the wettability area of the thin liquid microlayer
underneath vapor bubbles. If the CNT nanoparticles accumulated in
the liquid microlayer during the boiling process, both the HTC and
the CHF can be increased due to that the increases of both the
effective thermal conductivity and the wettability area of the thin
liquid microlayer. In the atmospheric pressure, the effects of the
accumulation of CNTs in the thin liquid microlayer may be weak
due to that it is difficult for nanoparticles to enter into the liquid
microlayer. However, in the sub-atmospheric pressures, the effects
of the accumulation may be stronger than that in the atmospheric
pressure, so the heat transfer enhancement would increase with
the decrease of the pressure.

The reason why there exists an optimal nanoparticle mass
concentration corresponding to the best heat transfer enhance-
ment may be explained as below. The changes of the boiling heat
transfer of CNT suspensions on the same heated surface should
result from two influencing factors. One is the effect caused by the
changes of thermoproperties of CNT suspensions as shown in Figs.
4e7. The other is the effects caused by the accumulation and the
disturbing move of CNT in the liquid microlayer. According to Eq.
(5), the first factor would cause the decrease of the HTC. And
according to the dry-spot theory of the boiling heat transfer, the
second factor would cause the increase of the HTC. As the increase
of CNT mass concentration, the effect from the first one would
reduce and the effect from the second one would increase. At
a balance point, an optimal mass concentration would exist which
corresponds to the maximum heat transfer enhancement.

The explanations mentioned above are only some qualitative
presumptions. We would carry out a numeral simulation according
to dry-spot theory in the next study step.
4. Conclusion

An experimental study was performed to investigate the pool
boiling heat transfer of water-based carbon nanotube (CNT)
suspensions. The following results are obtained:

1. The pressure has significant influences on both the HTC
enhancement and CHF enhancement of CNT suspensions. They
all increase apparently with the decrease of the pressure. At
atmospheric pressure, the HTC and the CHF of CNT suspensions
can increase by about 60% and 63% respectively. At the sub-
atmospheric pressure of 7.4 kPa, however, they can increase by
about 130% and 200% compared with those of deionized water.

2. The mass concentration of CNT suspensions has strong impacts
on both the HTC and the CHF of CNT suspensions. The CNTmass
concentration of 2.0 wt% corresponds to the maximum heat
transfer enhancement for all test pressures.

3. Both the HTC and the CHF of CNT suspensions are much higher
than those of deionized water on the same coated surface at
sub-atmospheric pressure. The solideliquid contact angle or
the surface characteristics of the heated surface is not sole
influencing factor to enhance heat transfer of CNT suspensions.
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