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Abstract

The effect of carbon nanotubes (CNTs) on nucleate boiling heat transfer in R22 and water is investigated with the addition of 1.0 vol%
of CNTs. Test results showed that CNTs increase boiling heat transfer coefficients of these fluids. Especially, large enhancement up to
28.7% was observed at low heat fluxes of less than 30 kW/m2. With increasing heat flux, however, the enhancement was suppressed due
to vigorous bubble generation. Fouling on the surface was not observed during this study. Optimum quantity and type of CNTs and
their dispersion should be examined for their commercialization in power plants and refrigeration equipment.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, environmental protection and energy conser-
vation have become important issues due to greenhouse
warming caused mainly by the use of fossil fuels. One of
the fundamental ways of reducing greenhouse warming is
to increase the efficiency of energy conversion devices. In
order to accomplish this goal, heat exchanger performance
needs to be improved in power plants and refrigeration and
air-conditioning equipment.

Boiling heat transfer has been employed in many ther-
mal energy dissipation systems due to its high heat removal
capacity. For the past few decades, many studies were car-
ried out to further increase the boiling heat transfer coeffi-
cients (HTCs) and some successful passive type enhanced
surfaces such as low fin tube, Thermo-Excel-E tube,
Turbo-B tube, Turbo-C tube have been applied to many
heat exchangers [1]. Development of this kind of passive
technique relying upon the surface geometry, however, is
almost at the point of saturation and at this time active
heat transfer enhancement technique needs to be developed
to overcome the present environmental problem.
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One of the active ways of enhancing heat transfer is to
use so called ‘nanoparticles’ which have been developed
for the past 10 years [2,3]. For this purpose, various nano-
fluids based on mainly copper and aluminum nanoparticles
were developed. Theoretically, these particles with high
thermal conductivity should improve the heat transfer near
the laminar sublayer. Even though many nanoparticles
were applied to the single phase heat transfer of water,
actual heat transfer improvement was not yet reported.
Furthermore, when these particles were applied to the boil-
ing heat transfer, they even caused an accumulation of
undesirable deposits, usually called fouling, on heat trans-
fer surface and consequently HTCs were decreased [4–6].

In this study, carbon nanotubes (CNTs) were applied
instead of conventional nanoparticles to the boiling of
R22 and water to examine their effect for power generation
and refrigeration and air-conditioning applications. Over
the past decade, CNTs with a honeycomb carbon structure
have attracted much attention due to their remarkable
mechanical and electrical properties [7,8]. In fact, they
are known to have very high thermal conductivity [7,8]
and hence it is expected that liquids containing CNTs
would increase the heat transfer near the laminar sublayer.
In turn, this will result in overall heat transfer improve-
ment. The objective of this study is to examine the effect
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of CNTs on overall heat transfer performance in nucleate
boiling that occurs at the boilers and evaporators of power
plants and refrigeration and air-conditioning equipment. In
nucleate boiling, vapor is generated by nucleation of bub-
bles at the surface.
2. Experiments

2.1. Experimental apparatus

In this work, nucleate boiling HTCs of R22 and water
were measured on a 152.0 mm long plain tube of outside
diameter of 19.0 mm using the same experimental appara-
tus with the same tube specimen described in Ref. [9]. Fig. 1
shows a schematic diagram of the experimental apparatus
for nucleate boiling heat transfer. The apparatus was com-
posed of a test vessel and a refrigerant circulating loop. The
test vessel was made of a stainless steel pipe of 102.0 mm
inside diameter and 230.0 mm length. In order to observe
the boiling phenomenon, a sight glass was installed in the
front section of the vessel. The vapor boiled off from the
heat transfer tube went into the condenser and was con-
densed there and the liquid was fed to the bottom of the
test tube by gravity. An external chiller with an accurate
temperature controller was used to condense the vapor
and at the same time to maintain the pool temperature to
set a temperature. The entire vessel was insulated thor-
oughly with polyurethane insulation to prevent possible
heat transfer from the surroundings.

A cartridge heater was used to generate uniform heat
flux on the tube. Data were taken in the order of decreasing
heat flux from 80 kW/m2 to 10 kW/m2 with an interval of
10 kW/m2 in the pool temperature at 7 �C and 100 �C for
R22 and water, respectively. Since Ref. [9] contains all
the details of the test apparatus, tube specimen and its
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Fig. 1. Schematic diagram of the test facility.
manufacture, measurements, experimental procedure, data
reduction scheme, fouling effect, repeatability of data, data
verification, etc. they will not be presented again here. An
interested reader is referred to Ref. [9] for the details. In
this work, only the measurement error will be reported,
which was estimated by the method suggested by Kline
and McClintock [10]. In general, the measurement error
was less than 8% at all heat fluxes. The repeatability of
the experiment was always within 5% which was within
the measurement error.
2.2. Application of CNTs

In this study, multiwalled CNTs were mixed with two
working fluids. The average diameter and length were
20 nm and 1lm respectively. There has been no report on
the boiling heat transfer with CNTs and hence optimum
amount of CNTs was not known apriori. Therefore,
1.0 vol% of CNTs was added to the working fluids as a first
trial. Good dispersion of CNTs in the working fluids would
be important. In this study, however, no special dispersion
method was applied and CNTs were merely added to see
their macroscopic effect on nucleate boiling heat transfer.
3. Results and discussion

3.1. Confirmation of test result with well-known correlations

Fig. 2 shows the comparison of the measured data of
R22 with Stephan and Abdelsalam [11], Cooper [12] and
Jung et al.’s [9] nucleate boiling heat transfer coefficient
prediction correlations. One can easily see that R22 data
agree with the well-known correlations showing a deviation
of less than 20%. Recently, Jung et al. [9] measured nucle-
ate boiling heat transfer data of 8 halocarbon refrigerants
and made a specific correlation for halocarbon refrigerants
based upon those data. As seen in Fig. 2, their correlation
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Fig. 2. Nucleate boiling heat transfer coefficients with 1.0 vol% CNTs for
R22.
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Fig. 3. Nucleate boiling heat transfer coefficients with 1.0 vol% CNTs for
water.
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agreed best with R22. Fig. 3 shows that measured data for
water agree well with Stephan and Abdelsalam’s correla-
tion [11] showing 9% deviation. This comparison indirectly
confirms the validity of the test data.
3.2. Effect of CNTs on horizontal plain tube

Figs. 2 and 3 show the HTCs of R22 and water with and
without CNTs and Table 1 lists the heat transfer enhance-
ment with CNTs at heat fluxes of 20 and 60 kW/m2. Test
results show that nucleate boiling HTCs of these two fluids
were increased with the addition of CNTs. Especially,
nucleate boiling heat transfer was enhanced up to 28.7%
at low heat flux. As the heat flux increased, however, the
heat transfer enhancement with CNTs decreased. Espe-
cially, this reduction in heat transfer enhancement was
noticeable with water. At 80 kW/m2, the heat transfer
enhancement of water was only 6.3%.

From this observation, it may be tentatively concluded
that CNTs enhance boiling heat transfer greatly at low heat
fluxes. For this situation, the bubble generation is not vig-
orous at the surface and CNTs with high thermal conduc-
tivity can penetrate into the bubble zone near the surface
and touch the surface (or thermal boundary layer) to
instantly generate more bubbles. As the heat flux increases,
however, more bubbles are generated and the chance of
Table 1
Enhancement in heat transfer coefficients with the use of CNTs for various
fluids

Fluids Tsat

(�C)
Psat

(kPa)
Heat
flux
(kW/m2)

HTCs
without
CNTs
(W/m2 �C)

HTCs with
1% CNTs
(W/m2 �C)

Enhancement
(%)

R22 7 621.5 20 4145 5169 24.7
60 8494 9639 13.5

Water 100 101.3 20 1784 2296 28.7
60 4049 4302 6.3
penetration and touching the thermal boundary layer by
CNTs becomes low. This was seen visually in an open glass
flask containing low vapor pressure refrigerant of R123
which was heated at the bottom by an alcohol burner. At
low heat flux, addition of CNTs induces explosion of bub-
bles on the glass surface. As the heat flux increased, the
explosion of bubbles by adding CNTs was reduced signifi-
cantly. Based on this observation, it is expected that large
boiling heat transfer enhancement is expected with the
addition of CNTs in the boilers (or evaporators) of refrig-
eration system in which normal heat flux range is 10–
30 kW/m2. For power plants, however, adding CNTs
may not result in a large improvement because the normal
heat flux encountered in steam generators is very high. For
R22, the average heat transfer enhancement at all heat
fluxes was 20% while for water that was 15%.

In 2003, You and Kim [13] showed that water with
Al2O3 nanoparticles can increase the critical heat flux by
200%. Measurements could not be taken at or near critical
heat flux with the present experimental apparatus and
hence their finding could not be verified in this study. But
present nucleate boiling heat transfer data indicate that
CNTs would act as good agitators at or near critical heat
flux where bubble generation is suppressed. This character-
istic may be useful for the safety enhancement in nucleate
power plants.

Unlike conventional nanoparticles, CNTs did not cause
fouling on the heat transfer surface. Same measurements
were carried out a few times to see the fouling effect over
a period of 3 weeks and the results varied little and little
contamination was seen on the surface. Conventional nano-
particles have the affinity to the metal surface but CNTs did
not show this kind of behavior. For further confirmation,
however, a long term study needs to be carried out.

Finally, it is expected that there are optimum type and
amount of CNTs for various working fluids. In the present
study, 0.5 vol% of CNTs was also added for these working
fluids and no change in the results was observed. In the
long run, more studies are needed to obtain optimum type
and amount of CNTs for boiling heat transfer enhance-
ment of various fluids. Furthermore, dispersion of CNTs
in working fluids needs to be studied in conjunction with
boiling heat transfer. Finally, the effect of CNTs on
enhanced heat transfer tubes needs to be examined since
most of the commercial heat exchangers employ many
enhanced tubes of various surface geometries.

4. Conclusions

In this study, nucleate boiling heat transfer coefficients
of R22 and water were measured with and without
1.0 vol% of carbon nanotubes. From the test results, fol-
lowing conclusions are drawn.

(1) For these fluids, addition of CNTs resulted in heat
transfer enhancement. Especially at low heat flux
the enhancement was up to 28.7%. As the heat flux
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increased, however, the enhancement decreased due
to vigorous bubble generation. Penetration into the
thermal boundary layer by CNTs to generate more
bubbles at the surface seems to be the key element
in the improvement of nucleate boiling heat transfer
associated with the use of CNTs.

(2) Unlike conventional nanoparticles, no fouling was
observed on the surface with CNTs. For commercial
use, however, a long term fouling study is needed.

(3) A further study is needed to determine optimum type
and amount of CNTs for boiling heat transfer of var-
ious working fluids.
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