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a b s t r a c t

An experimental study was conducted to investigate the heat transfer performance of a pulsating heat
pipe (PHP) charged with deionized water and surfactant solution. The inner diameter of the PHP was
2 mm. The surfactant was sodium stearate, and the concentrations of sodium stearate solutions were
10, 20 and 40 ppm. The experimental results indicated that the heat transfer performance of the PHP
was greatly influenced by the surfactant solution, and the influence was dependent on the charge ratio
and the concentrations of the solutions. The PHP with 10 ppm sodium stearate solution showed better
performance than the PHP with deionized water within the whole test range (0–160 W). Nevertheless,
the enhancement effect of the heat transfer was apparent only when the heat flux was very high for
the 40 ppm sodium stearate solution. Compared with the PHP with deionized water, the thermal resis-
tance and the temperature difference between the evaporation section and condensation section could
be decreased by 0.13 K/W and 20.8 K when the charge ratio, the heating power and the concentration
of the solution was 58%, 160 W and 40 ppm, respectively.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the heat dissipation from the electronic chips
increases sharply but with the reducing of the physical size. As a
result, the thermal management has become and will continue to
be one of the most important issues in this area [1]. As a newly
heat transfer device, pulsating heat pipe (PHP) was proposed by
Akachi [2] in 1990 and was considered as one of the most effective
methods to meet the challenge of higher heat flux due to its dis-
tinct advantages, such as high heat transfer coefficient, very low
cost and high flexibility [3–5]. The PHP is made of a long capillary
tube and bent into many turns. The maximum allowable inner
diameter of the PHP is determined by the formula:

Dmax ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=ðql � qgÞg

q
[6–8] (where the r, ql and qg represent

the surface tension, the liquid density and the vapor density of
the working fluid corresponding to the operational temperature,
respectively). Due to that the inner diameter of the PHP is very
small, the influence of the surface tension of the working fluid is
greater than the gravity and thus the liquid slugs and vapor plugs
can be formed in the PHP. The operational mechanism of the PHP is
quite different from the traditional heat pipes, and no wick

structures are needed to help the backflow of the working fluid.
In a PHP, the heat is dissipated from the evaporation section to
the condensation section mainly by the oscillation motions of the
liquid slugs and vapor plugs.

The researches have indicated that the heat transfer perfor-
mance of the PHP is greatly influenced by some thermodynamic
and transport properties of the working fluid, such as the thermal
conductivity, surface tension, latent heat and sensible heat [9,10].
However, few researches reported the explicit guidance for
improving the heat transfer performance of the PHP through ame-
liorating the thermodynamic and transport properties of the work-
ing fluid. As so far, most researchers used the nanofluids as the
working fluid to improve the heat transfer performance of PHP
due to their apparently increasing effect on the thermal conductiv-
ity of the base fluid. Ma et al. [11] investigated the heat transfer
performance of PHP with the 1.0 vol% diamond nanofluids. The
experimental results showed that the PHP with the nanofluid could
decrease the temperature difference between the evaporation sec-
tion and the condensation section by 16.6 K when the heating
power was 80 W. Lin et al. [12] conducted an experimental inves-
tigation to study the effect of silver nanofluid on the heat transfer
performance of PHP. It was found that the PHP with silver nano-
fluid of 100 ppm showed the best performance when the charge
ratio was 60%. According to Jamshidi et al. [13], the heat transfer
performance of PHP was enhanced by 30% when the working fluid
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was nanofluid. Furthermore, the PHP with the nanofluid also had a
shorter response time. Riehl and Santos [14] conducted an experi-
mental study for an open PHP with copper nanofluid. It was found
that the using of the nanofluid not only enhanced the heat transfer
performance of the PHP, but also increased the oscillation ampli-
tude of the working fluid. Qu et al. [15] found that for the PHP with
Al2O3 nanofluid, the optimal concentration was 0.9 wt%, at which
concentration the thermal resistance of the PHP and the tempera-
ture difference could achieved 0.057 K/W and 5.6 K. He also [15]
pointed out that the settlement of the nanofluid was mainly found
in the evaporation section, which greatly enhanced the heat trans-
fer process.

In addition to the thermal conductivity of the working fluid,
researchers [16–18] have also pointed out that the surface tension
had a great influence on the heat transfer performance of PHP, con-
sidering the heat transfer process occurring in a small scale. When
the inner diameter of the PHP was given, the influence of the sur-
face tension mainly reflected in the capillary resistance of the
working fluid. The analysis model of the capillary resistance in
the PHP was shown in Fig. 1. Where h1 and h2 represented the con-
tact angles between the tube wall and the working fluid. By assum-
ing that all the vapor–liquid interfaces were perfect spherical and
the surface tension almost kept as a constant. According to
Young–Laplace equation, the capillary resistance caused by the
surface tension was:

p1 � p2 ¼ 4rðcos h1 � cos h2Þ=d ð1Þ

For the interface of water–copper, the maximum advancing
contact angle and minimum receding contact angle are 84� and
33� [19], and the surface tension of the water is 72 mN/m at
298.15 K. Thus the capillary resistance of a single liquid slug was
calculated to be 3.24 � 10�4 N. Although this value was very small,
the capillary resistance could be very large considering the great
numbers of the liquid slugs in the pipe. From Eq. (1) it could be
found that the capillary resistance in the PHP could be decreased
by reducing the surface tension of the working fluid, and thus
improved the heat transfer performance of the PHP. Furthermore,
with the decreasing of the working fluid’s surface tension, the
working fluid could wet the tube wall better, which also enhanced
the heat transfer though increasing the area of the thin film.

However, few experimental researches were conducted to investi-
gate the effect of the working fluid’s surface tension on the PHP.

The surfactants are a kind of special material, and a small
amount of the surfactant can greatly reduce the surface tension
of the base fluid [20,21]. In this paper, the heat transfer perfor-
mances of PHP with deionized water and different concentration
surfactant solutions were experimentally investigated. Meanwhile,
the influence of surfactant solution on the heat transfer
performance of PHP was also discussed and analyzed based on
the experimental data.

2. Experiment

2.1. Samples

In this experiment, deionized water was selected as the base
fluid. Sodium stearate, as a kind of anionic surfactant, was chosen
as the surfactant, because it was easily obtained and with very low
cost. The purity of sodium stearate was greater than 99.9%. Four
different concentrations (0, 10, 20, 40 ppm) of the sodium stearate
solution were prepared and tested. From the experimental data of
Ref. [22], when the concentrations of the sodium stearate solution
were 10, 20 and 40 ppm, the surface tension of the working fluid
was greatly reduced. To ensure the high accuracy of the weight,
the mass of the sodium stearate powder was weighted by a high
precision electronic balance whose weighing capacities and accu-
racy were 110 g and 0.001 g, respectively. The mass of the deion-
ized water was weighted by another high precision electronic
balance, whose weighing capacities and accuracy were 10000 g
and 1 g. All of the sodium stearate solutions were stirred by the
magnetic stirrer for about 2 h, and then the solutions were placed
in the environment with the room temperature of 293.15 K. For the
solutions of 10, 20 and 40 ppm concentration, no apparent agglom-
erations or precipitations in the solutions were observed four days
later.

2.2. Experimental setup

The experimental setup in this work was shown in Fig. 2. It
mainly consisted of four modules: the PHP module, the heating
module, the cooling module and the data acquisition module. The
tube was bent into ten ‘‘U’’ shape turns to form a closed PHP. The
total length and the inner diameter of the copper tube were
5.73 m and 2.0 mm, respectively. The length of the evaporation sec-
tion, adiabatic section and condensation section were 90 mm,
80 mm and 60 mm, respectively. In the evaporation section, the
nickel-chrome wire with a diameter of 0.3 mm was wrapped out-
side of the tube to simulate the heating of electronics and the heat-
ing power could be changed by a transformer. A three-phase
wattmeter with a measurement range of 250 W and an accuracy
of 0.5% FS was used to record the heating power of the evaporation
section. Nine thermocouples were used to measure the tempera-
tures, and the locations were shown in Fig. 2. The accuracies of
these thermocouples were calibrated to be ±0.1 K. The temperature
of the cooling water was set at 19 ± 0.5 K. All the experimental data
were recorded by the Agilent 34970A (6½ digits) which was con-
nected with a PC. The evaporation section and the adiabatic section
of the PHP were both insulated by polyurethane foam material.
Before the experiment, the impurity inside of the tube was blowed
away by high-pressure nitrogen (1.5 MPa) for about 1 h to ensure
the cleanliness of the PHP channel.

In this experimental study, the heat transfer performances of
the PHP with (0, 10, 20 and 40 ppm) sodium stearate solutions
were studied when the heating power was within the range of
(40–160 W), and the charge ratios were (39%, 47%, 58%).
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Fig. 1. The analysis model of the capillary resistance in the PHP.
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