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In the present study, the characteristics of pressure oscillation and heat transfer performance
in an oscillating capillary tube heat pipe were experimentally investigated with respect to the
heat flux. the charging ratio of working fluid. and the inclination angle to the horizontal
orientation. The experimental results showed that the frequency of pressure oscillation was
between 0.1 Hz and 1.5 Hz at the charging ratio of 40 vol.%. The saturation pressure of working
fluid in the oscillating capillary tube heat pipe increased as the heat flux was increased. Also.
as the charging ratio of working fluid was increased. the amplitude of pressure oscillation
increased. When the pressure waves were symmetric sinusoidal waves at the charging ratios of
40 vol.% and 60 vol.%, the heat transfer performance was improved. At the charging ratios of
20 vol.% and 80 vol.%. the waveforms of pressure oscillation were more complicated. and the
heat transfer performance reduced. At the charging ratio of 40 vol.%, the heat transfer per-
formance of the OCHP was at the best when the inclination angle was 90°. the pressure wave
was a sinusoidal waveform, the pressure difference was at the least. the oscillation amplitude was
at the least, and the frequency of pressure oscillation was the highest.
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1. Introduction

Heat pipe is a very effective device for transmit-
ting heat with high rates over considerable dis-
tances with extremely small temperature drops,
exceptional flexibility, simple construction, and
easy control with no external pumping power.
There are various parameters that limit the rate of
heat transport through heat pipes. The capillary
limit is the most commonly encountered limita-
tion in the operation of heat pipes. It occurs when
the capillary pumping rate is not enough to pro-
vide liquid to the evaporating part. This is due
to the fact that the sum of the liquid and vapor
pressure drops exceeds the maximum capillary
pressure that the wick can sustain. The entrain-
ment limit is due to the influence of the shear
force which exists at the liquid-vapor interface
(Faghri, 1995). The capillary and entrainment
limits are overcome by using the oscillating capil-
lary tube heat pipe (OCHP).

The OCHP is a very promising heat transfer
device (Akachi, 1994). In addition to its excellent
heat transfer performance, it has a simple struc-
ture: in contrast with conventional heat pipes,
there is no wick structure to return the condensed
working fluid back to the evaporating part. The
OCHP is made from a long continuous capillary
tube bent into many turns of serpentine structure.
The working fluid is charged into the OCHP. The
diameter of the OCHP must be sufficiently small
so that vapor plugs can be formed by capillary
forces. The OCHP is operated within a 0.1~5 mm
inner diameter range. The OCHP can operate suc-
cessfully for all heating modes. The heat input,
which is the driving force, increases the pressure
of the vapor plugs in the evaporating part. In
turn, this pressure increase will push the neigh-
boring vapor plugs and liquid slugs toward the
condensing part, which is at a lower pressure.
However. due to the continuous heating, bubbles
are endlessly formed by nucleate boiling in the
evaporating part. The bubbles grow and coalesce
to become vapor plugs. The flow of vapor plugs
and liquid slugs moves to the condensing part by
the pressure difference between the evaporating

part and the condensing part. The heat transfer
continuously occurs. As a result, thermal energy
is rapidly transferred from the evaporating part to
the condensing part as well as the oscillation and
the circulation of vapor plugs and liquid slugs
occurring in the OCHP (lzumi et al., 1998 ; Kim
et al., 1999 ; Lee et al., 1999a, 1999b).

Both experimental and numerical investigations
on the OCHP have been carried out by some res-
earchers to determine the pressure mechanism
governing the flow of working tluid in the OCHP.
Miyazaki and Akachi (1996) studied the pressure
oscillation characteristics of the OCHP with re-
spect to the variations of heat flux and charging
ratio. They observed the movement phenomena
of oscillation wave of long liquid slugs and
vapor plugs and proposed an analytical model
based on these phenomena. They concluded that
the heat transfer performance was improved when
the amplitude of pressure oscillation decreased
and the frequency of pressure oscillation increas-
ed. Suzuki (2000) also studied the temperature
oscillation characteristics of a copper-water oscil-
lating capillary heat pipe. The frequency of tem-
perature oscillation was found and a proportional
relation between effective thermal conductivity
and frequency was proposed.

Although some experimental evidence suggest-
ed the correlation between the pressure oscillation
and heat transfer characteristics in the OCHP,
studies related to the characteristics of pressure
oscillation with respect to the variation of heat
flux, the charging ratio of working fluid, and the
inclination angle were not found. It was the aim
of the present work to make clear the effect of
pressure oscillation characteristics on the heat
transfer performance of the OCHP.

2. Experimental
Apparatus and Methods

The schematic diagram of the experimental ap-
paratus was shown in Fig 1. It consists of a test
section, data acquisition system. heating system,
and circulation system of cooling water. The
test section was manufactured to the serpentine
structure with fine flow channels on the surface
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of a brass plate. The length of the channel was
220 fnm. Each channel cross-section was rectan-
gular with a width of 1.5 mm and a height of 1.5
mm. For visualization of the internal flow of the
OCHP, the test section was covered with trans-
parent acryl and tightened with bolts. The test
section was formed by 10 turns (20 channels) of
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the looped type. The detailed specifications of
the test section were represented in Fig. 2. The
data acquisition system was divided into a tem-
perature and pressure measuring system. Each
measuring system was composed of a data logger
and personal computer. The heating system was
an electrical heater plate of which the heat input
was adjusted by using a voltage regulator and
digital power meter. The circulation system of
cooling water was composed of a constant tem-
perature bath and volumetric flow meter. The
cooling water circulated through the test section,
the volumetric flow meter, and the constant tem-
perature bath.

The locations of thermocouples for measuring
the surface temperature of the test section were
shown in Fig. 3. Three holes of a 1.1 mm diameter
were perforated into the center of the test section
across and under [ mm from the bottom of the
channels. Three holes were located at the eva-
porating, the adiabatic, and the condensing part,
respectively. A sheath type thermocouple of a 1.0
mm diameter was inserted and sealed into each
hole. To minimize the contact resistance between
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the perforated hole and the thermocouple, the
silicon compound was injected into the gap of the
holes. The distance of temperature sensors that
werc installed at the evaporating part and con-
densing part was 146 mm, and the sensor installed
at the adiabatic part was in the middle. Also.
sheath type thermocouples were installed at the
inlet and the outlet of the cooling water system
to measure the temperatures of the circulating
cooling water. Temperature measurements were
conducted using the data logger (DR-230, Yoko-
gawa Co.). All data were processed using the
personal computer in real time. The data were
measured at a steady state and their average was
used for data reduction.

As shown in Fig. 4, to measure the saturation
pressure in the test section, two pressure taps of
a 1.0 mm diameter were perforated into a flow
channel at the evaporating part and condensing
part. The pressure sensors (PDCR-961, Druck
Co.) were installed. Pressure data were measured
using the DAS-1800 (Keithley Co.) at a steady
state.

The test section was evacuated to 1X107° torr

I nx
|
Evaporating
section T
|
|
[
.-l N
Adiabatic i 8
section }3 3
3 3
|
B—
|
Condensin {
section X
e —— ] x
15 mm —» le—

1.0 mm 1.5 mm

Pressure
sensor

ww G4

Fig. 4 Locations of pressure sensors
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by using a high vacuum system, which consists of
a rotary and diffusion pump. R-142b was used as
the working fluid. The charging cylinder (HPG-
10, 96. Taiatsu Co.) of 10 ml was used to charge
the working fluid exactly. Also, the charging
ratio of the working fluid was changed in turn
to 20 vol.%. 40 vol.%, 60 vol.%. and 80 vol.%:
the heat flux to the evaporating part was changed
in turn to 0.3 W/cm? 0.6 W/cm? 0.9 W/cm?. and
1.2 W/ecm? ; and the inclination angle to the hori-
zontal orientation was changed in turn to 30°
60°, and 90°.

Uncertainty analysis

Temperatures and pressure were monitored in
the test loop using the computer and data acqui-
sition system. Each sensor was calibrated to re-
duce experimental uncertainties before connected
to the data logger. The copper-constantan ther-
mocouples with an experimental uncertainty of
+0.2°C were used for temperature measurements.
Pressure transducers were used for measuring the
pressure of the working fluid with an estimated
accuracy of 10.2% of the full scale (980 kPa).
The pressure read-out uncertainty was 0.3%, and
the random uncertainty of pressure measurement
was expected to be less than 5%. Hence, the maxi-
mum uncertainty for the pressure measurements
at the evaporating part and condensing part was
5.5%.

3. Experimental
Results and Consideration

3.1 Pressure oscillation characteristics

When the inclination angle to the horizontal
orientation (inclination angle, in brief) was 90°
and the charging ratio of working fluid (charging
ratio. in brief) was changed in turn to 20 vol. %,
40 vol.%. 60 vol.%, and 80 vol.%. the variations
of saturation pressure with respect to time at the
given heat fluxes and charging ratios were shown
in Fig. 5. Generally, as the heat flux to the eva-
porating part (heat flux, in brief) and the char-
ging ratio was increased, the saturation pressure
increased.
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At the charging ratio of 20 vol.%, the pres-
sure oscillations (around the average pressure)
had complicated forms at the given heat fluxes.
There were not abrupt changes in the amplitude
of pressure oscillation (oscillation amplitude, in
brief) at the heat fluxes of 0.3 W/cm? and 0.6 W/
cm®. However, at the heat flux of 0.9 W/cm? the
oscillation amplitude abruptly changed and the
pressure wave became an irregular. non-predic-
table and unsteady state. This was due to the fact
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that at the heat flux of 0.3 W/cm? the genera-
tion and growth of bubbles in the OCHP were
anintermittent nucleate boiling process at only
some turns among the total flow channels. At
the remaining turns of the flow channels. bubbles
were almost not generated. and the oscillation
phenomenon was not clearly confirmed. As the
heat flux was increased to 0.6 W/cm?. small bub-
bles generated on the walls (of the channels) in
the evaporating part. The bubbles grew and
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Fig. 5 The variations of saturation pressure in the evaporating part at the given heat fluxes and charging ratios
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coalesced to become vapor plugs and the oscil-
lation phenomenon occurred. When the heat flux
was increased to 0.9 W/cm? the oscillation of
vapor plugs and liquid slugs occurred very acti-
vely. The movement direction of vapor plugs
and liquid slugs changed irregularly in each flow
channel. However, as the heat flux was increased,
the working fluid supplied to the evaporating
part was not sufficient and the dry-out pheno-
mena occurred in some flow channels. Because of
the inter-connection of the channels, the working
fluid from adjacent flow channels flowed into
these channels and the explosion of evaporation
occurred on the superheated walls in the evapora-
ting part. Owing to this phenomenon, the satura-
tion pressure abruptly increased and the pressure
wave represented an irregular, non-predictable
and unsteady state (Kim et al., 1999, 2001 ; Lee et
al., 1999a, 1999b).

At the charging ratios of 40 vol.% and 60 vol.
%. the pressure oscillation had closed symmetric
structures at the given heat fluxes, except the heat
flux of 0.3 W/em®. The symmetric structure of
pressure wave was sinusoidal at the charging
ratio of 40 vol.% and the heat flux of 0.6 W/cm?
When the charging ratio was 60 vol.% and the
heat fluxes were 0.6 W/cm?, 0.9 W/cm? and 1.2
W /cm?, the pressure waves were also sinusoidal.
For clarity, an enlarged figure of pressure oscil-
lation at the heat flux of 0.6 W/cm® was present-
ed in Fig. 5(d). These states of the OCHP were
observed through the flow visualization experi-
ments obtained by Kim et al.(1999), (2001), and
Lee et al. (1999a), (1999b). They reported that
the steady state operation of the OCHP was ob-
served at the charging ratios of 40 vol.% and 60
vol.%. The active oscillations of working fluid
occurred as the symmetric structure of pressure
wave was obtained. The oscillation of working
fluid was most active when the pressure wave
was sinusoidal.

At the charging ratio of 80 vol.%, the pressure
waves were also almost symmetric at the given
heat fluxes, except the heat flux of 0.3 W/cm?
Detailed observations showed that the bottom
part of the pressure wave has a sharp shape. This
was due to the excessive charge of working fluid
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and the saturation pressure of working fluid in-
creased. It led to an increase in the temperature
difference and pressure difference between the
evaporating part and condensing part. It was
observed that bubbles formed at the evaporating
part by nucleate boiling were dissipated in the
long liquid slugs shortly before they came to the
condensing part. The space vacated by the bub-
bles was filled by liquid, and the process was
repeated. Hence, the bottom part of the pressure
waves was sharp and the operating state of the
OCHP changed to an unsteady state (Lee et al.,
1999b) .

In order to analyze the frequency characteris-
tics of pressure oscillation. the signal processing
tool using a discrete Fast Fourier Transform
(FFT) was applied to obtain the power spectrum
of pressure oscillation. The experimentally ob-
tained power spectra of the sinusoidal pressure
waveforms at the inclination angle of 90° and
the charging ratios of 40 vol.% (heat flux 0.6
W/cm? and 0.9 W/cm?) and 60 vol.% (heat flux
0.9 W/cm? and 1.2 W/cm?) were presented in
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Fig. 6. The dominant frequencies were determined
to be 1.2207 Hz and 1.85547 Hz (at the charging
ratio of 40 vol.%, Fig. 6(a)) and 1.70898 Hz and
2.00195 Hz (at the charging ratio of 60 vol.%,
Fig. 6(b)). As shown in Fig. 6, the value of the
dominant frequencies increased with increasing
the heat flux and the charging ratio (from 40 vol.
% to 60 vol.%).

3.2 Correlation of pressure oscillation and

heat transfer characteristics

Figure 7 showed the variation of the effective
thermal conductivity with heat flux at the given
charging ratios. The effective thermal conducti-
vity was maximal at the charging ratio of 40
vol.%. The experimental results obtained by
Kim et al.(1999), (2001), and Lee et al.(1999a),
(1999b) also confirmed that the oscillation of
working fluid was active at the charging ratio
of 40 vol.%. With this charging ratio, the circula-
tion velocity of working fluid was at maximum
value, which resulted in the best heat transfer
performance.

Figure 8 described the dependence of the effec-
tive thermal conductivity, the saturation pressure,
the pressure difference, the oscillation amplitude,
and the frequency on the given heat fluxes, re-
spectively. Here, the charging ratio was 40 vol.%
and the inclination angle was changed in turn to
30°, 60°, and 90°.

As shown in Fig. 8(a), when the inclination
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angle was increased. the eftective thermal conduc-
tivity increased. The effective thermal conduc-
tivity was maximal at the inclination angle of
90° and the heat flux of 0.6 W/cm? This was due
to the fact that when the oscillation of working
fluid occurred actively in each flow channel in the
OCHP, the pressure oscillation was sinusoidal at
the same conditions of the heat tlux and charging
ratio as mentioned above (see Fig. 5(b)).

The effective thermal conductivity was a repre-
sentative index to show the performance of the
OCHP. The effective thermal conductivity varied
according to the working fluid, the charging
ratio, the class and shape of the OCHP, the length
ratio of the evaporating part and the condensing
part, and the inclination angle of the OCHP
(Maezawa, 1995).

The effective thermal conductivity Ae,r is defin-
ed as follows:

L@

= = (
/] & A ( Teva - Tmnd) ! )

where L is the length from the centre of the
evaporating part to that of the condensing part,
Q is the heat transfer rate from the evaporating
part to the condensing part. A is the total cross
sectional area of the channels in the OCHP. and
Teva and Tionq are the mean surface temperatures
of the evaporating part and the condensing part,
respectively (Lee et al, 1999b).

Figure 8(b) described the dependence of the
saturation pressure on the given heat fluxes. As
the heat flux was increased, the saturation pres-
sure linearly increased. At the inclination angle
of 0°. because the OCHP almost did not operate
at every charging ratio and heat flux condition.
when the heat flux was increased. only the satura-
tion pressure ascended. As the inclination angle
was increased. the oscillations of working tluid
occurred and the saturation pressure decreased.
The variation of the saturation pressure was small
when the inclination angle was continuously in-
creased. This was due to the influence of surface-
tension force which predominated over the gravi-
ty force in the flow channels of the OCHP (Lee et
al, 1999a).

The dependence of the pressure difference on

the given heat fluxes was described in Fig. 8(c).
When the inclination angle was decreased, the
pressure difference increased. The pressure difter-
ence decreased as the heat flux was increased from
0.3 W/cm® to 0.6 W/cm® However, as the heat
flux was increased to more than 0.6 W/cm?% the
pressure difference increased. The pressure differ-
ence was at the least when the heat flux was 0.6
W/em® and the inclination angle was 90°. This
was due to the symmetric structure of pressure
wave which was sinusoidal at the heat tlux of
0.6 W/cm®. When the oscillation of vapor plugs
and liquid slugs occurred very actively between
the evaporating part and the condensing part, it
was observed that a thin liquid film was formed
on the walls of the channels. The thin liquid film
was generated by the shedding of liquid mass
from the tail of hquid slugs during oscillation
along the flow channel. By the very rapid oscil-
lation of vapor plugs and liquid slugs along the
flow channels, a pseudo slug flow pattern near
the annular flow pattern was confirmed shortly
after each liquid slug passed. The heat transter
coefficient increased because the thin liquid film
decreased the thermal resistance between the sur-
tace of the walls and the working fluid. Besides,
the bubbles formed within the thin liquid film in
the evaporating part separated shortly after they
generated from the heated walls. The space vacat-
ed by the bubbles was filled by the liquid in the
liquid film and the nucleate boiling process con-
tinuously occurred. Consequently. the heat trans-
fer coefficient of nucleate boiling and the con-
densing temperature increased. The condensing
pressure increased and the pressure difference was
at the least. As the heat flux was continuously
increased, the dry-out phenomena occurred and
the oscillation of vapor plugs and liquid slugs
became slow. Because some of flow channels in
the evaporating part started to be filled with
vapor, the supply of working fluid to the eva-
porating part reduced. This led to an increase
in the surface temperature of the channels in the
evaporating part. The evaporating pressure and
the pressure difference increased. Hence, the heat
transfer performance decreased. From these res-
ults, one can conclude that the pressure difference
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is related to the heat transfer performance of the
OCHP.

Figure 8(d) showed the dependence of the
oscillation amplitude (in the evaporating part)
on the given heat fluxes. As the inclination angle
was decreased, the oscillation amplitude increas-
ed. The oscillation amplitude increased when the
heat flux was increased. However, when the heat
flux was increased to more than 0.9 W/cm? the
oscillation amplitude decreased. As mentioned
above. the oscillation phenomenon was not clear-
ly confirmed at the heat flux of 0.3 W/cm? There-
fore, the oscillation amplitude was the least at
the heat flux of 0.6 W/cm?® Also, the pressure
oscillation had a sinusoidal waveform at the heat
flux of 0.6 W/cm? as shown in Fig. 5(b). This
implied that the oscillation amplitude was also
related to the heat transfer performance of the
OCHP.

The influence of the given heat flux and the
inclination angles on the frequency of pressure
oscillation was shown in Fig. 8(e). When the in-
clination angle was decreased and the heat flux
was increased to more than 0.6 W/cm? the fre-
quency decreased. The frequency changed from
0.1 Hz to 1.5 Hz. The frequency was the highest at
the heat flux of 0.6 W/cm® and the inclination
angle of 90°.

The above experimental results showed that the
heat transfer performance of the OCHP closely
correlated with the characteristics of pressure
oscillation occurred in the operating process of
the OCHP. At the charging ratio of 40 vol.%, the
heat transfer performance was at the best when
the inclination angle was 90°, the pressure wave
was a sinusoidal waveform, the pressure differ-
ence (between the evaporating part and the con-
densing part) was at the least, the oscillation
amplitude was at the least, and the frequency of
pressure oscillation was the highest.

4. Conclusions

The following conclusions were obtained
through a basic experimental study on the pres-
sure oscillation and heat transfer characteristics

of the OCHP.

{1) The frequency of pressure oscillation was
between 0.1 Hz and 1.5 Hz at the charging ratio of
40 vol.%.

(2) At the charging ratios of 40 vol.% and 60
vol.%, the dominant frequencies of the sinusoidal
pressure oscillations were determined.

(3) The saturation pressure of working fluid
in the OCHP increased as the heat flux was in-
creased.

(4) As the charging ratio of working fluid was
increased, the amplitude of pressure oscillation
increased. When the pressure waves were sym-
metric sinusoidal waves at the charging ratios of
40 vol.% and 60 vol.%, the heat transfer perfor-
mance was improved. At the charging ratios of
20 vol.% and 80 vol.%, the waveforms of pressure
oscillation were more complicated, and the heat
transfer performance reduced.

(5) At the charging ratio of 40 vol.%. the
heat transfer performance of the OCHP wus at
the best when the inclination angle was 90°, the
pressure wave was a sinusoidal waveform, the
pressure difference was at the least, the oscillation
amplitude was at the least. and the frequency of
pressure oscillation was the highest.
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