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Abstract. Oscillating Heat Pipe (OHP) is a passive heat exchanger operating on two phase
flow principle. As one of the newest members of the heat pipe family, OHP has a complicated
operating mechanism of working fluid flow. OHP is a potential device, which can be used for
saving energy and cost. Although, OHP is a promising two-phase heat transfer device with
excellent performance, simple structure and low cost but its operational characteristic is still
not clear yet and debatable. As one of the non-destructive test, neutron radiography uses
neutron beam techniques to penetrate heavy materials while beam are absorbed by lighter
materials. This method is very suitable for use in visualization technique of the two-phase flow
of heat transfer device with hydrogen-based fluids. In this paper, the visualization method is
coupled with thermocouple temperature measurement. Aluminium OHP with 12 turns has been
manufactured and tested. The dimension of aluminium OHP is made fit with the neutron beam
size. DI Water with filing ratio 35 % has been chosen as the working fluid for the close loop
OHP. Three level of heating power was applied to the evaporator section of OHP. The result
showed that this preliminary study could reveal the temperature fluctuation of the
thermocouple data. The condensation and evaporation also can be observed adequately with
this method.

1. Introduction

Oscillating Heat Pipe (OHP) is one of the recent types of heat pipe family which has found by Akachi
in the earlier 1990 [1]. Besides the high possibility of electronic cooling application for next thermal
management device, OHP also has a good prospect in the heat recovery technology [2—4], solar energy
[5] and much more [6].

OHP is made from a capillary tube which then bent forming many turns as snake shape model. It's
structure typically either as a closed or open loop configuration. At one end of that meandering tube is
called evaporator and the opposite turns called the condenser. The evaporator and condenser section
typically connected by adiabatic part. The use of capillary tube is the most important characteristics of
OHP [6]. It is characterized using the Bond Number (Bo) of working fluid properties. Which is
Bo=(pl—pv)gD2/40, where pl and pv are liquid and vapor density respectively, g is gravity, D is tube
diameter and o is a surface tension. If Bo number is lower than 4 then it could be said that the surface
tension force is dominant than the gravitational force. As a result, if a working fluid was injected into
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that capillary tube, it will lead to the formation of liquid and vapor slugs inside [7]. Then, if a
sufficient heat is applied to the evaporator sections surface then the working fluid will start to move in
such random motions. The movement of working fluid will deliver the heat from the evaporator to the
condenser. Oscillating Heat Pipe (OHP) is one of the recent types of heat pipe family which has found
by Akachi in the earlier 1990 [1]. In addition to the high possibility at electronic cooling application,
OHP also has good prospect in the heat recovery technology [2—4], solar energy [5] and many more
[6].

The performance of OHP depends on several multivariate parameters such as geometry, working fluid
properties, heat load, inclination angle, filling ratio, number of turns and gravitational forces [6].
Therefore, the performance of OHP is very difficult to predict with simple correlation due to many
parameter influences within. A proper visualization study should be taken in order to learn more
deeply about the thermo-hydrodynamics process within the OHP.

Most of the visualization study used a visible light imaging method with a transparent tube made from
Quartz glass or Pyrex [7-8]. However, in reality, OHP applications use the tube from conductor
material (metal). Therefore, the visualization observation using transparent tube has not provided an
actual flow phenomenon inside. This is because glass and metal having the poor properties in terms of
heat transfer (heat transfer coefficient and thermal conductivity). They also have a different surface
roughness from metal, which obviously affects the working fluid flow. Moreover, the observation of
transient temperature in glass tube will be more difficult when compared with metal tube
(aluminium/copper). Thus, the thermo-hydrodynamics behavior of working fluid between glass and
metal material tube clearly will have a distinction.

The visualization of OHP has been studied experimentally by several researchers, focused on either
visual observation of flow patterns and various operation parameters related with thermo-
hydrodynamics of OHP [7-8]. Actually, the flow patterns inside the mini-channel are quite complex to
fully describe precisely. There several types of fluid movements have been shown from transparent
tube visualizations literature. Among others are small oscillation, intermittent oscillatory flow, bulk
oscillation, permanent oscillatory flow, circulation, and dry-out or device failure [§—11]. Also, it stated
there are several flow patterns, as follows; slug flow, semi-annular flow, a combination of slug and
annular flow, transition semi-annular to fully annular flow, fully annular flow and fully vaporized flow
(i.e. dry-out) [9—12]. Some of the literature stated that bubbly flow as the other term of a dispersed
bubble. Basically, if a bubble has a diameter much less than the inner diameter of the tube then it can
be said bubbly flow or dispersed bubble [8,11]. The dispersed bubble mostly only visible with
transparent tube (Glass/Pyrex) visualization experiments. However, this is the most advantage of
transparent tube visualization.

Neutron radiography is a visual observation method that utilizes the penetration of radiation energy to
investigate the inside part of an optically opaque object. This method is the non—destructive test,
which is provided by nuclear energy technology. The application of this method at heat pipe
visualization study is still very rare, therefore there is not much literature discussing the uses of this
method on heat pipe visualization study.

Takenaka et al. used neutron radiography to observe the flow boiling characteristics of cryogenic
fluids [13]. By utilizing the difference of significant attenuation coefficient between nitrogen as
cryogenic fluid with the aluminum heat exchanger. The result is used as a reference tool for next
design of the device. Asano et al. have conducted visualizing and measuring the flow of refrigerant in
the capillary and distributor pipes within a compression-type refrigerator [14]. They studied two-phase
flow behavior on both channels and distributors using neutron radiography visualization methods. By
taking pictures at 30 fps with a CCD camera and performing image processing, the phase distribution
of the heat exchangers can be well shown. Sugimoto, et al. evaluated the behavior of working fluids on
a Variable Conductance Heat Pipe (VCHP) with neutron radiography [15]. Videos with 30 frames per
second were taken with Electron Bombardment Charged Coupled Device (EB-CCD) camera. The
visualization results reveal the benefits of mounting thin plates to inhibit fluid blockage in the heat
pipe arch. Also, the effect of the working fluid filling-ratio and the absence of evaporation in the



downward inclination of heat pipe can be predicted. Using the same method, Putra et al. showed the
captured image when boiling occurred inside the heat pipe with a sintered wick and wickless (thermo-
syphon) [16]. Borgmeyer et al. studied the capability of heat transfer and fluid flow in copper
Oscillating Heat Pipe (OHP) [17]. A number of thermocouples are also placed at a number of points
on the surface of the pipe wall to measure the OHP temperature distribution. Borgmeyer found that
neutron radiography could help to explain the physical phenomena and two-phase flow characteristics
of the working fluid in the OHP [17]. Research studies of OHP visualization using neutron imaging
have been done by several researchers. Based on the literature, all the OHP material tested using
copper capillary tube [17-21]. All previous researchers have also used cooling water block at
condenser section, which obviously blocked the visual observation.

The aim of this study is to observe the motion of working fluid inside the OHP with radiography
neutron method. For this reason, the OHP structure was built with aluminium capillary tube. The OHP
experimental set was also designed to improve neutron transparency, by using airflow to conduct
cooling at the condenser section. This design was set to visualize the whole part of OHP structure. In
order to find the clear explanation of the real phenomenon inside the tube. The visualization and
temperature data were captured at the time which synchronized before. The result of this study could
provide more information about the thermo-hydrodynamic of working fluid inside the OHP.

2. Methodology
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Figure 1 (a) The experimental setup of neutron radiography visualization test, (b) Neutron
Radiography research facility RN1

Some explanation of this visualization method has been clearly written by Putra et al. [16]. For a
simple explanation, when the object (OHP) is exposed to the beam of a neutron, each of material
elements will be scattered and absorbed regard to the thickness and material properties. The lambert-
beer law of attenuation explained the relation of neutron attenuation with property, thickness, and
density of elements [18].

To perform the test, OHP was made from an aluminum capillary tube with an outer and inner diameter
of 3 and 2 mm, respectively. The camera size of neutron imaging system determined the dimension
OHP. Therefore, a closed loop OHP with an overall dimension of 13%14.5 cm2 was design and
manufactured for the visualization test (Figure 2a). A pair of a sandwich structure made from
aluminum block was constructed to provide uniform heat flux at the evaporator section. It has the
overall dimension of 160x20x42 mm3. The contact surface between the round shape of aluminum
tube and the block was improved with the semicircular groove. In order to minimize the thermal
contact between them, thermal compound (Omegaterm “201”) is used. Two cartridge heaters (Omega
CSH-400) were inserted into the block through fit holes. The heater’s power was controlled by a
voltage regulator and measured by a power meter. The airflow cooling for condenser was chosen to
get the clear picture of flow visualization image. Heat sink with centrifugal blower was used to cool
the condenser sections. Semicircular grove is machining on the backside of aluminum heat sink to



achieve better contact surface with the tube’s shape. Thermal paste was used to minimize the thermal
contact resistance. The wall temperatures of aluminum OHP are measured with type K thermocouples.
Each of thermocouples are calibrated first before attached at OHP wall surface. The maximum error
each of them was = 0.5 °C. A data acquisition system was used to collect all the temperature data. The
thermocouple positions showed at the figure 2c. All data of OHP visualization is tested at bottom
heating mode. CCD Camera and data acquisition software were collected by a high specification
desktop PC. The OHP was not encased in glass wool insulation to maximize the visualization result.
Although this consideration setup would result in greater heat losses from the evaporator.
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Figure 2. The OHP prototype (a) schematic of OHP, (b) Neutron radiography image of the OHP, (c)
Image after marked with graphic editor software with the thermocouple positions.

Figure 1a and 1b showed the whole experimental setup of neutron radiography. The size of the OHP
was dictated by the camera size of the neutron imaging system (see figure 2a). This test was conducted
at neutron radiography facility, RN1, under the supervision of the Centre of Science and Technology
of Advanced Materials (PSTBM), National Nuclear Energy Agency of Indonesia (BATAN). Figure 2b
showed the picture of neutron radiography before the heat input is applied to the evaporator section.
From the picture can be seen that the liquid slug inside the channels appeared as darkness image at the
OHP loop. With Image J software, the filling ratio of OHP was confirmed at 35% (based on the ratio
of liquid length and total loop of OHP). All the videos were collected at 15 fps (frame per second) rate
and extracted frame by frame using video editor software. Vector graphic editor software is then used
to mark the OHP structure at the extracted images from video data of visualization (figure 2c).

3. Result and Discussion

Figure 3 shows the transient temperature of evaporator, adiabatic and condenser section at OHP. Each
turn of OHP numbered from left to right, to identify the channel clearly. Figure 4 shows the captured
images from the start-up in time sequence. At initial condition (stage I), no heat supply was delivered
to the evaporator. Stage | condition is represented very clear by figure 2b. This picture was analyzed
using the image-j software to confirm the filling ratio of the OHP. After the initial condition was
captured then 18 Watt of power input was supplied to the evaporator section through the cartridge
heater. The evaporator’s temperature then began to increase (Stage II). The captured image at second
stage was showed no significant different with previous image (figure 2b). No motion of working fluid
was observed at this stage. At stage III, the heat supply was increased into 40 Watt. Evaporator
temperature increased more sharply than previous heat supply. However, there is no sign of working
fluid movement at all. At stage IV, the heat supplied was increase to 85 Watt. Temperature evaporator
still shows a sharp increase for about 200 seconds. The vapor plug may have expanded at this stage
but it’s hard to recognize the clearly picture. At #2 turn, the working fluid moved very fast (see figure



4) and the adiabatic temperature showed high amplitude fluctuations. The corresponding pictures of
start-up showed in figure 4. The 4a and 4b frames showed the fast movement of liquid slug due to

liquid evaporation at the evaporator section.
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Figure 3. The transient temperature of OHP.

Figure 4a showed the sequence pictures of the instantaneous moment before the working fluid
suddenly move very fast due to bubble expansion. At figure 4b, when the heat flux is high enough, the
liquid slug at #2 turn was broken into two parts due to evaporation. Those two liquid slugs then
quickly expelled with opposite direction. One of the liquid slug at right channel of #2 turn was merged
with upper liquid slug and move together to condenser section. All liquid slugs on the channels seem
moved with a different velocity. Next frames showed that only a few channels moved with significant
distance (figure 4c and 4d). Interestingly, the condensation of vapor plug was observed at #2 turn left
channel (figure 4c). In their report, Wilson et al. could not find this bubble collapse using the same
visualization method [18].

a)t=0641s b) t=0641.066s c)t=641.2s d)t=642.46s

Figure 4. Fluid movement at start-up frames.

Increasing the heat load to 100 Watt (stage V) still increased the evaporator temperature. Although the
adiabatic section already shows the rapid fluctuation of working fluid (figure.3). After about 770
seconds then the evaporator temperature shows the fluctuations with lower amplitude.

Unlikely with the visualization using the transparent tube, this visualization cannot observe the detail
of bubble and liquid slug boundaries (figure 5a). Thus, it very difficult to measure the contact angle
from the liquid meniscus. And also, the dispersed bubble and bubble growth from nucleation cannot
be observed, as shown in Figure 5b and 5c. Due to the non-uniform of liquid and vapor distribution,



the velocity of fluid each of channel was extremely different (figure 5c). The liquid at #5 turn
evaporated and then expelled the remaining slug with high velocity which results to blur frame
pictures. However the right channel of #6 turn show only little movement of liquid slug. Blurring
images happened when the velocity of the liquid slug was higher enough to capture by only 15 fps of
video camera adjustment. Even though the picture of moving liquid slug at evaporation sections was
still blur due to inadequate of fps video. But more realistic phenomena could be observed from the
related image and temperature data.
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Figure 5. (a) Liquid slug and vapour plugs, (b) Instantaneous frames before evaporation, (c) After
evaporation

From the fluid images and temperatures data, it can be confirmed that the fluctuations temperature at
the adiabatic and evaporator were occurred due to the motion of liquid slug and vapor plug. If the slug
was passing the thermocouple surface point then the significant temperature drop will occurs at
adiabatic sections. The temperature increased occurs when hot slug pass the point measurement
surface again. The up and down motions of liquid slug caused temperature fluctuations in the adiabatic
section (see figure 3). These results seem contradicted with already reported by Xu et al [22]. In
summary, the temperature data coupled with related fluid flow movements will provide a better
approach to thermo-hydrodynamic behaviour analysis in oscillating heat pipe.

4. Conclusion

Preliminary study on visualization fluid flow through neutron radiography has been conducted with
aluminium OHP. From the resulted images, the motions of fluid flow within the capillary tube could
observe well. The collapsing of vapor bubble was observed at condenser section. The evaporation of
liquid slug was captured adequately also. The detailed bubble information, like nucleation, dispersed
bubble growth and contact angle of the bubble meniscus could not observe clearly due to the small
dimension of the OHP tube. Higher diameter tube with appropriate working fluid may solve this
problem. The temperature data and fluid flow pictures could explain more accurate about the thermo-
hydrodynamic of the working fluid. The fluctuations of the transient temperature at evaporator and
adiabatic are one of the cases which could be explained well by this visualization method. The higher
quality of video capture should be taken in the next study to maximize the quality of pictures. Thus,
the deeply analysed could have been done from the result data.
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