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Qualitative observation of flow patterns in water and nanofluid oscillating heat pipes was conducted at various

heat inputs and condenser temperatures. Images of the liquid flowwithin the copper tubing were first captured at 30

frames per second using neutron radiography. Neutron radiography allows direct observation of a fluid position

because liquid water is hydrogen rich and opaque while water vapor (because it is much less dense) and the other

materials in the oscillating heat pipes are transparent. Flow visualization was conducted on an 8-turn water

oscillating heat pipe, an 8-turn nanofluid oscillating heat pipe, and a 12-turn nanofluid oscillating heat pipe. The

water oscillating heat pipe was filled with high performance liquid chromatography grade water. The 12-turn

nanofluid oscillating heat pipe was filled with 1% by volume (35:0 g �ml�1) diamond nanoparticles in high

performance liquid chromatography water and the 8-turn oscillating heat pipe contained 0.016% by volume

(0:5 mg �ml�1) diamond nanoparticles high performance liquid chromatography water. The diamond

nanoparticles were 5 to 50 nm in diameter. All oscillating heat pipes were charged at a filling ratio of 50%. Visual

observation shows for all heat pipes that at low heat inputs, fluid oscillation is very random and intermittent.

Increasing the heat input causes a steady flow pattern to appear. For all tested oscillating heat pipes, increased heat

load or operating temperature resulted in an increased fluid velocity. Also, nucleation was never observed in the

tested oscillating heat pipes.

Introduction

O SCILLATINGheat pipes (OHP) transport heat via amultiphase
fluid in a small diameter tube that crosses evaporator and

condenser regions. For the OHP to work, this tube diameter must be
small enough to form liquid plugs and vapor slugs, and prevent liquid
and vapor counterflow. The maximum tube diameter can be
calculated by theBond number,Bo� ��l � �v�gD2=4� [1], where �
is the surface tension, g is the gravitational acceleration, �l is the
liquid density,D is the inside diameter of the tube, and �v is the vapor
density. When the surface tension is higher than the gravitational
force, that is, Bo < 1:0, the liquid plugs and vapor slugs can be
formed in the tube. By using the temperature difference and therefore
a pressure gradient between the evaporator and condenser, the fluid
and vapor are forced to oscillate between these two regions,
transferring heat. Generally by increasing the number of times the
tube crosses the evaporator and condenser, the performance
increases. A turn is defined as a tube passing from the evaporator,
turning in the condenser, and returning to the evaporator. Because the
fluid flow of liquid plugs and vapor slugs plays a key role in the heat
transfer enhancement in theOHP, theflowbehavior is very important.
Several experiments have been conducted where the OHP was built
out of glass or plastic for visual observation of thefluidmovement [2–
7]. Because the low thermal conductivities of glass or plastic
materials, the fluid flow and heat transfer behaviors are different from
OHPs constructed of the original materials such as the copper tubing.

Nanofluid OHPs demonstrated in earlier research [8,9] have
higher heat transport capabilities than their water counterparts. One
reason might be due to the increased thermal conductivity which has
been generally observed in nanofluids [10–12]. The current investi-
gation is to use neutron radiography to directly visualize fluidmotion
in OHPs constructed out of copper material. Three OHPs were tested
in these experiments. One of these contained water and two
contained diamond nanofluid, all with a filling ratio of 50%.

Experimental Setup

The experiment was performed at the National Institute of
Standards and Technology (NIST) research reactor in Gaithersburg,
Maryland. Using the thermal neutron imaging experimental facility
at NIST [13], we were able to record neutron images at a video rate
allowing visualization of the fluid movement within the copper
OHPs. Neutron radiography uses a beam of neutrons that pass
through the imaged object and strike a detector. When the neutrons
pass through the object, they are scattered and absorbed by the
elements within it. Different elements and density of materials result
in varying amounts of neutron attenuation. The thickness for a 1=e
drop in intensity is given by the Lambert–Beer law of attenuation

t1=e �
1

P

i

NA���i=Ai�wi

where i refers to an isotope, �i is the total scattering cross section, � is
the mass density, Ai is the atomic weight, and wi is the weight
fraction. The 1=e thicknesses for materials in the beam path are
shown in Table 1. Neutron radiography shows the fluid motion
within the OHP, because the neutron attenuation of the hydrogen
component of water is much higher than that of the metals and
nanoparticles used in the OHP. In addition, the density difference
between the liquid and vapor phases is easily detectable in the
resulting images. Therefore, in the images, liquid water blocks most
neutrons from reaching the detector, while water vapor, diamond
nanoparticles, copper, and aluminum are significantly more
transparent.
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Figure 1 shows the setup of the experiments. The OHPwas placed
between the camera and the beam port on an adjustable test stand.
Neutron masks were positioned in front of the OHP to prevent
unnecessary irradiation. The remainder of the equipment was placed
outside the neutron imaging hutch. Power was supplied to the OHP
heater via a Staco 3PN1010B power supply and measured with a
digital multimeter (DMM). The OHP was cooled via a Julabo F34/
MD circulator. Temperatures were acquired with computer 1 using a
National Instruments SCXI 1600 data acquisition card (DAQ).
Computer 2 acquired 12-bit images at 30 fps. The temperature
sample rate varied from 50–250 Hz depending on the length of the
test. At the beginning of each test the image acquisition software in
computer 2 triggered the temperature DAQ so that the temperature
data and images would be synchronized. Because of the light water
cooled design of the OHP, the cooling water blocked any visual
observation of the OHP in the condensing region. To reduce
irradiation of the cooling water and unnecessary irradiation of the
OHP, the mask was adjusted to block this region from the neutrons.

Three OHPs were tested with this setup. These include a 12-turn
nanofluid OHP (Fig. 2), an 8-turn water OHP (Fig. 3), and an 8-turn
nanofluid OHP (Fig. 3). All OHPs had a fill ratio of 50% and used
high performance liquid chromatography (HPLC) grade water. The
OHPs were charged by first degassing the empty OHP and the
charging fluid with a vacuum pump. Then the OHP was backfilled
and excess fluidwas removed. The 12-turnOHP nanofluid contained
water and 1% by volume (35:0 mg �ml�1) diamond nanoparticles.
The 8-turn OHP contained 0.016% by volume (0:5 mg �ml�1)
diamond nanoparticles.

The dimensions of the OHPs are shown in Figs. 2 and 3. The
construction of the 8- and 12-turn OHPs is very similar. Two 0.635-
cm (0.25-in.) thick copper plates spread heat from the copper tubing
to the condensing blocks and the heater. To provide a large contact
area between the plates and the 0.32-cm (0.125-in.) copper tubing,
0.32-cm (0.125-in.) semicircular grooves were machined into the
plates. Omegabond “201” [15] thermal paste was placed between the
groove and the tube to reduce the contact resistance.

These OHPs were positioned vertically with the evaporator below
the condenser. They were insulated with aluminum foil encased
fiberglass insulation (which is assumed to have a similar neutron
transmission to silica). The aluminum foil prevented any of the
fiberglass from becoming airborne. Several adjustments were made
to the video images: the images were dark field and bright field
corrected, and the scale was adjusted for contrast to give definition
between the fluid and vapor regions.

Results and Discussion

Figure 4 illustrates the transient process of the 12-turn OHP after a
power input of 300 W was added on the evaporating section of the
OHP. The transient operation of the OHP has several stages. In
stage 1 after heat is added to the evaporator, the vapor expandswithin
the evaporator slowly pushing the liquid toward the condenser
(Fig. 5: t� 0, 5, 10 s). During stage 2, starting at about 15 s, some
liquid and vapor portions in the condenser also began to slowly and
smoothly move toward the evaporator region (Fig. 4: t� 15, 25, 35,
45 s). Stage 3 begins around 50 s and is characterized by some very
slowflow reversals (Fig. 4: t� 50, 55, 60 s s). At 1min, stage 4, there
is a sudden transition to persistent rapid oscillating behavior (Fig. 4:
t� 60, 65, 70, 75 s). This oscillationmotion occurs very quickly and
appears to occur throughout the heat pipe. During all of these regions,

Table 1 Thickness of material for a 1=e drop in thermal neutron beam

intensity [14]

Material t1=e, cm

Water–liquid 0.286
Water–vapor 11140

Carbon–diamond 1.02
Copper 1.41

Aluminum 11.0
Silica insulation (approximate density 0:02 g � cm�3) 462

Fig. 1 Experimental systems: a) entire experimental setup,

b) experimental setup for OHP, and c) picture of experimental setup.
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the temperature response is very smooth and the fluid oscillations are
barely noticeable in the temperature measurements. Note that the
temperature oscillations do not begin until 125 s, well after
significant fluid movements were observed.

The flow characteristics of the different OHPs were very similar.
They were characterized by fast fluid movement at the center turns
of the OHP as shown in Fig. 6, with very little movement in the
outer turns, and almost no bulk flow. (The motion of the fluid was
derived from all frames, not just the ones presented in this text.)
This is also illustrated in Fig. 6 with the 8-turn nanofluid OHP at
199.5 W. This flow distribution in the 8- and 12-turn OHPs was
likely due to a nonuniform heat flux provided by the strip heater.
The outer turns of the OHP received a lower heat flux while the
inner turns received a higher heat flux. Besides the nonuniform
movement of the OHP, each OHP exhibited slightly different flow
patterns. At the same heat load and operating temperature, each heat
pipe behaved slightly differently. The 12-turn nanofluid OHP had
the lowest frequency and amplitude temperature oscillations. The
heat flux per tube of the 12-turn OHP was lower than the 8-turn
OHP, which should be one of the reasons for a lower frequency and
amplitude. Also, the 8-turn nanofluid OHP had a lower frequency

Fig. 2 12-turn oscillating heat pipe: a) photo; b) dimensions (units

in cm).

Fig. 3 8-turn oscillating heat pipe: a) photo; b) dimensions (units

in cm).

Fig. 4 Transient process of a 12-turn OHP (W � 300:0 W, filling ratio

� 50%).
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Fig. 5 Fluid distribution with time for the 12-turn OHP with a 300-W step input at t� 0 s.

Fig. 6 Nonuniform flow in the 8-turn nanofluid OHP at 199.5 W.
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and amplitude than the 8-turn water OHP. The high thermal
conductivity of the nanofluid OHP can transfer more heat per slug
of liquid and therefore allowed the OHP to transfer the same amount
of heat with less movement.

Increasing the heat load of theOHP caused a noticeable increase in
fluid velocity and oscillating amplitude. This is illustrated with the
12-turn nanofluid OHP at 50.5 W (Fig. 7) in which the slugs are
relatively stagnant and 199.4 W (Fig. 8) in which there is a marked

Fig. 7 Fluid movement in the center turns of the 12-turn nanofluid OHP at 50.5 W and an operating temperature of 20�C.

Fig. 8 Fluid movement in the center turns of the 12-turn nanofluid OHP at 199.4 W and an operating temperature of 20�C.
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increase in the slugmotion. For the 12-turn nanofluidOHPat 50.5W,
the bulk fluid moved very slowly with minor low amplitude
fluctuations. At 199.4 W, the fluid movement was much faster. This
is observable in Fig. 9 by the blurring occurring in these images and is
a result of the image capture rate of 30Hz. The blurring is the result of
the fluidmoving a substantial distance during the data collection time
interval for the frame.

From a thermal perspective, increasing the condenser temperature
significantly reduced the temperature difference between the
evaporator and the condenser. Visually, the fluid motion for an
operating temperature of 60�C had a slightly higher frequency and
amplitude than the fluid motion at 20�C. This is shown with the 12-
turn OHP at operating temperatures of 20 and 60�C in Figs. 7 and 9,
respectively. However, because the fluid velocity change was not as
substantial as with increased heat flux, this trend is hard to observe in
these figures.

Nucleation was never observed in the middle of a liquid slug in a
low level of heat input where the flow velocity was low and the vapor
bubblewould be easily detectable.When the heatflux levelwas high,
the flow velocity was high; the motion blur of the liquid–vapor
interface and the low resolution of the video obscure these
occurrences from being observed. In addition, the condenser region
was not visible; therefore it was impossible to determine if vapor
bubbles were completely condensing in this region. Occasionally in
the adiabatic region near the condenser, vapor was observed to
condense, but vapor bubble collapse was not seen.

When the heat input level was low and the flow velocity was low,
the liquid plugs and vapor bubbles can be easily detected. The images
show that the liquid plug and vapor bubble pattern was not changed
with time. It indirectly shows that the vapor bubbles were not
collapsed; otherwise the liquid plug and vapor bubble pattern should
be different with time.

Conclusions

Neutron radiography presents a unique way to observe fluid flow
within OHPs. Because fluid flow and temperature are easily

observable, this can lead tomore accurate correlations between them.
The following observations were obtained: 1) Fluid movement and
oscillations started well before temperature oscillations of the OHP.
2) Increasing heat load and temperature increase the fluid velocity.
3) The oscillatingmotion and circulation of the liquid plug and vapor
bubbles were observed. 4) Nucleation was never observed in a low
level of heat input. When the heat input level was high, nucleation
was not observed either, but this could be due to the temporal and
spatial limitations of the neutron imaging detector. 5) Vapor bubble
collapse was not observed. 6) At a given heat input, the nanofluid
oscillating heat pipe produces a lower frequency and aptitude than
that charged with pure water. We plan future studies aimed at
obtaining more quantitative results of fluid velocity.
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