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Abstract
In microgravity environments, the buoyant force 
that removes a vapor bubble from a surface is greatly 
reduced. This means that any hot surface where boiling 
occurs becomes covered by an insulating layer of 
vapor due to surface tension. To prevent overheating 
such devices, this project seeks to show that a micro-
structured surface is capable of passively transporting 
the vapor bubbles away from the boiling location. 
Preliminary parabolic flight experiments performed 
aboard the NASA Zero-G aircraft by this research 
team have demonstrated the suitability of the method 
in a microgravity environment, albeit one limited by 
g-jitters. To prove this method under a more pristine 
microgravity environment, an experiment will be 
performed on the International Space Station. Before 
this occurs, a ground experiment will be constructed to 
refine the flight experiment and obtain preliminary data 
readings. Boiling will be initiated on metal surfaces that 
are additively manufactured to create a microscopic 
saw-toothed surface pattern with even smaller 
nucleation sites on the sloped faces. The surface features 
will transport nucleated bubbles to a nearby Peltier 
cooler which will condense the vapor. Demonstrating 
this method of transport allows for a more powerful, 
passive cooling technique to be employed in space 
where gravity is weak and power is limited. Ground 
based tests have shown promising results where the wall 
superheat is held relatively constant by the test surfaces. 
Funding from the National Science Foundation and 
the NASA Center for the Advancement of Science in 
Space demonstrates the interest from the scientific 
community in this capability.

Introduction
When dealing with the high heat fluxes of modern 
electronics, phase change cooling is one of the more 
promising solutions to preventing overheat. The 
performance of phase change systems is dependent on 
removing the energy-laden vapor bubbles from the hot 

surface. Terrestrial applications often use pumps to 
remove the vapor bubbles, but pumps may not be ideal 
for low-gravity environments, such as the International 
Space Station (ISS) or satellites. Due to electrical power 
restrictions onboard, the increased power draw from 
a pump may mean other electronic devices must be 
omitted from the experiment or the experiment must 
wait until adequate power is available. A passive method 
of moving the vapor is preferable. Some methods for 
creating pump-less flow include changing surface 
wetting characteristics1 and Marangoni convection.2,3 

However, the advantage of an asymmetric ratchet 
surface modification is the potential of vapor mobility 
while enhancing heat transfer characteristics of the 
surface. This project seeks to utilize pressure gradients 
created by surface asymmetry to create this vapor 
motion as seen in prior experiments.4 The surfaces used 
in these experiments resemble those used by Linke et 
al. 2006,5 who were among the first to capture surface 
asymmetry-aided motion.

Auburn researchers have been investigating surface 
asymmetry-aided motion via experiments conducted 
aboard the NASA Zero-G aircraft, a Boeing 727 flying 
in parabolic patterns to simulate microgravity. Clear 
results were captured showing bubbles nucleating 
and traveling across the micro-structured surface.4 
The simulated microgravity is not perfect, however, 
since there are residual g-jitters (random vehicle 
accelerations) that can affect the vapor motion. Further 
experiments will be conducted on the ISS, where better 
isolation from g-jitters can be obtained. The current 
project seeks to expand upon the previous ground-
based experiments and create an experimental setup 
that mimics the available hardware on the ISS with 
confined fluid inventory in a borosilicate tube, rather 
than a large pool of liquid like in the parabolic flight 
experiments.



Description of Experiment Preparation
The ground-based experiment has gone through several 
design overhauls in the Auburn-based lab so that surface 
asymmetry-aided motion can be more accurately 
isolated and analyzed. The latest experiment was 
designed to mimic the ampoule (glass tube containing 
test surface and fluid) that will go to space and be tested 
in the Pore Formation and Mobility Investigation 
(PFMI), an oven on the ISS shown in Figure 1. The 
figure shows some of the main features, including the 
Sample Ampoule Assembly, where the flight experiment 
ampoules will be inserted. Also shown are the high-
speed cameras located near the base of the assembly, 
which will be updated for the flight experiment. The 
PFMI will be taken from storage and placed inside the 
Microgravity Science Glovebox in the United States lab 
module of the ISS. The flight experiments will be run 
on-board before being returned to Earth.
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A glass ampoule formed from borosilicate is used as 
the containment envelope. The glass blowing shop on 
campus at Auburn is adept at forming unique geometries 
out of borosilicate. A model of the setup is shown in 
Figure 2. The port on the far left is manufactured for high 
vacuum/pressure applications and is used for adding 
fluid to the glass ampoule. The port on the far right is 
used for adding the metal surface to the ampoule and 
as a port for the temperature sensors. A high-vacuum 
grease is used in conjunction with this port to ensure 
that the fluid does not leak around the sensor wires. 
The three ports in the center are used for positioning 
the metal surface in the middle of the ampoule and 
pressing it firmly onto the glass. The boiling surface is 
positioned with the saw teeth sections directly above 
the heaters. The test surfaces are discussed in detail in 
a later section. 

Figure 1. Pore Formation and Mobility Investigation (PFMI) unit on the ISS 
(adapted from reference 8).



The fluid used in these experiments is FC-72, a clear 
fluid commonly used in electronics cooling. Its 
popularity in electronics cooling is due to its boiling 
temperature, 56°C at atmospheric pressure. FC-72 is a 
highly wetting fluid, meaning that it has incredibly low 
surface tension and consequently has the tendency to 
leak from the smallest of openings. Special care must 
be taken to ensure that the fluid does not leak from 
the set-up. Neoprene seals and careful application of 
high-vacuum grease in key areas prevent leaks. An 
expansion mechanism is used in the form of stainless-
steel bellows to allow for changes in fluid volume due to 
the boiling process. Manufacturers say that steel bellows 
are not designed for these applications, but the bellows 
have been used successfully in other experiments.6,7 
Through testing, the researchers found that the bellows 
adequately accounted for volume changes in the system.

The heaters used for boiling are simple film resistance 
heaters composed of thin plastic sleeves with high-
resistance wire following a serpentine pattern. Rope 
heaters are wrapped around the bellows as well. The 
rope heaters are not to cause boiling but to help keep 
all the fluid in the system near the same temperature 
by altering the provided heat flux and avoid excess 
subcooling. A single Peltier cooler is utilized for the 
ground experiment as it can produce enough cooling 
for the process. The use of more Peltier coolers was 
discussed, especially for the experiment to be run on 
the ISS, but was forgone from the ground experiment 
for simplicity’s sake. A pressure sensor is screwed 
into a hole (not pictured in Figure 2) cut into the top
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of the bellows to monitor the internal pressure. The 
temperature sensors used are K-type thermocouples. 
These are connected to a National InstrumentsTM data 
acquisition (DAQ) device and are operated with a 
LabVIEWTM code.

LabVIEWTM 2016 is used to collect temperature data 
for the process and export to an ExcelTM file. A picture 
of the LabVIEWTM wiring diagram is show in Figure 3. 
The sampling rate and number of thermocouples are set 
with the elements around the “DAQ Assistant” block. 
The temperatures from each thermocouple are averaged 
over a set time and passed to the “Set Dynamic Data 
Attributes” blocks, where the data are corrected to a 
National Institute of Standards and Technology (NIST) 
traceable calibration standard. The information is then 
exported to an ExcelTM file and saved.

Fabrication of Experimental Surface
It is generally understood that bubbles are generated 
in the cavities of a heated surface, however small 
these cavities might be. If one wishes to study bubble 
nucleation in detail, preferential locations for nucleation 
must be created and all other nucleation sites must 
be eradicated (or at least greatly reduced). For these 
reasons, the metallic surfaces used in these experiments 
are sanded and electro-polished (discussed later). These 
surfaces, shown in Figure 4 and Figure 5, are additively 
manufactured (a.k.a. 3D-printed) out of metal. To 
minimize lead time, the ground experiment surfaces 
are printed in stainless steel at the National Center for 
Additive Manufacturing Excellence at Auburn. For

Figure 2. Isometric view of experiment.



the ISS experiment, the test surfaces are printed out 
of a titanium alloy, which has a coefficient of thermal 
expansion much closer to that of the glass being used.

Figure 4. Test surfaces.

There are seven different surfaces printed. A control 
surface is printed without the saw teeth to see bubble 
movement in the absence of net pressure gradients. 
Surfaces are also be printed with cavities on every tooth 
face or on every other tooth face. The angles for the saw 
teeth can be either 30°-60° or 15°-75° (where the 15°-
75° teeth are shorter since the tooth pitch is always 1 
mm). The surfaces also can be either 120 mm long or 
180 mm long. The difference in length between these 
surfaces aids in determining if any edge effects are 
present. The surfaces with teeth are summarized in 
Table 1 and can be visualized with the help of Figure 6. 
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The numerous engineered nucleation sites cause vapor 
bubbles to be formed in concert across the surface. The 
combined motion of these bubbles creates bulk fluid 
motion across the surface that aids in heat transfer.

Figure 5. Titanium test surfaces after 3D-printing.

Once the surfaces have been printed and cut off the 
base plate, the remaining support structure is milled 
off to ensure the base is perfectly flat. Because the test 
surfaces are made by selectively melting metal powder, 
the surfaces are often slightly coarse. To reduce the 
roughness of the sides, low-grit sandpaper is used 
to knock down the large bumps. To help smooth out

Figure 3. LabVIEWTM code.



all faces of the metal pieces, a process called electro-
polishing is utilized. The process is similar to electro-
plating, but the cathode and anode are switched so 
that instead of adding a thin layer of metal, a thin 
layer is removed. A mixture of 75% phosphoric acid 
(by volume) is used with 25% sulfuric acid for added 
potency. This process targets bumps, edges, and other 
areas with low radii of curvature to lower surface 
roughness and help open the through-cavities along the 
center of the surfaces. 
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With the surfaces prepared, a groove must be cut along 
the center of the base to allow for the thermocouple 
wires to measure the surface temperature without 
obstructing the fluid and vapor above the surface. This 
groove is cut with a cutting wheel while the test surface 
is locked into a vise.

Figure 6. Test surface variations described in Table 1.

Table 1. Test surface variables.



Experimental Procedure
The thermocouple wires must first be affixed to the 
inside of the groove with Artic SilverTM adhesive, a 
type of thermal paste. Thermal paste is also applied 
to the base of the test surface. The test surface is then 
slid into place and positioned with the help of the ports 
in the middle of the ampoule. Care must be taken to 
ensure the surface is pressed firmly and flatly against 
the base of the ampoule. With the test surface in place, 
the thermocouple wires can be brought out through 
the loading port before sealing the port with high-
vacuum grease. The heaters can then be taped to the 
underside of the glass ampoule directly underneath the 
saw tooth faces. With the heaters in position, a vacuum 
is pulled, the fluid is added, and degassing can begin. 
The degassing process involves heating the fluid so 
that any dissolved gases come out of solution and can 
be extracted from the system. A Graham condenser is 
used to allow the gas to escape while condensing the 
vapor so that it drips back into the system. The Peltier 
cooler is added, and the ampoule is leveled. The high-
speed camera must be focused on the surface near the 
nucleation site and enough lighting is provided with an 
LED lamp. Power is provided to the heaters and cooler 
and, when boiling occurs, the data collection software is 
used to record temperature data while video is recorded. 
The data are reduced to determine the lateral velocity 
of the bubbles as they leave the cavities (done by using 
the saw pitch as a scale since each is one millimeter 
apart). Assuming that the density of vapor is uniform 
throughout the bubble, the center of each departing 
bubble can be estimated. As the vapor bubble departs 
from the cavity, the center can be estimated at a location 
~2-3 mm from the surface to obtain lateral velocity. The 
process is repeated for each of the test surfaces.

Results and Discussion
Data from a preliminary test of the ground experiment 
are shown in Figure 7. The heat flux in W/cm2 that is 
added by the film heaters is presented as a function 
of superheat, the difference between the surface 
temperature and the fluid boiling temperature. Although 
these data are from a preliminary test, they do exhibit 
signs of the boiling phenomenon expected. At around 
1.25 W/cm2, the superheat stays constant due to the 
transition from natural convection to nucleate boiling. 
As the heat flux increases in the nucleate boiling regime, 
the rise in superheat is negligible when compared to the
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natural convection regime. It can also be thought of 
as the slope in the natural convection regime being 
much less than the slope in the nucleate boiling regime. 
This difference is because nucleate boiling is a more 
efficient mode of heat transfer than natural convection. 
The results are in line with conventional pool boiling 
knowledge, where nucleate boiling can dissipate more 
heat while maintaining a low rise in surface temperature. 
The engineered cavities located on the shallow slopes 
act as nucleation sites for vapor bubbles to grow and 
depart from the surface.

Figure 7. Heat flux provided vs wall superheat (defined 
as the difference in wall temperature and saturation 
temperature of the liquid.

The images in Figure 8 show stills from the high-speed 
video capture for a 15°-75° sawtooth surface with 
cavities on every other face. As expected, the bubble 
breaks away from the surface because of buoyancy, but 
does so perpendicular to the surface profile, thereby 
providing a lateral component of velocity.

Conclusions and Future Work
The data collected so far exhibit the expected wall 
superheat trends and the jump from natural convection 
to nucleate boiling. Preferential nucleation and motion 
off the surface can be observed in the high-speed video. 
The lateral component imparted to the departing 
bubbles is indicative of a successful proof-of-concept 
test. 
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The ground-based experiment is currently ongoing. 
The ampoule for the ISS is being designed now with 
the help of the implementation partner, Techshot Inc. 
The projected launch window for the ISS experiment 
is early 2020, when the payload will be delivered by the 
SpaceX Dragon spacecraft. Due to increased interest 
from the ISS Labs, the original plans for the experiment 
will be expanded upon to include additional geometries 
and equipment.

Figure 8. High speed video stills where lateral bubble 
motion is visible (shot with Phantom v310 outfitted 
with an Infinity microscope lense (1280x800, 1000 
fps)).
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