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Introduction
This report describes the results of Team Tethers’ experiment on board the G-Force One 
parabolic aircraft flying out from Ellington Air Force Base during the flight week June 
16 to 25, 2011. This flight was the culmination of seven months of preparatory work, in 
which the team tried several different subjects before deciding on NAFION membrane 
wetting. This was followed by a proposal submitted to NASA’s Reduced Gravity Office 
for consideration under the Minority-Serving Institutions and Community Colleges 
Flight Week. After they approved the proposal, experiment hardware were designed. 
The design and procedures write-up was then submitted to the Reduced Gravity Office 
for further approval. The hardware was machined at Tethers Unlimited, with other 
parts bought online. 

The experiment was a direct sequel to work performed at Tethers Unlimited by the 
team leader during an internship there in summer 2010. One of three hypotheses were 
proved.
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Abstract
Hydrogen-oxygen fuel cells have flown in space, but in sizes and masses that are too 
large for use on small spacecraft. Large electrolysis cells use high pressure to pump 
water through the separation membranes. While high pressure is a viable pumping 
method for use in micro-gravity, it is impossible to employ on CubeSat-class 
nanosatellites, which have a footprint of 10 cm by 10 cm[3]. To make a practical 
reversible fuel cell for CubeSat operations, it is necessary to develop a microgravity 
water pumping method that can be packed within CubeSat dimensions. In the absence 
of high pressure, the behavior of NAFION membrane wetting in microgravity is an 
avenue worth investigating, since it potentially offers insights into how proton-
exchange membranes can be hydrated simply and easily in the space environment. Our 
test rig uses a syringe to mechanically squeeze water into a tube which is held a few 
millimeters from the NAFION membrane in question. The tip of the tube is close 
enough for the water droplet to make contact with the membrane, even in the absence 
of gravity. In addition, the presence of Marangoni convection opens up new possibilities 
for moving water on the membranes by use of a thermal gradient. Our secondary 
objective is to investigate the possibility of using a thermal gradient to increase the 
surface area of water droplets on the membranes.

Statement of Problem
Water behavior in microgravity has been documented on the International Space Station 
by astronaut Dr. Donald Pettit on a variety of surfaces[2]. However, the nature of water 
adhesion on proton-exchange membranes (PEMs) in microgravity has not been 
investigated. Since the Shuttle’s fuel cells use high pressure to pump the water through 
the membrane, it results in a heavy and complex system. It is beneficial to seek a way to 
hydrate NAFION membranes at low pressure. This problem is the subject of Team 
Tethers’ experiment. 

3



Method
Preliminary Research

Before designing the experiment, the team researched other experiments on NAFION 
membranes in microgravity. Due to the limited amount of resources, the only relevant 
information that would assist in designing the experiment came from videos of 
astronaut Dr. Donald Pettit. His water-adhesion experiments aboard the ISS during the 
Expedition 6 mission were the basis for formulating our hypothesis.

Experiment Setup

The experiment was secured onto an aluminum baseplate inside one of the RGO’s 
horizontal gloveboxes. It consisted of several machined aluminum-6061 parts that 
served as the stands for the NAFION membranes and silicone tube; the membranes 
were super-glued to the stands. The silicone tube ran from the syringe through the 
racks, with its end positioned 1 cm from the membrane, and perpendicular to it. This 
would enable the water to make contact with the membrane regardless of the gravity 
level. The setup is shown in Figure 1, with the tube set up as part of the single 
membrane configuration.

Figure 1: Single and Parallel Membrane Configurations (paper covers the membranes)
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Video of the water behavior was taken with an USB snake camera zip-tied to a stand;  
the stand allowed the camera to remain stable, but it was just flexible enough to make 
coarse adjustments in the camera angle.

Figure 1 shows the setup for the first flight. For the second flight, the silicone tube was 
to run from the syringe to the parallel membranes on the left. The camera was to be 
shifted to view the water adhesion between the parallel membranes.

Hypotheses

1: The contact angle between the water droplet and the membrane will be higher in 
microgravity than in 1-G because surface tension forces the droplet to assume a more 
spherical shape in the absence of gravity (see ! in Figure 2)

Figure 2: Contact Angle

2: Wetting will be enhanced on two close parallel hydrophilic surfaces compared to one 
surface, because the surface tension of water forces it to assume concavity if it is on two 
parallel surfaces at the same time. This leads to a lower contact angle than it would be 
on a single surface.

3: Parallel adhesion will impede thermo-capillary motion because the water droplet will 
have a increased contact area than they would on a single membrane. The impedance 
will only be enhanced because NAFION is highly hydrophilic.
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Hardware Test
Next, the team tested the efficacy of the syringe-tube system. Its purpose was to move 
water to the membrane. The syringe was filled with distilled water and set up on the 
baseplate. The assembly was then lowered into the glovebox and secured to its bottom. 
Each person on the team demonstrated his/her ability to deposit controlled amounts of 
water droplets on an aluminum foil plate in lieu of the membranes (to avoid affecting 
the membranes before flight). That was done by pushing the plunger on the syringe in 
tiny increments. Each team member also demonstrated the ability to adjust the distance 
between the tube tip and the membrane by hand.

Results

1-G Results

On a pre-flight ground test, one droplet of water was placed on a spare NAFION 
membrane. It initially formed a shallow dome, and then the membrane warped to form 
a depression. This is shown in Figures 3 and 4. 

Figure 3: Water Droplet Adhesion in 1-G (ground)
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Figure 4: Water Droplet Adhesion in 1-G (flight)
(Note: All flight photos have been flipped 180 degrees from their original orientation)

0-G Results

As shown in Figure 5, the droplet dome was more rounded in 0-G than in 1-G, but the 
contact angle did not change significantly. 

Figure 5: Water Adhesion in 0-G

The parallel membranes were not successfully tested (see Discussion section below).
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Discussion
A Class-IV infrared laser was obtained in order to test the Marangoni effect, which is the 
change in surface tension of a liquid when it is subjected to a thermal gradient[1]. This 
aspect of the experiment was dropped because of a few safety concerns. However, 
further research confirmed that Dr. Pettit’s Marangoni experiments took longer than 30-
second intervals of microgravity to witness, making it difficult to test during the time 
provided.

A glitch during the first flight resulted in the loss of data, so the second flight was used 
to record data for both membrane configurations. The parallel set-up was tested first, 
and the single membrane set up was tested after. This differed from the original plan, 
which was to test one configuration in each flight.

The snake camera was unable to view the water droplets in the parallel setup. 
Furthermore, the humidity from the first flight caused the parallel membranes to warp 
away from each other, making them impossible to test. Therefore no data was collected 
for the parallel setup. In addition, the amount of data collected for the single membrane 
was limited, as there was not enough water in the syringe.
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Conclusions
Learning

The data indicated that the contact angle a drop of water makes with NAFION is barely 
affected by changes in gravity. Lower gravity results in a slightly larger (more obtuse) 
contact angle and therefore less wetting. Though the results are slight, they confirm the 
first hypothesis. It is interesting to note that gravity affects the overall shape of the 
droplet more than the contact angle. 

An explanation of this phenomenon is offered in Figures 8 and 9. The relative lack of 
change in the contact angle can be attributed to surface tension, which arises from the 
Van der Waals forces between molecules. These forces are not affected by gravity due to 
their atomic scale. Molecules at a gas-liquid interface (at the droplet’s meniscus) 
experience a net force inward because the Van der Waals bonds only arise between 
molecules in close proximity to each other (diagram in Figure 8; liquid molecules on 
lower right and gas molecules on upper left). 

Figure 8: Van der Waals Forces at a Gas-Liquid Interface

Due to van der Waals forces only working in close proximity, the net forces on the 
molecules would be strongest at a solid-liquid interface, such as that between the water 
droplet and the NAFION membrane. The next-strongest net forces would be at the gas-
liquid interface (again, see Figure 8).
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Figure 9 shows the difference in net forces incurred by van der Waals forces on water 
molecules between two different gravity levels. In zero-gravity, the van der Waals forces 
are the only forces acting on the molecules. The droplet thus assumes a hemispherical 
shape because the net forces along the gas-liquid interface are roughly equal. It takes 
less energy to form a sphere than it does for any other three-dimensional shape. The 
minimization-of-energy principle holds true when the droplet is subjected to 
gravitational acceleration. In this case, the water molecules are squashed down on each 
other. The contact angle does not change much because the gravitational acceleration 
forces more molecules to the bottom, lessening the net forces near the top and 
strengthening the forces near the bottom (see Figure 9). 

Figure 9: Net Forces by Surface Tension on Water Molecules in Different Gravity Levels (not to scale with 
each other)
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Changes for Future Experiments
The unanticipated increase of humidity inside the glovebox after the first flight affected 
the parallel membranes. Instead of focusing on the Marangoni effect, efforts would be 
focused on a humidity control apparatus installed inside the glove box. This would be 
running between flights and monitored to maintain optimal conditions.

The team will also ensure that the syringe is filled to maximum capacity. On the first 
flight, two ounces of water was an ample amount to conduct the experiment and record 
the results. Due to the unforeseen technical issues with the recorded data, the majority 
of the original amount of water was used before the result was successfully captured on 
film. The team concluded that if the syringe was filled to its capacity of ten ounces, 
more data would have been captured.

Contribution to NASA’s Goals

Our mentor, Elizabeth Blome, indicated several engineers at Johnson Space Center were 
interested in the results of our experiment, because of its potential for use in future 
spacesuit life-support systems. Our results could also be used as a reference while 
designing microfluidic labs aboard future spacecraft and rovers[1].

Our experiment has the potential for use in small, low-pressure water-electrolysis 
systems for spacecraft. One example would be a water-electrolysis propulsion module 
for CubeSats[3]. Due to the high specific impulse of hydrogen-oxygen propellant, this 
type of system would have a much longer lifespan than other small propulsion systems, 
and provide a boost to private organizations that do not have the resources to build 
more complex spacecraft.

Outreach Completed

Because their leader is deaf, the team made contact with the American School of the 
Deaf in Hartford, Connecticut in order to arrange an online class or chat with their 
students by video relay. That session would have communicated the science of water 
electrolysis to the students in sign language. The team also tried to contact the Missouri 
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and Colorado Schools of the Deaf, but only the American School responded. They could 
not agree to accommodate the team in the required timeframe. 

Although it was not listed in the proposal, the team sent multiple copies of the flight 
DVDs to interested parties. Some of these recipients were National Community College 
Aerospace Scholars (NCAS) alumni, because each member of the team went through 
this program prior to entering the Reduced Gravity Education Flight Program. Three 
sets of DVDs were also sent to the lead school, Tacoma Community College, in order to 
inspire the next batch of students to try out for the RGEFP. A research poster is under 
construction for display at the Washington NASA Space Grant’s awards reception and 
then at TCC’s science and engineering building.

The team is currently working on setting up a presentation to be viewed at Naugatuck 
Valley Community College. This would consist of explaining the experiment as well as 
promoting NASA’s RGEFP. The outreach coordinator is also attempting to make contact 
with local science centers who will allow a presentation of the experiment to be viewed 
at each of these locales.
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