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Today’s Theme

When reviewing years of Surface Evolver work in 
capillary fluids for this talk I find that each task 
began with a simple question such as:

• Where is the liquid? 

• When will the liquid stay there?

Nothing more difficult.



Contact angle and Surface Tension
Simple surface tension, as an energy per area, is used 

throughout.
Contact angle is a macroscopic lie we tell about the results 

of molecular motion.  It is neither physical nor a 
boundary condition.  

Contact angle and/or surface tension influence:
• Existence and uniqueness of solutions in capillary 

problems
• The static shapes of liquids-gas mixtures
• Capillary stability
• Critical wetting
Some gravity or acceleration today too



0-g is Everyday Fluid Dynamics

Zero-gravity (micro-gravity, low-gravity, reduced-
gravity) fluid dynamics is an everyday topic:

• International Space Station operates continuously.
• Communication satellites are used constantly by 

industry and people around the globe.
• Low-g fluid dynamics topics are not just spaceflight 

applications but also Earth-bound applications. 
• In orbit now: Capillary Fluids Experiments V.2 and 

Germany’s Capillary Channel Flow experiment.  
• Fluids Education is in design by Purdue undergrads



Relativity and Zero-Gravity Fluids News

• Gravity Probe-B: Physical Review Letters, June 3, 2011



Where is the liquid? Gravity Probe B satellite
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The satellite is built around a 2500 liter Dewar 
for liquid Helium



Gravity Probe-B 2500 liter Helium 
Dewar geometry

w

Relativity 
experiment 
inside inner 
cylinder



Helium bubble (white) 

Increasing Spin Rate

Liquid helium is gray, central post is black
The AXISYMMETRIC bubble is desired



Brakke’s Surface Evolver
The Surface Evolver code was used by its creator, Ken 

Brakke, to solve for the spin rate required to wrap the 
bubble around the post.  

His work is not published, but see
“ringblob” demo in the Surface 
Evolver download.

Cost and schedule prevented a 
zero-gravity experiment. 

We ran a 1-g experiment to 
compare to some 1-g 
Surface Evolver computations.  
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1-g GPB Results

Our earliest original
Surface Evolver model

1-g Experiment
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1-g GPB Results, c. 1994, confirms Surface EVolver

Non-dimensional Bubble Volume

Rotational Bond Number (spin squared)

SE Results

+   Experiment



Infiltration of a Square Close-Packed 
Sphere Layer

Motivated by a previous hex-packed result by Professor 
Kevin Trumble in Materials Science at Purdue University

A partnership with Dr. Lev Slobozhanin, then of Case 
Western Reserve University in Cleveland, Ohio

Capillary pressure versus infiltrated volume was the 
primary result

A graduate student at CWRU later added gravity



Switch to old movie



Where is the Liquid? Water in Lung Passages
William Lindsley of the USA’s Centers for Disease 

Control (CDC), National Institute of Occupational 
Safety and Heath (NIOSH) was studying how water 
droplets can obstruct lung passages.

Consider a circular cylinder filled with air.
• Where is the liquid?  What shape?
• How much water until the passage is blocked?

Lindsley completed analysis of the two axisymmetric 
solutions.  The non-axisymmetric solution we studied 
with Surface Evolver.
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Application: Tubes
• What volume of liquid will 

seal off a lung passage?  

• What volume of a gas 
bubble will span a water or 
fuel line in orbit?

• How do these volumes 
depend on contact angle?

A Rigid Circular Tube

R = 1

Length as 
needed

These generate several other questions:
What are the possible topologies?
What are the pressures in the drop or bubbles?



23

Complex Minimum E Question
Consider five possible solution 

topologies a circular cylinder in 
weightlessness.
– Plug
– Annular 
– Wall-bound droplet
– Free droplet
– Liquid bridge (none found)

Which one is the minimum energy 
solution as a function of liquid 
volume, V, and contact angle, q ?

Where in the (V, q ) parameter space 
can each solution exist?  Where are 
they linearly stable?

Clearly a 3-D solver is required!

3-D

3-D

1-D

1-D

2-D
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From Associated Press reports, Jan 5, 2005

“Cosmonaut Salizhan Sharipov and astronaut 
Leroy Chiao spent most of Wednesday trying 
to fix the Russian-built oxygen generator. The 
latest problem appears to be similar to what 
crippled the system last year: gas bubbles in 

the machine's extensive plumbing.”
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Assumptions

• Straight circular tube. Radius: R = 1.

• Rigid, impermeable, and smooth walls.

• Uniform contact angle 

• Uniform surface energies (free, dry, wet)

• Fixed volume drop, non-dimensionalized by R3

• Zero gravity (but can be added later).  

• Free contact lines, fixed contact angle.

• Energy = Free Surface + Wetted Surface
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3. Droplet

• First known analysis of the 3-D case over nearly the full range of 
contact angles.  0o < q < 180o.

• 3-D solutions are found using Surface Evolver.

• See Physics of Fluids, August 2006, Collicott, et al.

10o 30o 60o

150o120o90o

170o



Examples
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Max. Drop Volume – 3 mechanisms
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Results: A Map of existence (lines) and 
minimum Energy(shading)
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Tube Conclusions

• 3 topologies with at least one stable equilibrium solution 
contacting the wall are found (plus free sphere).

• The 3-D wall-bound droplet is almost always the stable 
solution for V < ~3.5

• The axisymmetric plug is almost always the stable solution for 
V > ~3.5

• The axisymmetric annulus is the stable solution only under q < 
~20o and ~2.4 < V < ~4.5

• The free sphere solution is minimum energy only as the 
limiting case of a wall-bound droplet as q -> 180o

• Pulmonary research will require addition of gravity and this 
will also model an accelerating spacecraft.



The Fluids Education 
Experiment for the ISS

Steven H. Collicott
Purdue University

School of Aeronautics and Astronautics

John Kizito
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North Carolina Agricultural and Technical State University
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Fluids Education (FE)

• A small but unique capillary fluids experiment.
• Science, Technology, Engineering, and Mathematics 

educational impact is sought in addition to the novel 
fluid physics investigations.

• Purdue and NCAT undergrads are designing the 
experiment, doing the science, processing the data, 
prototyping hardware, designing on-orbit operations, 
creating astronaut training, and throughout the process 
they are also developing middle-school STEM impact.

• Hardware and operations choices from CFE are copied 
for risk reduction and schedule efficiency.

• Presently funded by NASA for the first year only.
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Prior work: CFE-Vane Gap In ISS

ITTW September 2013 34



Fluids education Program goals

• Create and perform a unique undergraduate-built 
capillary fluids experiment on ISS

• Lead undergraduate students through a multi-year 
design-build-test program for the experiment

• Drive, create, implement middle-school STEM 
activities, curriculum content, outreach, publicity, 
etc. based on the topics in the experiment
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Science goals

1. Test Surface Evolver predictions for ranges of existence 
of different solutions

2. Test Surface Evolver predictions of stability

3. Test Surface Evolver predictions of overall shapes: 
lengths, heights, etc.

4. Generate video data for dynamics of transitions 
between states

5. Observe and learn

To do these, we need to inject liquid into the tube in small, 
controlled volume increments.  Withdraw liquid too.
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To move into orbit

• A constant-diameter tube invites 
trouble with improper droplet 
positioning caused by dirt, varying 
surface finish, etc.

• So a bi-taper, inverted bi-taper, and 
cone designs were analyzed

• The doubly-truncated cone is the 
best choice, with a sphere to avoid 
wetting the end.

• In a cone Surface Evolver is 
required to analyze annulus and 
droplet.  Plug is still analytical.

ASGSR 2012
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Block Set
• A Block Set is assembled from 3 smaller blocks.
• As shown here: top, middle, and bottom blocks.
• This design eliminates acrylic joints in the 

“Science Section” but permits CNC machining 
and subsequent polishing of the test vessels.

• The reservoir is also formed by these blocks, is in 
the right rear in this image.

• Three smaller blocks will be bonded together 
with thru-bolts for redundancy.

• Cut-outs on the vertical corners of the middle 
block avoid drilling long holes in acrylic.

• Small corner risers in the top and bottom block 
fit into corner cut-outs in the middle block to 
provide proper 2-D positioning in the plane of 
the joint for gluing.  That is, the blocks are “self-
jigging” for assembly.
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2D. Test Vessel Implementation
• In a cylinder, uneven cleanliness, surface 

roughness, etc., could move the liquid around 
the tube to unwanted positions.

• Thus, the science section is tapered to drive the 
liquid to the small end.  This is the green “Science 
Section” in the sketch.

• Yellow “Extra Length” is to accommodate 50% 
error in predication of the longest droplet.

• Red “Spherical Cap” is large enough radius to 
prohibit liquid from wicking into the cap.

• Red “Anomaly Funnel” to be explained in 
operations.

• Cross section of each test vessel is circular or 
elliptical.
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Example Equilibria

Red side faces the liquid.  
Fluids Education, Phase-1, October 1, 2013 40



3A. Hardware: Major Elements

• Acrylic Block Sets (4)
• Top Plate
• Base Plate
• Pistons (4) 
• Valve shafts (8)

Minor elements:
• O-rings (44)
• Knobs (12)
• Thru-bolts (14)
• Spring steel (8)
• Valve plates (4)

Fluids Education, Phase-1, October 1, 2013 41



Fluids Education, Phase-1, October 1, 2013 42



Fluids Education Status

• Scheduled for launch in early 2015.  

• Students performed test-fit and camera positioning 
tests in the Space Vehicle Mock-up Facility at NASA-
JSC.  

• Science design 95% finished.

• Prototyping valves, pistons, reservoirs, etc.

• Middle-school STEM curriculum draft completed.

• Awaiting word on continued funding.

• Taught as a class at both Purdue and NCAT

ITTW September 2013 43
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Propellant Management in Zero-g, 
Cassini Spacecraft



Where is the liquid?  Satellite Propellant 
Management Devices (PMDs)

• Critical wetting in corners was well understood (Concus & Finn, Weislogel)

• But practical PMD designs have a gap between the vane and the wall, not a 
solid corner.

• When is the gap small enough to act like a corner with a critical wetting 
phenomenon?  Bit of an awkward question this many decades into spaceflight.
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Vane-Wall Gap
Critical wetting studies in a vane-wall gap geometry (Ph.D. student 

Yongkang Chen).  This is a study of one common passive 
component of satellite propellant tanks.  Used for 30+ years but 
poorly understood.  

Cross Section

Two zero-gravity cases from 
the first Purdue drop towerThe gap
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Surface Evolver Examples

Critical wetting studies in a propellant-
management vane-wall gap geometry 
(Ph.D. by Yongkang Chen).

Converged finite-
height case

Un-converged case
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Vane-wall Gap

• We now understand the physical limits of the how 
such gaps can act like solid corners.

• Non-dimensional gap size (gap / vane thickness) is 
the most important parameter.

• Perfect alignment of the vane normal to the wall is 
not necessary and, in fact, may not even produce the 
strongest wicking.

• Blunt edges on the vane do not destroy the effect. 
• This work led to the design of a space-station 

experiment on critical wetting and capillary advance 
rates.  



Conclusions
• Clearly, Surface Evolver has unique powers.
• Many years ago I thought I would use Surface Evolver until 

computers became sufficiently powerful for CFD to model capillary 
topics.

• However, a surface mesh always requires less computing than a 
volume grid does. 

• It seems that everybody is running CFD codes now.  I’ve even met 
teenagers who have experience running and even writing CFD 
codes.  Why would I want to try to catch up to them mid-career?

• However, as computers become more powerful, we can attack 
more complex problems, larger parameter spaces, larger ranges of 
lengths scales in one problem, etc. with Surface Evolver.

• Thus, I’m just going to keep running Surface Evolver, 
– So I wish to partner with CFD’ers, mathemeticians, etc.
– Talk to me, email me,…

• Thank you again for including me in the workshop.  I look forward 
to a delightful week.


	Topics in Capillary Fluid Statics
	Acknowledgements
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Today’s Theme
	Contact angle and Surface Tension
	0-g is Everyday Fluid Dynamics
	Relativity and Zero-Gravity Fluids News
	Where is the liquid? Gravity Probe B satellite
	The satellite is built around a 2500 liter Dewar for liquid Helium
	Gravity Probe-B 2500 liter Helium Dewar geometry
	Helium bubble (white) 
	Brakke’s Surface Evolver
	1-g GPB Results
	1-g GPB Results, c. 1994, confirms Surface EVolver
	Infiltration of a Square Close-Packed �Sphere Layer
	Slide Number 20
	Where is the Liquid? Water in Lung Passages
	Application: Tubes
	Complex Minimum E Question
	From Associated Press reports, Jan 5, 2005
	Assumptions
	3. Droplet
	Examples
	Max. Drop Volume – 3 mechanisms
	Results: A Map of existence (lines) and �minimum Energy(shading)
	Tube Conclusions
	The Fluids Education Experiment for the ISS
	Acknowledgements
	Fluids Education (FE)
	Prior work: CFE-Vane Gap In ISS
	Fluids education Program goals
	Science goals
	To move into orbit
	Block Set
	2D. Test Vessel Implementation
	Example Equilibria
	3A. Hardware: Major Elements
	Slide Number 42
	Fluids Education Status
	Slide Number 44
	Propellant Management in Zero-g, �Cassini Spacecraft
	Where is the liquid?  Satellite Propellant Management Devices (PMDs)
	Vane-Wall Gap
	Surface Evolver Examples
	Vane-wall Gap
	Conclusions

