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ABSTRACT:
Propellant Management Devices (PMDs)
located within the propellant tanks of spacecraft
and satellites operating in micro-gravity
environment are used to control propellant
distribution within the tank in order to improve
vehicle dynamics and performance. In the
micro-gravity environment, viscous and capillary
forces can dominate body forces, and special
considerations of these effects must be taken
into account when designing a unique PMD for
each mission and propellant combination. New
high performance green propellants (HPGP) are
under development to improve performance and
reduced mission costs, and elicit efforts to
further improve design of fuel tailored propellant
storage and feed systems. This paper presents
the design and implementation of apparatuses
intended to obtain high quality imagery of liquids
in exotic environments consistent with propellant
tanks for rockets and spacecraft, as well as a
review and comparison of several droplet
photograph analyzing techniques used to
determine surface tension and wall contact
angle. This paper's review of testing and
analysis techniques, as well as its development
of a testing apparatus that can sustain an
adequately
pressurized
environment
for
cryogenic gases in addition to chemical
compatibility for solvent-based propellants, can

be used to design spacecraft or satellite PMDs
which operate with newly emerging propellants.
1. INTRODUCTION
Micro-gravity environments present unique
challenges associated with the design of
propellant management devices (PMDs) for
spacecraft and rockets [1] [2]. In space, viscous
and capillary forces can dominate the body
forces (gravity/acceleration) and so propellant
tank and PMD designs must take into account
these effects of a micro-gravity environment.
Propellant slosh and wicking effects can
contribute to significant trajectory changes,
vehicle dynamics behavioral changes, cyclic
wear, draining problems and tank overpressure
events [3]-[5]. In order to mitigate such risks, the
behavior of the fluid must be accurately
predicted and ultimately controlled with the use
of PMDs located within the propellant tanks. The
design of such PMDs relies on accurate
knowledge of the fluid's properties, such as the
fluid's surface tension and contact angle with the
tank wall. The liquid-vapor interface's shape and
therefore fluid distribution within the tank is
strongly influenced by wall contact angle and
surface tension in microgravity conditions [6].
The PMDs located within a propellant tank come
in many varieties such as wicking geometries
and surfaces, as well as baffles, and slosh
suppressing inner tank structures. An example
of a PMD is shown in Fig.1.

Figure 1. Satellite propellant tank with propellant management devices [7] [8]
The PMD shown in Fig.1 was designed for a
geosynchronous satellite. The tank is spherical
and the PMD is mounted within the propellant
outlet hemisphere. The trap is welded directly to
the tank wall. The PMD provides propellant
during repeated unlimited duration settling
insertion burns while three axis stabilized or
while spinning about an off centerline spin axis,
repeated limited duration lateral burns, and a
once in lifetime station change event. The vanes
are aligned with the spacecraft axes and are
designed to refill the sponge during periods of
zero gravity coasting. The fan shaped sponge
supplies propellant during the main engine
ignition transient and during all lateral station
keeping maneuvers. Lateral station keeping
maneuvers use a limited propellant quantity and
are separated by long periods of coast. The
sponge feeds propellant to the trap via a small
screened trap inlet window below the sponge.
The trap inlet window is positioned outboard
within the spacecraft to access propellant while
spinning. The trap is designed to provide a
limited quantity of propellant for a once in a
lifetime station change maneuver. Tubular
gallery arms within the trap containing
perforated sheet windows deliver trap propellant
to the outlet [7] [8].
Each PMD must be custom designed for the
mission and propellant associated with the
spacecraft or satellite. Today there are initiatives
in place to develop new high performance green
propellants (HPGP) to enable improved
performance and reduced mission costs as
compared with traditional propulsion systems for
spacecraft and satellites [9]-[18]. Several
satellite and spacecraft thruster systems which
will utilize high performance green propellants
are being currently designed, developed and

tested. A 1 N HPGP thruster is being developed
for several new European and US missions for
attitude and orbit control of small spacecraft.
The engine has been demonstrated during the
PRISMA mission and is the baseline thruster for
several new European and US missions [19]. In
addition to a 1 N thruster, scaled-up versions for
5 N and 22 N are under development in order to
form a suite applicable for satellite propulsion
systems for attitude, trajectory and orbit control
of small to medium size spacecraft. The 22 N
HPGP rocket engine has been designed for
attitude and orbit control of spacecraft. These
examples of HPGP engines are aimed to
replace hydrazine thrusters in conventional
monopropellant propulsion systems, resulting in
significant density impulse improvement. These
thrusters are typically designed for operation in
steady-state and pulse mode. The 22 N HPGP
rocket engine development models have been
successfully test fired, thus verifying the
feasibility to scale the HPGP technology to
higher thrust levels [20].
In order to measure more precisely the behavior
of propellants in conditions most similar to those
of a fuel tank in space, several methods of
measuring contact angle under actual low
gravity conditions have been used. Specifically,
the most common of these low gravity
measurement methods have been undertaken
using drop towers and parabolic flight
campaigns [21] [22]. These methods, while
beyond the scope of this paper, are useful for
experimentally confirming analytical models of
fluids at different gravity magnitudes. These
analytical models have historically been shown
to be in good agreement when applied to small
droplet sizes, such as those models derived
from the Young and Young–Laplace equations,
while the predictive ability of the models diverge

for larger fluid volumes. These microgravity
measurement approaches are not undertaken in
this paper because an arbitrary variation in the
body force can be analytically accounted for in
the applied models of the liquid element,
rendering a measurement at a specific gravity
magnitude unnecessary for the droplet scale
observed in this paper. The droplet shape is
described adequately by the Young and YoungLaplace
equations
in
reduced
gravity
environments which means that measurements
taken on the surface of earth are in most smallscale-cases adequately deterministic of the
molecular properties which are necessary to
predict reduced gravity behavior.
The objective of this work is to present several
propellant property experimental platforms from
which droplet photography is conducted, as well
as a review and analysis of several photo
processing methods for obtaining surface
tension and contact angle on a variety of
surfaces. The work discussed in this paper
provides a means of obtaining properties used
to predict the behavior of the liquid-vapor
interface. This liquid-vapor interface behavioral
information is necessary to the design and
operation of HPGP engines and PMD
technologies. This approach outlines the
development and implementation of varied
optical techniques used to measure contact
angle/surface tension on a variety of surfaces.
The tests which are photographed for fluid
property analysis focus on varying inclination
and surface passivation. The data extraction
phase of the methodology assesses various
techniques; for contact angle measurement
polynomial fitting, Axisymmetric Drop Shape
Analysis (ADSA), and cubic spline fitting
techniques were researched and performed; for
surface tension measurement, ADSA, Finn Knut
Hansen’s method, and the capillary force
balance test were researched and performed. A
benchmarking verification of the resulting data is
included in the results, and makes use of known
materials, in order to verify the method's
accuracy for contact angle and surface tension
measurements. The measurement method
which produced the least error was then used to
obtain results for water on a variety of surfaces,
and surface passivation preparation techniques,
the results from which are reported.
2. LITERATURE
INTRODUCTION
METHODS

REVIEW
AND
TO
ANALYSIS

A brief overview of the literature background
necessary
for
appreciation
of
these
measurements and their impact will be covered
in this section, focusing on contact angle and
surface tension. Contact angle is the angle
through a liquid, bounded by the vapor and
contact surface interfaces, measured from
where the three interfaces intersect. Contact
angle quantifies a liquid's wettability, which is a
measure of the liquid's ability to adhere to
surfaces. A liquid is said to be non-wetting if its
contact angle is at 180° and as the angle lowers
the inversely proportional degree of wettability
changes until at 0° it is considered perfectly
wetting, a visual representation of this is shown
in Fig. 2. This geometric feature of the liquid is a
result of the intermolecular forces at the
fluid/gas/solid interface and can vary due to
hysteresis such as surface contamination, fluid
solidification, fluid motion, fluid evaporation,
temperature, and pressure. The forces
governing the liquid-vapor interface geometry
and behavior of a fluid are explained
theoretically in detail by the laws of molecular
attraction and repulsion, in liquids these are the
Van der Waals forces.
Van der Waals forces are defined in the
Fundamentals of Adhesion as interactions
sharing the common feature where "the bond
energy is proportional to the inverse sixth power
of the separation distance", which occurs due to
three types of intermolecular bonds including:
“dipole-dipole, dispersion, and dipole-induced
dipole interactions" [23]. These forces govern
the repulsive and attractive interactions of
molecules on surfaces, for intermolecular forces,
and for the liquid-vapor medium that is the
concern of PMD design. When gravity is the
dominating force and when the interfaces are at
equilibrium with no hysteresis adversely
affecting the system's inherent adhesive
behavior, the intermolecular forces can be
neatly resolved analytically through the YoungLaplace Equilibrium force balance [23].

Figure 2. Degrees of Wettability
The Young-Laplace force balance determines
curvature from the balance of intermolecular
surface forces and the liquid's hydrostatic
pressure variation due to elevation within the

fluid volume, from which density and gravity
must be known in order to solve for droplet
profile shapes, or inversely the shape must be
known to solve for intermolecular fluid
properties. These forces are represented as
three surface energies or surface tensions which
are often denoted graphically by a vector
directed tangentially from each interface [23].
The Young-Laplace force balance can be used
to find the contact angle of liquids by utilizing the
Axisymmetric Drop Shape Analysis (ADSA)
technique [25]. ADSA uses an image of a
sessile drop to fit a theoretical Laplacian curve
to the drop's cross-sectional profile using known
physical properties of the fluid such as density of
the liquid and gravity, to calculate hydrostatic
pressure. The fitted curve is then iteratively
optimized until the theoretical and experimental
profiles match within some tolerance. Surface
tension, contact angle, surface area, and droplet
volume, can then be produced from this
matched theoretical curve. Some drawbacks of
this technique include the necessary assumption
that the drop is physically ideal (without
hysteresis) and axisymmetric; in practice it is
unlikely that a perfectly axisymmetric and
uniform drop can be reliably reproduced in a
laboratory setting. However the assumption of
axisymmetry is traditionally made in most visibly
uniform cases in order to simplify the
measurement and analysis process. This force
balance ideally requires "equilibrium conditions",
which would entail precise control or knowledge
of temperature, pressure, and convection of the
gas, evaporation, movement of the liquid, and
surface homogeneity. For practical research of
these phenomenon, which of these parameters
are precisely controlled is highly case
dependent, for instance cryogenic fuels need
specific temperature accommodations during
testing to this effect.
Another parameter than greatly influences the
liquid-vapor interface's shape and behavior is
the liquid's surface tension, or surface energy.
The surface tension phenomenon is analogous
to that of an elastic membrane that is held in
tension between two unequal pressures; in this
example the membrane is what would hold the
system in equilibrium. A droplet of liquid
behaves in the same manner, with the surface
of the liquid behaving as a membrane in tension
between two unequal pressures. This "tension"
effect is a result of intermolecular forces from
the liquid attempting to cling/bond together at
any given opportunity. These balanced
intermolecular forces determine the shape and

surface energy of the liquid element when it
comes into contact with another substance. This
force, surface tension can be defined as a force
per unit length of the surface acting
perpendicular to the surface. This force balance
is the same as the one that determines contact
angle in Young's equation [23]. The effect
surface tension has on a fluids behavior can
also be influenced by the same hysteresis as
previously discussed for contact angle, such as
temperature, pressure, and droplet nonuniformities. Using the combination of surface
tension and body forces in a nondimensional
capacity, the characterization of droplet forces
when a droplet is suspended in a medium is can
be described by the dimensionless parameter
called the bond number. Bond number is
defined as the ratio of body forces over surface
tension forces. This value quantifies the forces
considered paramount to mathematically
describe the boundary conditions for a droplet
[30]. Bond number is often used as a general
means of evaluating and matching test cases to
their practical situational counterparts.
Droplet non-uniformity manifests itself in several
different ways, for example: bubbles can form
within the droplet, the droplet can form to be
abstract or oblong in shape, a non-uniform
contact surface could cause variations in
distribution and contact angle, and droplet
movement or evaporation before rest can also
affect droplet uniformity. Movement and
evaporation (before coming to rest) in particular
can cause large variations in contact angle, so
much so, that each requires a separate naming
designation. A liquid-vapor interface that is
moving away from the vapor interface and then
comes to rest is called a static receding contact
angle. While a liquid-vapor interface that is
moving towards the vapor interface and then
comes to rest is called a static advancing
contact angle. There are also: equilibrium,
apparent
microscopic,
microscopic,
and
dynamic as shown and explained in Fig.3 [24].
Variation in the liquid-vapor interface can also
be caused by changes in temperature. The
physical culmination of intermolecular forces or
Van der Waals type forces is a function of
temperature and therefore the force balance and
subsequently the liquid-vapor interface's shape
is affected. However, from previous work it is
found that taking into account only Van der
Waals forces in the liquid and vapor mass in the
ideal
sharp-kink
relationship
between
temperature and contact angle fails to describe

the actual phenomenon completely and instead
hysteresis such as the contact surface type play
large roles in experimental measurement [28].
As a result, realistic relations are most
accurately obtained from empirical data; an
approach which was undertaken in this paper's
methodology. A less accurate general trend of
this relation can however be described at a
molecular bond level by the increases in

Contact Angle
Equilibrium

Static Advancing

Static Receding

Schematic

temperature causing larger thermal molecular
vibrations which raises the potential energy of
the liquid in the bulk phases of liquid and vapor
to overcome the intermolecular forces at the
interface. The resulting trend of this interaction
is that with an increase in temperature, a
decrease in surface tension is observed along
with a decrease in contact angle [26].

Description
For thermodynamics equilibrium, the contact angle is given by
Young’s equation. This applies to an ideally smooth and homogenous
solid surface and a system free from contamination and fluid motion
where the advancing and receding contact angles are equal.
Contact angle obtained when liquid first advances and
then comes to rest on an initially dry and clean solid surface
Contact angle obtained when liquid recedes and then
comes to rest on a region of a solid surface which was
previously occupied by the liquid (for example, during
evaporation with a moving contact line or fluid removal with a
fixed wetted area)

Apparent
Macroscopic

Contact angel formed by the extrapolating the
macroscopic liquid-vapor interface to the mean solid interface.
Influenced by surface roughness, its value depends on the
position of the contact line where the interfaces intersect.

Microscopic

Actual equilibrium contact angle which exists in the
microscopic precursor film near vicinity (< 1 µm) of the
apparent contact line.

Dynamic

A non-equilibrium contact angle which exists during the
dynamic spreading of the liquid on the solid surface. The liquid
motion, caused by unbalanced surface tensions or external
forces can be advancing or receding.
Figure 3. Definitions of Contact Angles

Like temperature, pressure effects also
influence the liquid-vapor interface, although
less directly. Pressure’s largest role is its effect
on liquid nucleation. While nucleation is primarily
influenced by evaporation and condensation
rates, pressure holds a direct relationship to a
liquid’s boiling point and if lowered can cause
nucleation to
occur
at
relatively low
temperatures. When nucleation occurs between
the fluid surfaces interfaces a layer of vapor or
crystals can alter the preferred structural

arrangement of the fluid elements and therefore
change the contact angle of the droplet
dramatically, in the case of a vapor this
phenomenon is called the Leidenfrost effect
[29]. For experimentation involving higher
temperatures at which boiling becomes an
issue, wetting characteristics are a distinct
interest because of their influences on heat
transfer with contact surfaces for high
temperature fluids. As such, pressure must be
manipulated to allow for temperature conditions

that replicate the
desired
application's
environment, which can vary by a large degree.
Cryogenic fuels for example need to be tested in
tank-like pressure/temperature environments in
order to obtain the relevant contact angle and
surface tension data. In cases where boiling
becomes an issue, a pressure vessel allows an
experimenter to raise the water saturation
temperature and still retain the ability to
measure a contact angle on surfaces to a limit of
170°C [26]. Thus a pressure controlled
environment is integral for measuring the full
spectrum of contact angle dependencies on
temperature, the pressure controlled testing
chamber built for the testing in this paper is
exhibited in Fig. 11.
Bernardin et al. presented a unique testing
apparatus for determining the temperature
dependence of droplet contact angles [24]. This
apparatus is capable of withstanding medium
pressures up to 2.2 MPa or 319 psi and
temperatures up to 220 degrees Celsius. The
device delivers droplets under pressure, but
requires a "drop-catcher" to be positioned
beneath the needle following droplet delivery to
intercept any further unwanted droplets. This
need is most likely to the use of a solenoid
valve, as these valve types are typically
associated with an inherent leak rate.
Additionally, the device utilizes a temperature
controlled and heater equipped sample platform.
Based on the research undertaken at the time of
this paper's formation, current devices
specializing in contact angle measurement lack
the means of providing an adequately
pressurized environment for cryogenic gases
coupled with chemical compatibility for solventbased propellants. The pressure vessel
apparatus build for this study as shown in Fig.
11 is therefore thought to be unique in this
respect.
Another important influencing factor in the shape
of the liquid-vapor interface is surface
roughness and contamination. In the case of
most contact materials, oxide layers and
chemical reactions with the environment and
fluid can trap contaminants or alter the testing
surface, and so must be prevented during
testing in order to achieve significant and
repeatable result that can be attributed to the
testing surface, and not an artificial layer of
contaminate. In this paper, the primary contact
surface studied was commercially pure titanium
(Ti-CP) because of its common use as a fuel
tank material. Titanium naturally forms a
protective oxide layer in which contaminates,

such as iron from the machining process or
grease from handling, can become embedded
and as a result influence a fluid interface's
shape.
A method of combating this hysteresis is
passivation. Passivation of an oxidizing surface
is described as the process of removing the
oxide layer and contaminates from the surface,
typically by using various chemical baths, and
then allowing the oxide layer to reform on the
surface
without
contaminates.
In
the
experiments done for this paper, titanium was
passivated. The passivation process begins by
rinsing the titanium sample with deionized water
to remove solid contaminants. Next, the titanium
sample is placed in an Isopropyl – Alcohol (IPA)
bath to dissolve stuck on organic contaminants.
After the IPA bath, the titanium sample is placed
in an ammonia (NH3) bath to dissolve the oxide
layer on the titanium surface, exposing the pure
titanium underneath. After the NH3 bath, the
titanium sample is placed in a nitric acid bath
which dissolves contaminates on the titanium.
Finally, the titanium sample is dried in an oven
at 50˚C to remove any excess moisture from the
metal. At this point, the titanium has formed a
new oxide layer and the surface is free from
contaminates. This procedure was followed
during the
experimental
procedure
for
passivated tests.
The data processing and experimental
methodologies involved in measuring contact
angle and surface tension all have quantifiable
pros and cons discussed in literature and
observed through experimentation, and for this
paper, several were considered and tested. The
methods of measurement considered in this
paper are indirect measurement methods of the
droplet geometry, which are applied to droplet
photographs. Historically there have been many
indirect measurement methods for contact angle
and surface tension used where indirect
measurement is preferred or required. Early
methods were often developed in order to
compensate for poor image quality, a common
occurrence in earlier laboratories. Some
common older methods of measuring contact
angle are: The inverse tangent method as
described in Gutowski, W. et al. [23]. The halfangle method, where the angle is determined by
fitting a perfect circle to the droplet shape, and
the ellipse fitting method which is similar to the
half-angle method but replaces the circle with a
fitted ellipse [33]. These older methods are valid
only for small and specific droplet volume

ranges and geometries, such as for perfectly
spherical droplets for the half-angle method and
are therefore not considered in this paper due to
their limitations. Reviews of some of these older
methods alongside more modern methods such
as ADSA are discussed in Williams, L.D. et. al.,
Stalder, A.F. et. al., and Cheng, P. et. al. [33],
[35], [36]. For measuring contact angle from a
picture of a droplet, the three data processing
techniques which were evaluated are described
as follows:
The first to be discussed is the estimation of
contact angle through polynomial fitting, which is
shown in Fig.12. The polynomial for this method
is a fourth order curve fit created in Matlab and
applied to a 60 pixel horizontal range at each
end of the drop profile using an edge detected
by sharpness gradient magnitude. The slope at
the base of the droplet is calculated using the
polynomial curve fit and converted into a contact
angle. The benefits of this method are its
mathematical
simplicity
and
ease
of
implementation, while conversely drawbacks of
this method include inconsistencies created due
to the edge detection method and polynomial
approximation. Because test pictures can vary
dramatically from batch to batch, automating this
method becomes a question of consistent edge
detection in a variety of tests (and therefore
lighting scenarios). The most consistent
application of this method was determined to be
that of requiring a human data processor, who
hand selects points on the edge of the drop
profile, as opposed to automated edge
detection. As a result processing speed is
sacrificed and human error is involved, which
was found to be largely preferable to the
indiscriminate nature of the computerized edge
detection available.
For axisymmetric drops that are on a level
surface, the best method was found to be
ADSA; a result of this technique is shown in
Fig.14. ADSA provided the most consistent and
repeatable results for contact angle, and unlike
polynomial or spline fitting, ADSA lends
theoretical mathematical authority to the fitted
droplet profiles that it generates. Because ADSA
relies on a numerical force balance, the profiles
it generates are only ever ideal profiles that
could exist given the liquid's properties and ideal
conditions. These profiles are theoretically
physically accurate for the ideal case and so
matching the profile to an experimental data set
ensures that error is no longer introduced from
non-physically regulated polynomial or spline
fitting, and allows for the effects of hysteresis to

become more readily detectable. In practice, the
method is theoretically more accurate since it
relies in part on a force balance. A drawback of
the method is that it is exceedingly difficult to
automate and apply without already available
software. Determining contact angle through
ADSA, as well as through all of the methods
described in this paper, also relies heavily on
good picture quality. In the case of ADSA it is to
match a theoretical curve fit to an experimental
profile picture. So, to get the best results, image
preparation and lighting manipulation is advised
which lengthens the process [34].
Estimation of contact angle through spline fitting
was also evaluated, this technique shown in
Fig.13 is a similar curve fitting analysis to the
polynomial fitting method, however instead of a
fourth order polynomial, a cubic spline is drawn
to fit the curve using handpicked points. This
spline forming tool used in this paper calls this
style of spline a SNAKE. A SNAKE is linked by
elasticity constraints whose forces are of limited
range depending on the order of the spline
employed. Consequently, the snake is capable
of revealing local phenomena such as contact
angles while keeping trace of the global form of
a drop, an advantage to the polynomial fitting
method. This methodology suffers from the
same human error as previous methods, in that
the spline anchor points must be handpicked
along a drop profile and manipulated in order to
approximate the real profile by eye. Difficulties in
automation also arise as an issue. However for
asymmetrical drops, such as those intentionally
created during the rotary tests, a spline fit
becomes the preferred option as ADSA is
unable to process asymmetrical droplets.
Splines are also preferred to polynomial curve
fitting due to an increase in result consistency
between repeated tests and an ability to retain
influences of the global drop shape [35].
For surface tension measurement three
methods were looked at: ADSA, Finn Knut
Hansen’s method, and a capillary force balance
test. ADSA, when given fluid density and droplet
curve profile, outputs a theoretical capillary
constant necessary for the fluid to maintain its
shape. From the capillary constant surface
tension can be found. This method however,
proved to have a standard deviation on the
order of magnitude of 0.8 dyne/cm; making it the
least
accurate
method
for
precision
measurements of surface tension. The capillary
force balance test, when benchmarked with
deionized water retained a relatively low

uncertainty of 5%. The setup for the capillary
force balance test is shown in Fig.9. From this
setup it is visibly apparent that the test requires
more equipment than previous methods,
provides additional opportunities to introduce
contaminants, requires a large sample of fluid
(enough to fill a small reservoir), and takes
longer to perform. If done with stringent
procedures and adequate equipment it is
potentially more accurate than the other
methods tested in this paper due to its
procedure's direct analytical force balance
dependent on two distance parameters which
govern the data processing rather than requiring
the precise knowledge of a droplet shape profile
and it's theoretical counterpart. The capillary
action test use (1) to balance surface tension
with pressure due
to gravity, where
measurement parameters are obtained as
shown in Fig.9 [27]. The uncertainty analysis for
(1) is included in (19).
=

ℎ
4 cos

(1)

Where γ is surface tension of the liquid in N/m,
D is the inner diameter of the capillary tube in m,
ρ is the liquid density in kg/m3, g is force due to
2
gravity in m/s , and θ is the fluid’s contact angle
in degrees.
Finn Knut Hansen’s method (FKH) was the
preferred method for measuring surface tension
in this paper because FKH was able to achieve
similar low uncertainty values of 3-5%
comparable to the capillary force tests while
requiring a much simpler setup. FKH consists of
a numerical solution that is a least squares fit to
theoretical profiles produced by a numerical
integration of the Young-Laplace equation which
uses several shape parameters of a droplet,
shown in Fig.15 [32]. This method is simplistic to
automate; a Matlab program was written to
obtain measurements and process the results.
FKH provided the fastest turnaround for results
in surface tension measurement considering its
minimalistic setup, reduction of tool and material
preparation, and ease of result analysis
automation. A potential disadvantage of using
this method was that although it agrees well with
benchmarked results, it is not a direct analytical
force balance and instead uses a least squares
fit to theoretical profiles produced by a numerical
integration of the Young-Laplace equation, and
so is an approximation with potential limitations.
The FKH method is outlined as follows (where

the shape parameters are obtained as shown in
Fig.15):
=

∆
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where γ is surface tension of the liquid in N/m,
∆ρ is the change in mass density between the
liquid and vapor mediums respectively ρ2-ρ1 in
kg/m3, g is force due to gravity in m/s2, R0 is the
radius of curvature at drop apex in m, β is a
dimensionless shape factor, σ is the
dimensionless diameter ratio defined by (5), DE
is the maximum diameter of a pendant droplet in
m, and DS is the diameter at the distance DE
from the drop apex in m.
A mathematical theory approach was also taken
to determine droplet shapes and properties.
These analytical approaches can lend insight
into the balance of interacting forces, and
provide for more comprehensive fluid modeling,
which can directly assist in the design of fuel
tanks and PMDs. The Laplace-Young equation
when evaluated can predict the curvature and
shape of the liquid-vapor interface, given a
uniform surface tension separating the two
stagnant mediums. For use in this paper, we
take the ideal droplet profile and use it as an
ideal photograph case to be used as a baseline
for comparison of the droplet photography
analysis techniques.
This ordinary differential equation describes the
shape of the interface using a force balance
between vapor pressure, surface tension, and
hydrostatic pressure. The solution is subject to
scalar boundary conditions that are defined
based upon the system needed to be solved. In
the following mathematical method, the contact
angle and surface tension are defined as the
boundary conditions for a given droplet volume.
For a Sessile droplet on a flat plate the

analytical procedure for solving the LaplaceYoung equation is outlined as follows [30]:
1.
First a differential equation whose solution
is the stationary interface shape, given the
Laplace-Young equation, must be derived. The
following expression for mean curvature (km) is
used: km=1⁄2 ∇·n is used, where at the interface
we set F(x,y,z)=0, and redefine the normal vector
in terms of the entire domain: n=∇F/|∇F|.
2. The solution for mean curvature for an
axisymmetric interface given σ=f(x)
in
parametric form is: km=(1 ⁄ 2)((1+f'2-ff'') ⁄
(f(1+f'2)(3/2)) where z=f(x,y) in the Cartesian
coordinate system (x,y,z).

c.

7. The following initial value problem shown in
(8), (9) and (10) is then solved from ψ = 0 to ϴ
using numerical integrating. The coordinate
system used is shown in Fig. 4.
&9/&: = sin(:)/=

= = sin(:)/> + 9 − ?

= (3 * /(+(/01(90 − 2) − 1)

&9/&: = 0,

∙ (/01(90 − 2) + 2)))4⁄

b. Next the capillary length is found given
gravity (g), surface tension (γ), liquid
density (ρ2), and vapor density (ρ1):
5 = 6⁄7 ( − 4 )8

(7)

&>/&: = 2/?

(11)(12)

Now the solution is checked for
accuracy by verifying if the following
relations are fulfilled with boundary
conditions Σ(0)=0 and X(0)=0 :


(6)

(10)

a. To initialize the initial value problem:

b.

-(*)

(9)

Figure 4. Sessile droplet schematic in
dimensionless coordinates

6. The dimensionless integration constant C is
guessed
at
using
a
spherical
drop
approximation.
a. First droplet radius (a) is found given a
volume (V) and a contact angle (ϴ):

(8)

&>/& = −cos(:)/=

3.
Mean curvature is then substituted into the
Laplace-Young equation: 2km=(∆ρ ⁄ γ)g·x + B
where B is the mean curvature at the centerline,
a constant with dimensions of inverse length.
4.
The second-order ordinary differential
equation solution is then obtained:
f''=((x ⁄ L2 )-B)(1+f'2 )(3/2)+((1+f'2 )) ⁄ f and ψ is an
angle along the droplet profile and as a
parameter is introduced as ψ=-f’ which allows
us to reduce the second-order ordinary
differential equation to a system of two firstorder equations: dx ⁄ dψ=sin(ψ) ⁄ Q, dσ ⁄ dψ=cos(ψ) ⁄ Q where Q=sin(ψ) ⁄ σ + x ⁄ L2 -B given that
L is the capillary length.
5.
A definition of volume (V) is specified by

the following integration: %()   &' = *⁄+ where
d is the droplet height.

Using the previous terms, an initial
guess of the dimensionless integration
constant C can be obtained, along with
constant B which is the mean curvature
at the centerline with dimensions of
inverse length, where C=L/a and B=1/a.

A >  &9 = B

(13)

(C

Where: D=d/L is the dimensionless
droplet height, and E=V / (π L)3 is the
dimensionless droplet volume.
8.
The process is iteratively repeated by
changing C until the previous condition is
satisfied.

Results of this analytical approach are shown in
Fig. 5, and are compared to experimental data,
with good agreement. This approach is similar to
the one used by ADSA, in that it too implements

the same of Laplace-Young force balance to
compute droplet profiles, though with more
comprehensive mathematics.

Figure 5. Ten microliters of deionized water on aluminum (left), computed profile for comparison to same
volume of water on aluminum (middle), additional analytical drop profiles computed from Laplace-Young
force balance for constant volume of ten microliters at various contact angles (right).
Most measurement techniques for determining a
liquid's surface tension and contact angle
requires analyzing a photograph of the
substance in droplet form, therefore the higher
the photograph quality, the higher the potential
for an accurate analysis exists. The
experimental testing apparatus and camera
quality determines the quality of the photograph
sample. It is a goal of this paper to analyze
which image processing technique provides the
best result accuracy, and so utilizing the
Laplace-Young mathematics reviewed above,
ideal liquid-vapor interface profiles were
obtained to use as baseline images. These
baseline images are then used to determine
how well each analysis method performs when
provided with an analytically produced ideal
photograph of a droplet with a known contact
angle. These results and discussion for this
analysis can be found in the Data Analysis
Techniques and Uncertainty Analysis section.
3. INITIAL EXPERIMENTAL
FOR MEASUREMENT

APPROACH

The requirements of the experimental setup
were dictated in a case by case manner by the
variety of tests conducted for either the fluid's
surface tension or contact angle. Being such,
each experimental setup required a means of
controlling
such
previously
mentioned
theoretical hysteresis, for example: temperature,
droplet uniformity, and contamination. Each
experimental setup also requires a means of
optically recording the vapor-liquid interface of
the specimen, and later implementing one of the

various theoretical techniques used to analyze
the resulting sample image. After each module
experimental setup is validated, an all-inclusive
apparatus is introduced to combine all previous
apparatus
and
provide
an
additional
environmental control in the form of a pressure
chamber.
What follows, is a brief overview of the
experimental setups used for this research. One
of the common components to each of the
experiment's setups was lighting concerns,
since an optical form of data collection and
processing was common to all of the
experimental
approaches
as
a
main
requirement. The image quality is perhaps the
largest influence on the quality of data obtained.
In the experimental setups, backlighting is used
along with a light diffuser to create sufficient
contrast and brightness within the testing frame.
For the deployment of the sample, a precision
fluid dispensing needle controls the sample
droplet size to an accuracy of 1µl. In an effort to
research dependence of temperature on contact
angle several of the tests employed a Peltier
thermoelectric plate with a thermocouple
feedback loop, which is installed underneath the
contact surface allowing for control over the
surface's temperature to a resolution of 0.1 °C
through a digital controller, this setup can be
seen in Fig. 6. To cool the Peltier plate, a closed
loop water cooler (pump and fans) is used as a
cooling source.

A high resolution camera with a Telecentric lens
is used for macro image capture of the droplet.
Because the experimentation temperature limits
were of a modest range, a pressurized
environmental
chamber
was
deemed
unnecessary and negligible for the range of
temperature variation focused on for these initial
measurements. Though to continue with work
exploring the properties of fuels such as
cryogenics that necessitate an environmental
chamber's use, the final experimental apparatus,
presented in the subsequent section, features a
pressure vessel.
To visually align, and physically level the various
views of the droplet and capillary experiments a
leveling stage is used to position and fix the
camera's location relative to the fluid specimen,
this stage can be seen positioning the camera in
Fig. 7. A separate leveling stage, displayed at
the bottom of Fig. 6, was used to level the
experiment's contact surface, providing a
precise zero degree plane on which to measure
droplet contact angles. For the experiments that
required measurements of receding and leading
contact angles as a function of plate angle and
droplet roll angle, a computer controlled rotary
stage was used. This stage can be rotated by 1
degree increments with a tolerance of ± 0.125
degrees, a picture of this leveling stage being
used in an experiment is shown in Fig. 7.
Samples of resulting image captures from this
experimental approach using water on titanium
surfaces are shown in Table 3. These images
provide a fair sampling of the quality and
composition of the data obtained by this
experimental approach.

Figure 6. Flat plate droplet analysis setup.
Telecentric camera (A), thermocouple (B),
dispenser needle (C), light diffuser (D), titanium

sample (E), Peltier thermoelectric cooler/heater
(F), water cooler (G).

Figure 7. Contact angle droplet rotary table
setup. Lighting (A), 3 DOF precision adjustment
stage (B), telecentric camera (C), titanium
sample (D), rotary stage (E).
A series of pendant drop and capillary action
tests were also completed. For these
experiments, exact distances needed to be
measured in order to calculate surface tension.
To accomplish this, a small measurement reticle
was used as an in-frame distance reference,
and allows a conversion to be made from pixels
to meters for each picture taken. As a result,
accurate digital measurements could be made
on a micro scale not possible with the human
eye or standard calipers. The dispenser needle
and reference recital are shown in a pendant
drop test in Fig.8, while the capillary force test's
setup and picture is shown in Fig.9. Unlike the
pendant drop experimental setup which requires
no reference other than the recital, the capillary
force test requires a needle probe of a known
length in order to measure the height of the
column of liquid that has risen in the capillary
tube. This height is too large to be captured by
the Telecentric cameras used for the tests, so
only a portion of the setup is captured as shown
in Fig.9, and the needed distances are
calculated using the needle probe length, the
difference in height of the needle probe and the
fluid's meniscus, and a pixel to meter conversion
created from the reference reticle.

Figure 8. Pendant droplet image capture.

Figure 9. Surface tension measurement using
capillary tube apparatus, image capture (left),
schematic (right). A-reference reticle; B-needle
probe; C-capillary tube; D- inner diameter of
capillary tube; E-camera viewing boundary; Fliquid surface; G-support for probe; h-height of
fluid; θ-contact angle.
4. FINAL EXPERIMENTAL APPARATUS
The final testing apparatus built for droplet
photography was designed to provide a
pressure,
temperature,
and
contaminate
controlled environment which includes the ideal
capabilities
of
the
previous
section's
apparatuses. The apparatus built, as shown in
Fig. 10 via a schematic and Fig. 11 via a picture,
is capable of structurally supporting and rotating
the pressurized environment, deliver a droplet at
high pressure, and acquire a droplet image with

environmental data. To accomplish these goals,
a pressure vessel was built for a nominal
working pressure of 1400 psig, to comply with
the future intent of testing liquid nitrous oxide
whose
saturated
liquid
pressure
is
approximately 950 psig at 90 degrees
Fahrenheit. This pressure and temperature
margin was included purely for safety, as liquid
phase gases present similar issues as cryogenic
liquids, specifically when vapor quality
increases. The state change produces a rapidly
increasing vapor pressure that can easily
rupture vessels and lines that aren't equipped to
contain or relieve the pressure in a controlled
manner. By using flanges at each open pipe
end, the vessel gains flexibility for both internal
access and interchangeable flange attachments
such as mounted instruments, feed throughs,
and other pipe connections. Further, the
chamber can be converted for vacuum duty
simply by replacing gaskets and the high
pressure sight windows. Each pipe was
configured in such a way to allow flange bolt
accessibility, along with providing a suitable
clamping location to secure the vessel within the
rotating cage. The schematic of this chamber
can be seen in Fig. 10 labeled as the "Pressure
Vessel".

Figure 10. Simplified Experimental Platform Assembly

The apparatus as seen in Fig. 10, displays the
non-pluming, non-electrical system components,
while the completed system is displayed in Fig.
11, the components of the system are
subsequently described.
The fluid reservoir is a 1 Liter 304 stainless steel
double ended sample cylinder from Swagelok
and is affixed to the chassis with an aluminum
V-block, originally purposed for use with drill
presses. Two straight slots were milled into each
side of the V to provide binding surfaces for the
two worm drive hose clamps to restrain the
reservoir. The cylinder is outfitted with two hand
operated 3-way ball valves, a lockout padlock
for each valve and a 2800 psi burst disc.
Quarter inch flexible stainless steel braided
PTFE hoses were used to connect any line that
could not be hard-mounted to the chassis,
including the two pressure inlet lines, reservoir
outlet line and pressure vessel gas lines. As the
reservoir outlet line connects the chassis fixed
reservoir to the rotating cage, the hose was
loosely coiled 1 revolution about the support
axle prior to rotating cage attachment thus
allowing the cage to rotate +/- 90 degrees
without issue.
A pump driven 8 mL high pressure syringe with
a 0.375 inch inner diameter was used in series
with a Festo DMES 40 linear positioning axes
with bearing guides to actuate the syringe pump
for the liquid delivery system. The linear actuator
for liquid delivery is controlled by a “Festo
CMMO-ST servo controller”. For the assembled
liquid delivery system plumbing and its
components, a fluid bypass pipe is included with
a lock out equipped ball valve to prevent
adjustment during operation. To connect the
chassis mounted liquid delivery system to the
pressure vessel's needle tube, a highly flexible
1/8 inch PTFE lined braided hose was utilized
thus allowing the needle height to be easily
adjusted via feed through.
Filling of the system is controlled remotely by a
pneumatically actuated 2-way ball valve. Two
manual vent valves exist in the system to relieve
system pressure, located at the main distribution
cross and on the pressure vessel. An “Omega 01000 psi Absolute Pressure Transducer” is
located on the pressurant line in close proximity

to the pressure vessel, for data logging
purposes. A pneumatic vacuum generator is
used to fill the storage vessel with the test fluid
and is not permanently integrated into the
system. It connects to the upper fill/drain valve,
and creates suction at the lower full/drain valve
where temporarily a siphon line is connected.
Both lines are 24 inch lengths of chemically
resistant, clear Tygon tubing. This extra length
provides a visual indicator of storage vessel fluid
level and allows enough time to shut down the
vacuum generator, thus preventing a spill.
The system utilizes two “Basler Ace 5 megapixel
Gig-E Ethernet” cameras. The first camera
monitors the status of the entire experiment, and
is mounted inside the cooling unit. This camera
allows the operator to visually observe the
system's operation at a safe distance. While the
second camera is secured to a two-axis
micrometer stage on the rotating cage section of
the platform, which allows it to focus on the
internal testing environment inside the pressure
vessel.
The rotating cage undergoes angular positioning
through a 10:1 geared stepper servo motordrive. This system uses a "Cool-Muscle" motor
drive, which incorporates encoder and current
feedback with a controller running the H-infinity
control algorithm. The motor drive is equipped
with an Ethernet connection, allowing position
commands to be sent over TCP/IP. The "CoolMuscle" comes with the program "Control
Room" for the purpose of tuning and setting the
parameters of the controller via the TCP/IP link.
The cage tilt zero angle is set using feedback
from a “PCB Piezetronics DC Response MEMS
Accelerometer”.
The final experimental apparatus as shown in
Fig. 11 was built to withstand the low
temperatures needed to test propellants such as
nitrous oxide at temperature ranges as low as 20 to 50 degrees Fahrenheit. A walk in cooler
encases the final apparatus in order to maintain
a constant internal chamber temperature during
all testing. The cooler also provides the required
second level of containment in the event of a
spill or rupture event of a hazardous fuel. The
cooler is constructed of 4" thick high-density
polystyrene foam, sandwiched between two
sheets of 26 gauge galvanized steel, with a 6 by
8 foot footprint.

Figure 11. Photo of Complete Experimental Platform
As the chamber would potentially house
oxidizing fluids, it was necessary to use
oxidation resistant materials of construction; the
obvious choice being stainless steel. Grade 316
stainless steel was chosen over grade 304 for
both increased corrosion resistance and
strength with the addition of molybdenum, at the
cost of a 10 percent price increase.
The system was designed originally for use with
nitrous oxide, whose use in the liquid state
required both temperature reduction and
pressurization. More specifically, and per CGA
G-8.2 Commodity Specification for Nitrous
Oxide
[31],
liquid
saturation
requires
temperatures between -20 and 50 degrees
Fahrenheit and pressures up to 565 psig. To
achieve the required temperature, a walk in
cooler was selected to maintain a constant
internal chamber temperature of 35 degrees
Fahrenheit. It also provides the required second
level of containment in the event of a spill or
rupture event. The cooler is constructed of 4"
thick high-density polystyrene foam, sandwiched
between two sheets of 26 gauge galvanized
steel, with a 6 by 8 foot footprint.
5. DATA ANALYSIS TECHNIQUES
UNCERTAINTY ANALYSIS

AND

The following section includes a practical
comparison of approaches to various data
analysis techniques used, and calculations
estimating their accuracy. The techniques are

discussed in the following order: for contact
angle measurement polynomial fitting, ADSA,
and cubic spline fitting techniques are
evaluated; for surface tension measurement,
ADSA, FKH's method, and the capillary force
balance are evaluated.
The first technique shown in Fig.12 is a fourth
order polynomial fit to a 60 pixel wide section of
the droplet edge. The curve's slope at x=0 is
calculated by computing the derivative of the
polynomial, which is then used to calculate the
contact angle. The edge detection and image
processing is done in Matlab.

Figure 12. Estimation of contact angle through
polynomial fitting.
The second technique shown in Fig.13 is the
spline fitting method, which utilizes the SNAKE
tool; this technique discussed in section II. The
spline fitting method is the relative preferred
method for measuring contact angle for angled
drops in the rotary stage tests where
asymmetrical droplet features must be captured.

Figure 13. Estimation of contact angle through
spline fitting.
The analysis of contact angle through the ADSA
program called “Drop Analysis LB-ADSA” was
used to examine pictures of level sessile
droplets after the images had been processed to
remove the background and retain the droplet
curvature, an example of the final processed
image is shown on the left in Fig.14. The
program’s internal methodology was followed to
obtain a direct contact angle output shown on
the right in Fig.14 by optimizing the parameters
shown [34]. The processing of the image was
done by hand through a spline fit mathematically
equal to the spline fit process used in SNAKE to
produce the black and while picture of the
droplet as shown in Fig.14. The ADSA post
processing of a spline fit is intended to filter out
small irregularities contributed by hysteresis by
matching the spline to a Young-Laplacian
solution. In the cases where the droplet image
clarity and gradient is of sufficient quality, the
automated optimization features can be used
directly on the image, forgoing the spline fit
image processing.

Figure 14. Estimation of contact angle and
surface tension through ADSA curve fitting
image of Water (left), ADSA example interface
and data output (right).
The second method for determining surface
tension is FKH's method. A similar data analysis
technique to that used for the polynomial fitting

method was used for FKH’s method. First a
droplet picture is taken with a reference reticle in
place, as shown in Fig.8, and then the droplet
edge is detected using Matlab to isolate the
sharp image gradient at the pendant drop
surface. This edge is then measured at the
positions indicated in Fig.15 by automated
programming in Matlab, and the values are
evaluated as discussed previously in the FKH
procedure.

Figure 15. Estimation of surface tension through
Finn Knut Hansen’s Method. Schematic of
requirement measurements (left), sample
picture (middle), Matlab processed picture
(right).
The third method analyzed for determining
surface tension is the capillary force balance
method. Data analysis was also used for the
capillary force test to obtain precision capillary
height data; the setup for this test is as shown in
the right panel of Fig.9. The processing of the
gathered images, an example of which is shown
in the left panel of Fig.9, is accomplished using
a pixel to meter conversion and measuring
within Matlab similar to the FKH’s processing
method. Fig.9 shows the schematic of the
values used in the calculation once processing
is completed. The calculations and uncertainty
analysis are outlined in (1), and (19)
respectively, where the diameter of the capillary
tube is given by the manufacturer, and capillary
height and contact angle area measured.
Analytical
uncertainty
measurement
was
undertaken for FKH’s method and the capillary
force method in order to more precisely define
the range of measurement each method
afforded. The uncertainties for the other
measurement methods reviewed in this paper
are
evaluated
experimentally
because
commercial software implementations of the
methods were utilized. The uncertainty function
δR in (14) is derived from the result's function R
in relation to its measured variables V1, V2, etc.
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FKH’s method is described by (2) through (5),
with the uncertainties listed by (15) through (18).
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The capillary force balance method is described
by (1) and Fig.9, with the uncertainty in surface
tension found using (19).
D = || EF

4/


Dℎ 
D 
D
H +F H +F
H J
ℎ

cot( )

(19)

The FKH’s method, and capillary force method’s
uncertainty analysis, equations (18) and (19)
respectively, were evaluated using values from
the final data set. The resulting uncertainties
were +9% for the capillary force balance method
and +4% for FKH’s method. This result leads to
the conclusion that the FKH method provides
the least amount of inherent uncertainty initially
implying less error pending the experimental
comparison with ADSA in Table 4 which
confirms
that
FKH’s
method
provides
measurements closest in range and magnitude
to the benchmark value for surface tension.
The comparison of error in ADSA (for contact
angle measurement), the polynomial fitting
method, and the spline fitting method are
experimentally determined in the next few
paragraphs since commercial software was
used. More comprehensive analytical reviews of
ADSA software can be found in "Computational
evaluation of axisymmetric drop shape analysisprofile
(ADSA-P)"
and
“Contact
Angle
Measurements
and
Contact
Angle
Interpretation. 1. Contact Angle Measurements
by Axisymmetric Drop Shape Analysis and a
Goniometer Sessile Drop Technique" [36] [37].
The comparison of error in ADSA for
experimental surface tension measurement is
later summarized in Table 4.
The methods for determining contact angle
described in this paper were: polynomial fitting,

(15)
(16)

(12))

ADSA, and spline fitting To analyze which image
processing technique for determining contact
angle would provide the best result accuracy,
ideal liquid-vapor interface profiles were
obtained utilizing Laplace-Young mathematics
for use as baseline images. These baseline
images were then used to determine how well
each of the three contact angle analysis method
performed when provided with an analytically
produced ideal photograph of a droplet with a
known contact angle. The result of this method
of comparison is shown in Table 1, where the
ideal images are exact solutions from the
Laplace-Young equation.
Table 1. Comparison of droplet analysis
methods using 10 microliter Laplace-Young
analytical water droplet profiles
Contact Angle (degrees)
Actual

Polynomial

ADSA

Spline

40

38.23

39.65

38.28

90

85.42

90.09

89.17

140

137.14

140.16

138.48

From the comparison of analysis methods
shown in Table 1, the conclusion is made that
ADSA as a method for determining contact
angle consistently produces higher accuracy
results when compared to spline and polynomial
fitting, with spline fitting as the second best
choice. However, it must be noted that for
asymmetrical droplets (tilted droplets) ADSA is
unable to predict contact angle, and so in the
case of asymmetrical droplets, spline fitting is
the recommended method.
To conclude the analysis of measurement
techniques the measurement methodology for
surface tension was finalized as: Capillary
Action, FKH, and ADSA are all tested but FKH is
seen as the preferred method. For contact
angle: ADSA is the preferred method used to

find contact angle for level sessile droplets,
spline fitting is the preferred method used to find
contact angle for tilted sessile droplets, and
polynomial fitting method is marginalized.

Table 2. ADSA Contact angle results for water
on commercially pure titanium at 25 C and 1
atm.

6. RESULTS

Ti
Sample
#:

Test
#:

1

1

72

1

2

73

2

1

71

2

2

72

3

1

72

3

2

74

The results for zero tilt contact angle of water on
titanium in Table 2 are arranged according to
three parameters: which Titanium sample was
used, whether or not the material was
passivated, and according to what the test
iteration count was for that sample's use. The
sample number and test number does not refer
to a physical difference between tests or
samples, and is simply used as an indexing
number. For example “water on passivated
titanium, sample 1, test 2” would indicate that
deionized water was tested on the commercially
pure titanium sample 1, and it is the second test
of this kind to be performed. The values in Table
2 were obtained by using ADSA processing on
the first image in the set of a rotary test, where
the contact surface is level.

Contact Angle for Water, °
NonPassivated

Passivated
65
58
63

Average
Angle

72

62

Standard
Deviation

1.03

3.33

The remaining images from the rotary table tests
were processed using the spline fitting method
discussed in the data analysis techniques
section. A total of 840 images were processed
by hand using this method. A sample set of
these images can be seen in Table 3 for water
on titanium, and rotary test results for water on
titanium, non-passivated and passivated which
were selected to be representative of their
sample group in trend and variation are shown
in Fig. 16 for water on titanium. The sample
shown in Fig. 16 displays the oscillator motion in
contact angle variation seen in all data sets.

Figure 16. Results for water on titanium at 25C and 1atm for non-passivated sample 1 test 2 (left); and
passivated sample 3 test 1 (right); selected to be representative of their sample group in trend and variation.
Data from droplet photographs with large
irregularities such as bubbles, residue, or large
asymmetries were discarded and the remaining
674 rotary test result contact angle values for

water on titanium, non-passivated and
passivated are displayed in Fig. 17, the error
bars show the data spread from the mean value
at a contact surface tilt angle.

Figure 17. Spline fir contact angle data for 404 measurements of water on non-passivated titanium at 25 C
and 1 atm (left); and for 270 measurements of water on passivated titanium at 25 C and 1 atm (right).

In the tilting test data shown in Fig. 17 the
respective
equation
and
coefficient
of
determination for the linear trend lines are y = 0.4276x + 75.068 and R² = 0.9559 for the
receding angle of water on non-passivated
titanium at 25°C, y = -0.1528x + 74.768 and R² =
0.8387 for the advancing angle of water on nonpassivated titanium at 25°C, y = -0.2465x +

64.27 and R² = 0.9141 for the receding angle of
water on passivated titanium at 25°C, and y =
0.1777x + 61.052 and R² = 0.928 for the
advancing angle of water on passivated titanium
at 25°C. The average data spread was 3.621
degrees for the passivated tests and 2.934
degrees for the non-passivated tests.

Table 3. Sample picture set from rotary stage tests of water on titanium at 25 C and 1 atm.
Rotary
Stage Tilt,
°

Water on Titanium Sample 3 Test 2

Water on Passivated Titanium Sample 3 Test 1

0

5

10

20

40

As a laboratory benchmarking, averaged
surface tension results for deionized water using
the FKH method are tabulated in Table 4, along
with their respective averaged uncertainties. The
unaveraged values are shown next to their
corresponding picture in Fig. 18. A sample
picture from the capillary action test can be

found in Fig.9, which shows the quality of image
and experimental setup. For the capillary action
test, the uncertainty was noticeably higher as
shown in Table 4 and so FKH's method is
recommended to be used.

The uncertainty of the Matlab edge detection
using is on the order of 3 pixels when the image
quality is similar to that in Fig. 18, which
translates to an uncertainty in measurement on
the order of 1e-5m using the reference reticle to
create a conversion factor. When used in the
uncertainty analysis formulas listed by (15)
through (18) the following results are obtained
for the FKH method:

Table 4. Summary of measured surface tension
results at 25 C and 1 atm.
Testing Method:

Average Surface
Tension of Water,
N/m

Capillary Action

0.0742± 0.007

FKH

0.0725± 0.003

ADSA

0.0710± 0.008

Benchmark Value from
Mechanics of Fluids [21]

0.0720

7. CONCLUSION

Figure 18. Pendant drops of deionized water at
25 C and 1 atm with surface tension values in
N/m.
For the third and final surface tension analysis
method, ADSA, the photographic data of water
on titanium at a zero surface tilt contact angle
(referenced in Table 2) was used. The method
for determining surface tension using ADSA
involved imputing the droplet profile curve from
the processed photographic data into the ADSA
software; the Young-Laplace equation is then
solved to produce a capillary constant value
necessary to analytically reproduce the
experimentally obtained curve. A value for
surface tension can be calculated directly using
the capillary constant when the fluid density, gas
density, and gravitational acceleration are
known. The results from the ADSA surface
tension analysis is displayed in Table 4, where
is found that the data spread for ADSA in
measurements is large compared to the other
methods, a possible reason for this is ADSA's
dependence on matching droplet volume
regimes to contact angle range, an issue
discussed in depth in J. Noordmans et al. [38].

In microgravity environments where viscous and
capillary forces often dominate the body forces,
propellant management is critical to mission
success. Once entered into a microgravity
environment, significant trajectory changes and
propellant unavailability during engine burn can
be the result of the propellant mass's relocation
within the fuel tank due to previously negligible
yet compounding molecular force interactions.
PMDs designed to mitigate such effects through
slosh redistribution and damping, and molecular
adhesion management currently rely on
experimental data and precision measurement
of both the fluid in question's sloshing behavior,
and it's relative adhering properties to tank and
PMD materials. For such fluid models, surface
tension and contact angle measurements are
paramount, and have been discussed in depth
in the body of this work. The resulting
exploration of methods and the creation of
testing apparatuses presented in this paper, aid
in continued efforts to improve performance and
reduce mission cost for missions in micro-gravity
environments by specifically assisting in the
creation and benchmarking of PMDs.
From Table 2 where the results for Contact
angle with water on commercially pure titanium
at 25°C are displayed, a contact angle for water
on titanium is found to be 71+1° which is in
close agreement to experimental values for
water on similar metallic surfaces [24]. After
surface passivation, where the old layer of
contaminated oxide and unknown surface
charge is stripped away and a new clean layer
of oxide is formed, it is found that the contact
angle for water becomes 62+3.3°. It can be
concluded that passivation lowers the contact
angle of water by an average of 9°.
For the surface tension benchmarking test for
water, utilizing capillary action and FKH

methods, FKH's method achieved a range of
0.0722 N/m to 0.0728N/m, a result closest to the
literature value of 0.072 N/m, and at its closest
limit of 0.0722 N/m only produces an error of
0.3% and at the most distant limit a maximum
error of 1.1%. Going forward it is concluded that
the FKH method is ideal as it is an easily
implemented and automated method with fewer
chances for error creation in procedure.
The rotary droplet tilt test produced expected
results for a majority of the tests, where theory
predicts that the receding contact angle would
decrease while the advancing contact angle
increases. During initial placement, the entire
edge in an axisymmetric drop should produce
the same contact angle. Hysteresis however
began taking tolls on this distribution in various
magnitudes as seen in the resulting data. Large
differences in contact angle between resulting
data sets were observed to be able to be
caused by initial droplet placement. These
effects can be seen most acutely when the initial
placement of the droplet was particularly violent
(relative to the scale of a droplet), such as it
being shaken onto the contact surface by a
slight vibration in the applicator's needle,
causing the drop to hit the titanium sample with
a tangential velocity component. These slight
hysteresis are potentially controllable in a
laboratory setting, however as the test from this
paper have shown, the resulting ideal physical
interaction and result would be nearly nonreplicable in an engineering application, and so
the variation of contact angle while these
hysteresis are present (akin to in a fuel tank
environment) becomes a valuable informative
tool for practical application of these
parameters.
When the titanium testing surface is passivated,
the water droplet advanced down the
increasingly steep ramp more slowly than when
not passivated. This can be observed as the
slopes are opposite to each other in sign when
passivated, compared to them both retaining
negative slopes in the non-passivated tests. For
water on a non-passivated surface, the
advancing edge of the droplet advanced faster
relative to its receding edge than theory
predicts. This is possibly caused by
contaminates in the oxidation layer, as it is seen
that this trend disappears after passivation.
Water also had a large tendency to remain in a
similar molecular arrangement relative to its
starting position after being rotated until
detaching from and rolling off of the contact

surface. This can be seen in the relatively small
slope change compared to that of a more
wetting fluid, where the slopes for the receding
and advancing angles would instead be seen to
diverge drastically compared to those of water.
In all test results, intriguing and possibly
significant small oscillatory patterns can be seen
amidst the data's measurement scatter in the
progression of tests through a tilt trial; where the
data points indicate the droplet stalling in
contact angle movement until eventually getting
unstuck due to the increasing body force felt
parallel to the contact plane. These oscillations if
resolved to be distinct from the natural error in
measurement could indicate an elasticity
resulting from the internal dynamic forces as the
droplet is forced to shift in position and its
interfaces struggle to regain equilibrium in a
dynamically
changing
environment,
an
observation that conforms to theoretical models
of dynamic molecular interactions.
Using the testing and analysis knowledge
gained from this study, an inclusive testing
apparatus was able to be built, shown in Fig. 11,
which was cumulative of the initial testing
platforms developed in this paper. This
apparatus was able to successfully replicate the
testing procedures performed in this paper with
water, and is capable of operating at wideranging internal environmental conditions and
with exotic fuels. The review of the final
apparatus’s system and construction is valuable
to scientists wishing to pursue property
measurement
and
fuel
observation
of
propellants under extreme environmental
conditions.
In future studies measuring properties of fuels
for the expanding field of HPGP development
and application, the resulting procedural lessons
from this paper can be used as a guide and
serves to highlight some of the challenges and
solutions that become apparent to researchers
investigating HPHP properties. A test of a HPHP
within PMDs of different varieties would also
determine actual variations in performance of
the PMD using current design methods.
Nucleation and surface tension tests would also
be advised if an actual propellant is used, along
with the inclusion of increasingly restrictive
experimental environment conditions, where
possible, in order to systematically eliminate
hysteresis and triangulate the ideal values for

each measured property to be compared with
theory.
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