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1

Practical significance and interest of the test-case

Experiments have been carried out to investigate the settling behavior of a free liquid/gas
interface in a partly filled right circular cylinder upon step reduction in gravity. The
particular interest of this study is the investigation of the initial behavior of the three
phase contact line as well as the global behavior for the entire surface in comparison
between systems with partial and complete wetting.
For the initial condition the system is dominated by hydrostatic forces due to a
constant gravitational acceleration. In this case the equilibrium of the free liquid surface
is characterized by a high Bond number yielding a flat surface with a small liquid
ascent at the cylinder wall depending on the static contact angle. After transition to
reduced gravity with a very low Bond number, capillary forces govern the flow and a
capillary driven reorientation of the liquid interface occurs towards the new equilibrium
position. In the beginning of the reorientation a liquid rise occurs along the cylinder wall
driven by capillary forces due to a high initial curvature of the liquid interface near the
cylinder wall. The capillary forces compete with inertia and friction forces due to the
moving liquid portion. The characteristic of the reorientation is thus an initially unsteady
moving contact line at the three phase liquid/solid/gas junction. In the experimental
observation the interface near the moving contact line is subject to the velocity dependent
dynamic contact angle. Furthermore for partial wetting systems an oscillation of the
contact line and a final pinning can occur with a contact angle varying within the range
of the contact angle hysteresis. The reorientation of the entire liquid interface then
shows an oscillation around the equilibrium position, if the system damping is low.
In this time period, there is a competition between viscous and inertial forces in the
system searching for the equilibrium configuration of an interface with constant curvature.
For complete wetting systems the motion of the contact line is not subject to contact
angle hysteresis, where an oscillation or a receding contact line can not be observed.
In this case, for low damped systems during the oscillatory motion of the entire liquid
interface, a formation of a thin liquid layer can be observed at the cylinder wall,
after the contact line rises above the final equilibrium position. This liquid layer is not
stable and it vanishes over time establishing a final free surface shape of constant curvature.
Since the conditions at the contact line describe the boundary condition for the
behavior of the entire liquid interface an exact modeling of the contact line is necessary
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for the computation of the surface reorientation. The numerical calculation of a system
with a moving contact line is difficult since an appropriate boundary condition has to
be formulated. If the contact line moves and the no-slip condition is applied at the
liquid/solid interface, then a stress singularity would result at the moving contact line,
as shown by Dussan & Davis (1974). For partial wetting systems hysteresis of the static
contact angle has to be considered for the boundary condition at the contact line in the
numerical calculations. This enables the contact line in case of an oscillatory motion to
anchor within the hysteresis range between the receding and advancing static contact
angle, as it was observed in experiments. For totally wetting systems we encountered
problems in numerical calculations applying finite element methods (FEM), due to a
severe distortion of the elements for a contact angle of zero.
The practical significance of the investigated configuration can be referred to a situation
which is similar to the end of thrust of a spacecraft entering a ballistic phase. Assuming
a low Bond number the liquid inside the propellant tank is then also dominated by
capillary forces leading to a reorientation of the liquid/gas interface comparable to this
experimental study. In the presented experiments microgravity conditions were obtained
within milliseconds after the release of a drop capsule in the facility of the drop tower
Bremen. For the two presented test cases the radius of the cylindrical test vessel was
R = 10 mm (test case No. 1) and R = 20 mm (No. 2) with a static contact angle of
γs = 53.6◦ for a partially wetting system and γs = 0 for a complete wetting system. Two
low viscous silicone oils were used for the experiments. The use of a digital high-speed
recording system with a recording frequency of up to 500 fps allowed both an observation
of the entire free liquid interface and a detail view on the moving contact line. Digital
image processing techniques were applied to detect the contour of the liquid/gas interface.
This study presents quantitative data especially for the behavior of the contact line, which
are important for the modelling of the process for reasons described above.

2

Definitions and model description

In this study the free liquid/gas interface in a right circular cylinder with radius R is
considered, which is partly filled with a liquid (surface tension, σ, kinematic viscosity, ν
and density, ρ) up to a height, h0 (see Figure 1). In the initial situation the gravitational
acceleration kzi affects the system, which is aligned with the cylinder axis. In this case the
free liquid interface h (r, t = 0) is dominated by hydrostatic forces and capillary forces can
be neglected except at the cylinder wall, where the liquid meets the solid with the initial
static contact angle, γsi . The general solution for the equilibrium shape of the free liquid
interface in a right circular cylinder is described by the Bond number
Boi =

ρkzi R2
σ

(1)

and the initial static contact angle γsi (Concus, 1968), where the Bond number gives a
relation between gravity and capillary forces. Thus a very high Bond number leads to a
flat shape of the interface, while a Bond number of zero calls for a perfectly spherical shape
with constant curvature. At the wall, where hydrostatic and capillary forces
pare balanced,
the wall coordinate h (r = R, t = 0) = zw0 is of the order of zw0 ≈ Lc 2 (1 − sin γsi )
(solution for the rise height at a flat wall), with the capillary length
r
σ
Lc =
.
(2)
ρkzi
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Consequently the local Bond number near the wall is Bo = ρkzi L2c /σ = 1 for Lc < R.
If a step change in gravity from kzi to kze = 10−6 g (with kze /kzi  1) occurs, capillary
forces become dominant and a reorientation of the free liquid interface to the new
equilibrium position h (r, t → ∞) of the surface is induced. Since hydrostatic forces are
absent, the final configuration h(r, t → ∞) of the liquid interface under microgravity
kze = 10−6 g leads to a spherical shape with constant curvature given by the final static
contact angle γse , which might be different from the initial value due to contact angle
hysteresis (compare Figure 1).
The dynamic free surface reorientation may be separated into two main periods. The
first period begins immediately after transition to kze for the initial capillary rise along the
cylinder wall, when the flow is independent of the cylinder radius R. Thus the appropriate
length scales are L = Lc for the first period and L = R for the second period. Scaling
the mass balance p
and the momentum balance (Navier-Stokes) with the pressure unsteady
time scale tpu = ρL3 /σ, the characteristic velocity upu = L/tpu , the capillary pressure
pc = σ/L and the initial acceleration level kzi leads to the dimensionless numbers for the
two periods. For the initial flow along the cylinder wall two dimensionless groups, the
acceleration ratio kz∗ = kze /kzi and the Morton-number
Mo =



kzi ν 4 ρ3
σ3

1/4

,

(3)

describe the flow (Michaelis et al. , 2002). However this scaling is only valid, if the capillary
length is Lc  R or Boi  1. The second main period begins, when the whole system
is affected by the reorientational flow. In the second time period of the reorientation the
flow is characterized by the Bond number Boe = Boi kz∗ = ρkze R2 /σ, the Ohnesorge
number
 2 1/2
ν ρ
Oh =
(4)
σR
and the static contact angle γse . The Ohnesorge number gives a relation for the
damping behavior of the system. Low Ohnesorge numbers exhibit an oscillatory
reorientation of the free surface with low damping, while high Ohnesorge numbers lead
to creeping flow without overshoot over the equilibrium position. For the definition of
the static contact angle γse , which affects both the damping and the frequency of the
interface oscillation, hysteresis between the advancing and the receding contact angles
has to be considered.
The general behavior of the experiments is, that the initial rise velocity of the contact
line is determined by the Morton number and the static contact angle, while the later
oscillatory motion depends strongly on the Ohnesorge number, especially for systems
with complete wetting. A detailed analysis of this configuration is given in Michaelis
(2003).
Although there have been many investigations concerning this configuration, the evaluation of experimental data (e.g. Siegert et al. , 1964, Kaukler, 1988, Weislogel & Ross,
1990) is mainly restricted to the frequency and the settling time of the surface oscillation.
Therefore validation of numerical calculations (e.g. Bauer & Eidel, 1990, Wölk et al. ,
1997, Gerstmann et al. , 2000) is rather limited and show distinctive discrepancies in the
general behavior. This is also caused by the lack of experimental data concerning the
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Figure 1: Geometry and nomenclature of the system, which is considered to be axisymmetric. The
center point zc = h(r = 0) is located on the initial liquid interface in the cylinder axis. The contact point
zw = h(r = R) can be regarded as a synonym for the contact line in the present axisymmetric case. Due
to contact angle hysteresis, the initial and final contact angle (γsi and γse ) might be different.

behavior of the contact line, which is important to be known especially in the first time
period during the initial capillary rise at the cylinder wall, when the three phase contact
line moves with varying dynamic contact angle. Since the flow in the first period determines the first amplitude of oscillation, which is in the following reorientation damped to
the equilibrium position, a knowledge of the initial flow characteristics is quite important.
Therefore, in this study quantitative data for the behavior of the entire liquid interface,
the surface center point as well as for the contact line are presented for two specified test
cases.

3
3.1

Experimental setup and procedure
Apparatus and test case parameters

The experimental setup and the experimental procedure for the two test cases, which were
carried out in the drop tower Bremen, are explained in detail in Michaelis et al. (2002).
Therefore only the necessary data is specified below. By releasing the drop capsule, the
transitional time between kzi and kze is of the order of 20 ms. The experimental time
is 4.74 s during the free flight of the drop capsule. The main components of the test
setup are a circular cylinder (radius R = 10 mm for No. 1 and R = 20 mm for No. 2), a
high-speed digital recording system (with a recording frequency of 500 Hz for test No. 1
and 250 Hz for test No. 2) and a background illumination device. To eliminate optical
disturbances resulting from general light refraction and the different refractive indices
between the vessel material and the test liquid, the cylinder is manufactured from a solid
PMMA (No. 1) or quartz glass (Si02 ) cube (No. 2), with surface energies of σso = 0, 0411
N/m for PMMA (Brandrup & Immergut, 1989) and σso = 0, 605 N/m for Si02 (Overbury
et al. , 1975). The surface roughness of the Si02 test vessel (test No. 2) is of the order of
RM S = 10 nm (root mean square value), determined with a white light interferometer at
the outer face surface of the test vessel. For test No. 1 the surface roughness is described
below.
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Fluid
SF 3,0 (No. 1)
SF 0.65 (No. 2)
air (No. 1)
argon (No. 2)

T
[◦ C]
25.7
25.5
25.0
25.0

σ
[10−3 N/m]
18.1 ± 0.36
15.3 ± 0.31
-

ν
[mm2 /s]
2.912 ± 0.087
0.626 ± 0.019
14.02
12.59
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ρ
[kg/m3 ]
878.660 ± 17.6
757.520 ± 15.2
1.168∗
1.612

µ
10−5 [Ns/m2 ]
255.9 ± 7.64
47.42 ± 1.44
1.82∗
2.26∗

Table 1: Properties of test liquids and the gas phases for the given temperatures. The dynamic viscosity
µ is calculated with µ = νρ. The test liquid properties were determined in own measurements. The surface
tension σ of the liquids denotes the interfacial tension between the liquid and air. For test No. 2 there
was no difference for the measured values between air and argon as surrounding gas. The properties of
the gas phases marked with (∗ ) for air and argon are taken from Verein Deutscher Ingenieure (1988) at
p = 105 Pa. The density for argon was calculated with the ideal gas law for p = 105 Pa and T = 25◦ C.

The filling of the test vessel with liquid was carried out with a stepping motor
driving a glass syringe, which was filled with test liquid. This ensures a uniform and
slow filling of the vessel just prior to the drop of the capsule to guarantee a uniform
initial condition at the contact line of a non-wetted cylinder wall above the contact
point. The fill height of the liquid was h0 > 1.8R to prevent interaction of the flow
with the bottom boundary of the vessel. The total height of the entire liquid/gas
domain was 70 mm. The gas phase in the atmosphere of the vessel was air for test case
No. 1 (at T = 25.7◦ C) and argon in the case No. 2 (at T = 25.5◦ C) in each case under atmospheric pressure p = 105 Pa. The properties of air and argon are given in Table 1.
The test liquids of the test cases are silicone fluids (abbreviated with SF) with a
nominal viscosity between 0.65 cSt and 3.0 cSt (SF 0.65 is AK 0.65 supplied by Wacker
GmbH and SF 3.0 is Baysilone M3 by Bayer AG). The properties of the test liquids
are given in Table 1, which were measured with standard laboratory equipment over a
temperature range of 15◦ C ≤ T ≤ 35◦ C in good agreement with the values given by the
manufacturers.
In order to vary the contact angle from γs = 0 for test No. 1, a thin film of a surface
modifier (FC-732 by 3M Co.) with a low surface energy of (11 − 12) · 10−3 N/m was
applied to the cylinder wall of the PMMA test vessel just prior to the drop of the
capsule by filling the cylinder with FC-732 as a liquid and spilling it rapidly to achieve a
homogenous film. The thin film of a thickness on the order of 1 µm was dried at ambient
air and has a surface roughness of RM S = (176 ± 43) nm.
Since for this solid/liquid system with partial wetting hysteresis of the contact angle
has to be considered, the advancing and receding contact angles were measured with
the Wilhelmy plate method. The different values of the static contact angle are given
in Table 3. For test case No. 2, the solid/liquid/gas system consists of quartz glass/SF

Test case
No. 1
No. 2

R
[mm]
10
20

h0 /R
[-]
2
1.8

Oh
[10−3 ]
6.42
0.98

Boi
[-]
47.69
194.1

Mo
[10−3 ]
16.88
3.67

Table 2: Parameters for the test cases. The cylinder radius is denoted with R and the fill height with
h0 . The dimensionless numbers Ohnesorge-number by Eq. (4), Bond-number by Eq. (1) and Mortonnumber by Eq. (3) are calculated with the properties given in Table 1.
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0.65/argon. Due to the high surface energy σso of quartz glass and the low surface tension
σ of SF 0.65 a static contact angle of γs = 0 arises for this system. A difference between
advancing and receding contact angles is not taken into account. Thus test No. 1 represents a system with partial wetting, while test No. 2 stands for a complete wetting system.
Test Case
No. 1
No. 2

Liquid/solid/gas
SF 3.0/FC-732/Air
SF 0.65/SiO2 /Argon

γsa1 [◦ ]
56.4 ±1
0

γsr1 [◦ ]
46.7 ±2.1
0

γsa2 [◦ ]
51.7±1.6
0

γse [◦ ]
53.6±1.6
0

Table 3: Static advancing and receding contact angles of liquid/solid combinations at T = 25◦ C, which
were measured using the Wilhelmy method. γsa1 denotes the first static advancing contact angle on a dry
surface. γsr is the static receding contact angle and γsa2 defines the static advancing contact angle on a
prewetted surface. The final static contact angle γse is given by the final deflection of the liquid interface,
assuming a spherical shape.

4

Results

The evaluation of the liquid/gas reorientation was carried out by detecting the liquid
interface using digital im age processing techniques programmed in Matlabr . On this
way contour histories with very high resolution in space (approx. 0.04 mm/pixel for
No. 1 and 0.08 mm/pixel for No. 2) and in time (0.002 s for No. 1 and 0.004 s for No. 2)
were obtained. On the liquid interface h(r, t), the center point zc (t) = h(r = 0, t) and the
contact point zw (t) = h(r = R, t) were defined to be characteristic to describe the surface
reorientation (compare Figure 1). The accuracy of the detection of the liquid interface
and thus of the contour histories is about ±1 pixel, which corresponds to ±0.04 mm and
±0.08 mm. The start of the experiment was defined with an accuracy of ±0.004 s, when
the free liquid interface shows the first response, after the drop capsule is released.

4.1

Test No. 1

The series of video images for test No. 1 are given in Figure 2 for specific times, which
in general correspond to extremal deflections of the center point and the contact point of
the liquid interface. In the initial situation at t = 0 the liquid interface has a flat looking
shape. A determination of the liquid interface for each video image was carried out by
using digital images processing techniques. The interface was fitted by a polynomial of
6th order (k = 6) corresponding to
z(r) =

i=k
X

ai ri ,

(5)

i=0

where the values for the coefficients ai and their uncertainties ∆ai are given in Table 5 for
the different points of time. The corresponding histories of the center point zc = h(r = 0, t)
and the contact point zw = h(r = R, t) are depicted in Figure 3 and Figure 4, where the
characteristic deflections are specified in comparison with the video still frames at the
given times. For this system with partial wetting after step reduction in gravity, the
liquid interface starts to rise along the cylinder wall, where a maximum velocity uwmax =
(18.2±1.7) mm/s of the contact point can be evaluated at t = (0.024±0.006) s. The mean
velocity to the first maximum of the contact point is ūw = zwp1 /twp1 = (11.33±1.8) mm/s,
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t=0

t = 0.034 s

t = tcp1 = 0.092 s

t = twp1 = 0.120 s

t = tcp2 = 0.174 s

t = twp2 = 0.216 s

t = tcp3 = 0.268 s

t = tcp4 = 0.340 s

t = tcp5 = 0.416 s

t = 4.702 s

Figure 2: Development of the liquid interface for test case No. 1. The liquid phase appears bright,
while the meniscus of the liquid interface is dark due to total reflection. The coordinate system is located
on the initial liquid interface in the cylinder axis, as depicted for t = 0 for which the contact line is
marked as a dashed white line. The gas phase above the liquid is observed throw the lens type of vessel
geometry, thus it is darkened close to the vessel wall at both sides due to refraction. The area below the
liquid phase appears dark caused by a screen, which was mounted between the light source and the test
vessel to enhance the contrast of the liquid interface. t = 0: initial configuration; t = 0.034 s: initial
rise at the wall; t = tcp1 = 0.092 s: 1st maximum at the center; t = twp1 = 0.120 s: 1st maximum at
the wall; t = tcp2 = 0.174 s: 1st minimum at the center; t = twp2 = 0.216 s: 1st minimum at the wall;
t = tcp3 = 0.268 s: 2nd maximum at the center and fixing of contact point; t = tcp4 = 0.340 s: 2nd minimum
at the center; t = tcp5 = 0.416 s: 3rd maximum at the center; t = 4.702 s: final equilibrium configuration.
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Figure 3: History of the center point with the given deflections, from Figure 2. After the contact point
is pinned (at twf = 0.268 s), the oscillatory motion of the center point is approximately linear. The
uncertainties for the specified deflections are ±0.038 mm.

Figure 4: History of the contact point zw = h(r = R, t) with the given deflections, from Figure 2. After
the contact point reaches its maximum deflection zwp1 a following oscillation of the contact line can be
observed until it fixes at twf = 0.268 s. The uncertainties for the specified deflections are ±0.152 mm.
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where zwp1 is the deflection and twp1 the time at the first peak of the contact line. After
the arrival of the contact point at its maximum deflection, an oscillatory motion of the
contact line can be observed with a receding and again advancing contact point until it
fixes at twf = 0.268 s. In the following time regime, after the contact point is fixed,
the oscillatory motion of the center point around the equilibrium position (with final
contact angle γse = 53.6◦ ) shows a linear trend with a constant peak to peak frequency of
approximately ωd = 2π/T̄ = (42.83±1.3) 1/s of the system, where T̄ is the mean period of
the oscillation. The damping of the system can be determined in this period if the center
point deflection is transformed and scaled by
zc∗ =

zc
+ 1,
zce

(6)

where zce = −1.34 mm is the final equilibrium position of the center point. According
to the theory for a linear damped oscillator the logarithmic decrement of the damped
oscillation is given by
∗
zcpi
1
Λ = ln ∗ ,
n zcpI

(7)

∗ is the first dimensionless peak deflection after the pinning of the contact point at
where zcpi
∗ the last detectable peak deflection after n full cycles (with I = 2i).
twf = 0.268 s and zcpI
The logarithmic decrement Λ can be evaluated from the center point history for both the
minimum peaks (with odd values of i, compare Figure 3) and the maximum peaks (even
values of i), where a mean value Λ = 0.202 ± 0.018 was determined. The dimensionless
damping ratio of the oscillation then becomes

D=√

Λ
,
− Λ2

4π 2

(8)

which is D = 0.0322 ± 0.0029 for test case No. 1. With the damping ratio D the center
point oscillation can be analytically described for the second main period by
z ∗ (τ ) =

−√ D τ
1
e 1−D2
1 − D2



D
cos τ − arctan √
,
1 − D2

√

(9)

where τ = tωd is the dimensionless time.

4.2

Test No. 2

For test case No. 2, representing a system with complete wetting, the series of video
images is given in Figure 5 for the total view. The video images also specify characteristic
deflections of the liquid interface during the capillary driven reorientation upon step
change to microgravity. The contours of the liquid interface were determined and fitted
with polynomials of 8th order (k = 8) and expressed by Eq. (5), where the coefficients of
the polynomials and their errors are given in Table 7. The histories of the center point
zc = h(r = 0, t) and the contact point zw = h(r = R, t) are depicted in Figure 7 and in
Figure 8.
For this system with complete wetting and a comparably small Ohnesorge number,
especially the behavior of the contact point is different. With a much higher maximum
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t = 0.000 s

t = 0.200 s

t = tcp1 = 0.384 s

t = twp1 = 0.764 s

t = tcp2 = 1.140 s

t = tcp3 = 1.588 s

t = tcp4 = 2.288 s

t = tcp5 = 2.816 s

t = 4.704 s

Figure 5: Development of the liquid interface for test case No. 2; t = 0: initial configuration; t = 0.2 s:
initial rise at the wall; t = tcp1 = 0.384 s: 1st maximum at the center; t = twp1 = 0.764 s: 1st maximum at
the wall; t = tcp2 = 1.14 s: 1st minimum at the center; t = tcp3 = 1.588 s: 2nd maximum at the center and
fixing of contact point; t = tcp4 = 2.288 s: 2nd minimum at the center; t = tcp5 = 2.816 s: 3rd minimum at
the center; t = 4.704 s: final equilibrium configuration.
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t = 0.32 s

t = 0.40 s

t = 0.48 s

t = 0.56 s

t = 0.64 s

t = 0.72 s

t = 0.80 s

t = 0.88 s

t = 0.96 s

t = 1.04 s

t = 1.12 s

t = 1.2 s

t = 1.28 s

t = 1.36 s

t = 1.44 s

t = 1.52 s

Figure 6: Formation of the liquid layer at the cylinder wall, after the contact point reaches the first
maximum zwp = 17.96 mm. The solid line denotes the final equilibrium position and the uncertainties are
depicted with dashed lines. The plotted scale corresponds to 1 mm.
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Time
t = 0.034
tcp1 = 0.092
twp1 = 0.120
tcp2 = 0.174
twp2 = 0.216
tcp3 = 0.268
tcp4 = 0.340
tcp5 = 0.416
t = 4.702

s
s
s
s
s
s
s
s
s

zc
[mm]
-0.51
-2.2
-1.9
-1.0
-1.18
-1.6
-1.18
-1.48
-1.34

zw
[mm]
0.49
1.18
1.36
1.03
0.90
0.99
0.99
0.99
0.99

Description
initial rise at the wall
1st maximum at the center
1st maximum at the wall
1st minimum at the center
1st minimum at the wall
2st maximum at the center and fixing of contact point
2st minimum at the center
3st maximum at the center
final equilibrium configuration

Table 4: Deflections of the center point and the contact point for given points of time of test case No. 1.
The errors for the deflection are ∆zw = 0.152 mm and ∆zc = 0.038 mm. The errors for the definition of
the time are ∆t = 0.004 s.

Coefficient/
Error
a0
a1 [10−3 ]
a2 [10−3 ]
a3 [10−5 ]
a4 [10−4 ]
a5 [10−7 ]
a6 [10−7 ]
∆a0 [10−3 ]
∆a1 [10−4 ]
∆a2 [10−4 ]
∆a3 [10−5 ]
∆a4 [10−6 ]
∆a5 [10−7 ]
∆a6 [10−8 ]

0.0 s
-0.011
1.220
3.630
0.566
-1.250
-0.665
16.735
1.330
4.609
1.602
1.801
4.356
1.572
3.125

0.034 s
-0.506
4.620
0.077
-2.465
2.509
1.592
-7.661
2.870
9.916
3.447
3.874
9.371
3.382
6.722

0.092 s
-2.216
4.920
62.850
4.234
-2.923
-3.562
7.434
1.300
4.496
1.563
1.757
4.249
1.533
3.048

Time t
0.120 s 0.174 s
-1.903 -1.016
6.940 10.180
39.620 11.740
0.917 -6.887
0.906
2.295
-1.888
4.241
-9.330 -6.738
1.330
1.76
4.596
6.076
1.598
2.112
1.796
2.374
4.343
5.743
1.567
2.072
3.116
4.119

0.216 s
-1.181
6.920
25.150
1.479
0.060
-1.590
3.322
1.16
4.023
1.398
1.572
3.802
1.372
2.727

0.268 s
-1.575
6.520
41.480
-0.335
-1.607
0.859
8.509
1.350
4.667
1.623
1.824
4.411
1.592
3.164

0.340 s
-1.192
4.000
23.020
1.799
0.572
0.577
1.006
1.220
4.218
1.467
1.648
3.987
1.439
2.860

Table 5: Coefficients ai and their errors ∆ai for the description of the liquid interface by Eq. (5) for test
case No. 1 at different points of time. Compare also Figure 2 for the corresponding video images.

velocity of uwmax = 52.7±4 mm/s at t = (0.044±0.008) s an overshoot of the contact point
to the first peak above the equilibrium position (with a mean velocity ūw = zwp /twp1 =
(23.4 ± 1.2) mm/s) can be observed. In comparison to experiments with partial wetting,
a layer of liquid remains at the maximum position after the first peak (shown in detail
in Figure 6). No receding of the contact line could be observed. In the following time
period a contraction of the liquid interface is formed between the liquid bulk and the
layer, which leads to a thinning of the liquid layer caused by a pressure gradient. This
liquid layer gives reason to a lower mean peak to peak frequency ωd = (5.37 ± 0.47) 1/s
(after the 3rd peak deflection). The damping ratio for the center point oscillation was
determined with the same method described for test case No. 1, where the center point
peaks for t > 1.588 s (starting with the third peak) where taken for the evaluation. As
described above, a distinct pinning of the contact line could not be observed as for test
case No. 1 (typical for partial wetting systems). For test case No. 2 a mean damping ratio
D = 0.185 ± 0.03 and a logarithmic decrement Λ = 1.184 ± 0.203 was evaluated.
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Figure 7: History of the center point for test case No. 2 with the given deflections, from Figure 5. The
initial behavior of the center point can not be observed due to refraction at the liquid interface (marked
with a grey bar). The uncertainties for the specified deflections are ±0.08 mm.

Figure 8: History of the contact point for text case No. 2 with the maximum deflection at t = 0, 764 s,
from Figure 5. After the contact point arrives at the maximum deflection a further determination of the
contact point deflection is possible, due to the lack of total reflection and the formation of the liquid layer.
The uncertainty for the specified deflection is ±0.64 mm.

5

Proposed calculations

For the proposed calculations the following assumptions can be made for the system. It
can be assumed, that there are no thermal gradients within the system thus it is treated
to be isothermal. The test liquids can be considered to be non-volatile and Newtonian
and have constant material properties. The gas phase above the liquid interface has
the properties given above in Table 1. The cylinder wall can be treated to be rigid and
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homogenous with a surface roughness of RM S = (176 ± 43) nm (for test No. 1) and
RM S = 10 nm (No. 2). Assuming an initial acceleration vector aligned with the cylinder
axis and a constant initial static contact angle along the circumference, the system can
be considered to be axisymmetric with the origin of the coordinate system located on the
initial liquid interface at h0 .
For times t ≤ 0 the system is dominated by a constant acceleration kz = kzi = g for
which it is required to calculate the initial liquid interface for the static equilibrium. The
general solution for the equilibrium shape of the free liquid interface in a right circular
cylinder under a constant acceleration kzi is described by Concus (1968)
1
r∗ h

h∗r
1+

(h∗r )2

i1/2 + h

h∗rr
1+

(h∗r )2

∗
i3/2 = C + Boi h ,

(10)

with h = Rh∗ , r = Rr ∗ , h∗r = ∂h∗ /∂r∗ , h∗rr = ∂ 2 h∗ /∂r∗ 2 and the initial Bond number
Boi by Eq. (1) (see Table 2). The differential equation (10) can be solved numerically
(e.g. using the Runge-Kutta method, Kreyszig, 1999), where the constant C is varied
until the boundary condition for the initial static liquid interface
h∗r |r∗ =1 = cot γsa1 ,

(11)

is satisfied. In Eq. (11) γsa1 denotes the advancing static contact angle for test No. 1 or
γsa1 = γs = 0 for test No. 2, given in Table 3. After having determined the initial liquid
interface a step reduction of the dominating acceleration from kzi = g to kze = 10−6 g ≈ 0
must be applied to the system. The transition time for the change of the body forces can be
assumed to be infinitesimal. The velocity field of the liquid after transition to microgravity
is for times t > 0 governed by the continuity and the Navier-Stokes equations
∇ · v = 0,

(12)

1
∂v
+ (v · ∇) v = − ∇p + ν∆v,
∂t
ρ

(13)

where v = (u, w) is the velocity vector of the flow and p the pressure. The corresponding
properties of the test liquids are given in Table 1. Equations (12) and (13) are subject to

Time
t = 0.200
tcp1 = 0.384
twp1 = 0.764
tcp2 = 1.140
tcp3 = 1.588
tcp4 = 2.288
tcp5 = 2.816
t = 4.7004

s
s
s
s
s
s
s
s

zc
[mm]
-5.1
-12.4
-8.2
-5.0
-8.6
-6.2
-7.4
-6.84

zw
[mm]
7.0
11.5
17.9
11.6

Comment
initial rise at the wall
1st maximum at the center
1st maximum at the wall
1st minimum at the center
2st maximum at the center
2st minimum at the center
3rd maximum at the center
final equilibrium configuration

Table 6: Deflections of the center point and the contact point for given point of time of test case No. 2.
The errors for the deflection are ∆zw = 0.64 mm and ∆zc = 0.08 mm. The errors for the definition of the
time are ∆t = 0.004 s.
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Coefficient/
Error
a0
a1 [10−3 ]
a2 [10−3 ]
a3 [10−4 ]
a4 [10−4 ]
a5 [10−7 ]
a6 [10−7 ]
a7 [10−10 ]
a8 [10−10 ]
∆a0 [10−3 ]
∆a1 [10−3 ]
∆a2 [10−4 ]
∆a3 [10−5 ]
∆a4 [10−6 ]
∆a5 [10−7 ]
∆a6 [10−8 ]
∆a7 [10−10 ]
∆a8 [10−11 ]

0.0 s
0.063
-4.290
-2.110
0.178
0.400
-0.558
-2.149
-0.239
3.646
3.130
0.721
1.534
1.295
1.853
0.669
0.769
1.021
1.017

0.20 s
-5.019
-4.010
-1.230
0.135
1.340
-3.145
-1.567
5.560
1.138
5.430
1.250
2.674
2.261
3.243
1.174
1.351
1.798
1.795

0.384 s
-12.325
-10.060
39.710
-1.188
1.055
5.665
0.545
-6.896
-4.146
7.910
1.830
3.897
3.295
4.725
1.711
1.968
2.619
2.616

Time t
0.764 s 1.140 s
-7.935
-4.919
-12.570
5.780
7.390 11.180
2.655
-0.748
3.751
0.956
-11.878
5.373
-21.653
-4.253
7.417 -12.380
41.107
7.746
56.250
6.910
12.970
1.600
27.600
3.402
23.283
2.876
33.320
4.125
12.036
1.494
13.821
1.718
18.349
2.287
18.289
2.284
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1.588 s
-8.458
-4.680
20.680
-1.706
1.644
11.574
-7.831
-24.530
14.802
10.920
2.520
5.378
4.547
6.521
2.360
2.715
3.613
3.608

2.288 s
-6.080
-5.190
16.690
-1.922
1.049
13.042
-4.895
-26.175
9.047
8.680
2.010
4.276
3.616
5.184
1.877
2.159
2.873
2.869

2.816 s
-7.365
3.750
19.110
-2.351
1.414
16.190
-6.632
-32.717
12.204
10.940
2.530
5.385
4.554
0.653
2.364
2.719
3.618
3.613

Table 7: Coefficients ai and their errors ∆ai for the description of the liquid interface by Eq. (5) for
test case No. 2 at different points of time. Compare also Figure 5 for the corresponding video images and
Table 4 for the center point and contact point deflections.

the following boundary condition at the liquid/gas interface since there is no mass flow
through the meniscus h (r, t)
(v − vh ) · nl = 0,

(14)

which is the kinematic condition. Here vh is the velocity vector of the liquid interface
h (r, t) and nl the normal unit vector on h pointing in direction of the gas phase (see
Figure 1). The dynamic conditions for balancing normally and tangentially the stress
components across the liquid/gas interface are given by Ferziger & Perić (1999)
[nl · T]l · nl = [nl · T]g · nl + 2σK,

(15)

[nl · T]l · tl = [nl · T]g · tl + ∇σ = 0,

(16)

where tl denotes the tangential unit vector on the liquid interface, T the stress tensor and
K the mean curvature of the liquid interface. The corresponding properties of the liquids
and the gas phases are tabulated in Table 1. The curvature for the axisymmetric interface
is given by Langbein (2002)
"
#
1 d
rhr
2K =
,
(17)
r dr (1 + h2r )1/2
with hr = dh/dr. Furthermore the condition for a smooth interface requires in the cylinder
axis at r = 0
∂h
∂r

= 0.
r=0

(18)
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Test case
1
1
1
1
1
2
2
2
2
2
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Parameter
ωd
uwmax
ūwr
D
Λ
ωd
uwmax
ūwr
D
Λ

Value
42.83 1/s
18.2 mm/s
11.33 mm/s
0.032
0.202
5.37 1/s
52.7 mm/s
23.4 mm/s
0.185
1.184

Error
±1.3
±1.7
±1.85
±0.003
±0.018
±0.47
±4.0
±1.2
±0.03
±0.203

Description
natural frequency of damped oscillation
maximum rise velocity of contact point
mean rise velocity of contact point
damping ratio
logarithmic decrement
natural frequency of damped oscillation
maximum rise velocity of contact point
mean rise velocity of contact point
damping ratio
logarithmic decrement

Table 8: Results of the test cases.

In case of a moving contact line the contact line boundary condition may be formulated
by
∂h
∂r

= cot γd ,

(19)

r=R

where γd is the dynamic contact angle. For the behavior of the apparent dynamic contact
angle γd at the unsteady advancing three phase contact line, evaluation of experiments
with small static contact angles γs < 10◦ show a good agreement with the empirical
calculation from Bracke et al. (1989)
cos γsa − cos γd
= 2Ca1/2 ,
cos γsa + 1

(20)

where
Ca =

µuw
σ

(21)

is the Capillary-number with the velocity of the contact point uw and γsa the advancing
static contact angle, which is γsa = γsa1 for test No. 1 and γsa = γs for test No. 2. In case of
a receding contact line, as it was observed for test No. 1 after the first rise to the maximum
deflection, Eq. (20) might also be applied using the receding static contact angle γsr1 with
a negative right hand side of Eq. (20) considering the receding motion of the contact line.
In the case of an oscillatory contact line (for test No. 1) contact angle hysteresis should be
implemented in the numerical calculation to enable a temporary pinning of the contact line
at the peak positions until a further movement of the contact line might appear. For an
anchored/fixed contact line the liquid meets the cylinder wall at the three phase junction
with the static contact angle
∂h
∂r

= cot γs ,

(22)

r=R

which lies inside the hysteresis range γsr ≤ γs ≤ γsa given by the static receding contact
angle γsr and the static advancing contact angle γsa . As a result of the proposed
calculations the liquid interface should be calculated for different points of time defined
for the two test cases. The contours of the liquid interface can be quantitatively
compared with the polynomials given for the different points of time (Table 5 for test
No. 1 and Table 7 for test No. 2). The specific behavior of the liquid interface during
the formation of a liquid layer at the cylinder wall for test No. 2 can be compared
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qualitatively with the video images in Figure 6. The deflections of the center point
zc = h(r = 0) and the contact point zw = h(r = R) should be calculated with a
higher resolution in time to be able to compare both the specific deflections and the
points of time given for the two test cases (see Figure 3, Figure 4 and Table 5 for
test No. 1; Figure 7, Figure 8 and Table 7 for test No. 2). Furthermore from the
histories of the contact point the maximum and mean velocities (uwmax and ūwr )
can be evaluated and compared with the values given for the test cases in Table 8.
Finally the center point histories enable the evaluation of the mean frequency ωd and the
damping ratio D, which can be verified with the experimental results tabulated in Table 8.
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