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Damped Oscillations of a Liquid/Gas Surface
upon Step Reduction in Gravity
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The reorientation and settling of a liquid/gas interface in a right circular cylinder upon step reduction in gravity
is investigated numerically. A modi� ed dynamic contact angle boundary condition is implemented where the
hysteresis parameter ° is employed as an adjustable parameter representing the degree of relative slip at the
contact line. The effect of the boundary condition on the axial interface oscillation is studied and the dependence
thereon of the resonant frequency and settling time is given. Results are shown regarding the behavior of the
dynamic contact angle and the penetration of the surface oscillations into the bulk liquid. The numerical results
are tuned via comparisons with existing experimental data, and a method for estimating the appropriateboundary
condition providing good agreement is suggested. An accompanying scale analysis depicts ° as a function of the
Ohnesorge number, the cylinder radius, and the static contact angle. These independent parameters are measures
of the system damping, characteristic surface de� ection, and effective stiffness of the interface. Applications of
the results may be made to spacecraft � uids management and the use of spacecraft and/or drop towers for � uids
experimentation.

Nomenclature
Bo = Bond number
Ca = capillary number
D = damping rate
g = acceleration level, cm/s2

H = height of the liquid along the centerline of the
cylinder at t D 0 (see Fig. 2), cm

H1 = height de� ned in Fig. 2, cm
H0 = distance of centerline coordinate between its initial

and � nal value (see Fig. 2), cm
= mean curvature of the interface, cm¡1

h = free surface elevation, cm
h1 = low-g equilibrium height of the contact line at the

wall (see Fig. 2), cm
L = characteristic surface dimension, cm
Oh = Ohnesorge number
p, pa = � uid and ambient gas pressure, g/cm-s2

R = radius of the cylinder, cm
Re = Reynolds number
Ri , R0 = residual force vector at iteration i and for the solution

of the previous time step, respectively
r = radial coordinate, cm
t = time, s
ts = settling time, s
ts;exp = settling time evaluated from experiment, s
U = characteristic system velocity, cm/s
Ui = solution vector at iteration i
ur , uz = velocity components, cm/s
u = velocity vector
V = capillary velocity scale, cm/s
z = axial coordinate, cm
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° = hysteresis coef� cient, cm¡1

°0; °real = hysteresis coef� cient from scaling and from
comparison to experimental results, respectively,
cm¡1

1h0 = height difference, cm
µstat; µd = static and dynamic contact angle, respectively, deg
¹ = � uid dynamic viscosity, g/cm-s
½ = � uid density, g/cm3

¾ = surface tension, g/s2

¿ = time constant, s
¿n ; ¿t = normal and tangential stress at � uid interface, g/cm-s2

!r = resonant frequency,Hz
!r;exp = resonant frequency of experimental results, Hz

Introduction

F OR � uid systems with free interfaces, the competitionbetween
gravitational forces and surface tension forces is usually ex-

pressed through the Bond number

Bo D 1½gL2

¾
(1)

In cases where Bo ¿ 1, the effects of gravity are small in com-
parison to those of surface tension and capillarydominated systems
result. On Earth, such conditions are typically achieved in systems
of small length scale L O (1 mm). In the near weightlessness of
space, however, g may be reduced by many orders of magnitude,
and in such environments dominance of capillary forces .Bo ¿ 1/
over large length scales is commonplace. This fact dramatically im-
pacts the design of in-space � uid systems and demands a thorough
understandingof capillary dominated phenomena.

Unfortunately, the complexity of such large-scale free surface
� ows can be extreme, an example being spacecraft liquid storage
tanks. In most cases, real space � uid systems have complicated ge-
ometriesand requiretransientthree-dimensionalnonlinearanalyses,
the latter owing in part to the conditions required for specifying the
moving and highly deformable interface. Numerical analysis is of-
ten the only recourse for quantitative analysis. Though a number
of investigators have written or adapted computer codes to handle
problems of moving interfaces with predominant capillary forces,
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it is not often possible to buttress their results against experimen-
tal data due to its scarcity. (Appropriate numerical and theoretical
examples for this study may be found in Refs. 1 and 2. For recent
advancesin solutionalgorithmsfor free surfaceproblems,see Ref. 3
and references contained therein.) This de� ciency is perhaps most
disturbing for numerically analyzed systems that possess a moving
contact line—the three phase line of contact where the free inter-
face intersects the container wall. Since the boundary condition at
the contact line is not fully understood4 from a physical point of
view, an ad hoc condition is often employed by default. The partic-
ular selection of this boundary condition can be critical since many
low-g free surface problems are dominated by both interfacial cur-
vature and damping originatingat the contact line.5 It is the purpose
of this study to demonstrate yet another approach to the practical
modeling of the contact line boundary condition for an oscillating
free surface problem, which may prove useful in future numerical
investigations.

In this study a “test” problem is investigated numerically for
which experimental data are available for subsequent comparisons.
The particular problem selected concerns the reorientationand set-
tling (damped oscillations) of a � uid meniscus in a right circular
cylinder upon a step reduction in gravity level. This reorientation is
a common occurrence in drop towers where after release of the ex-
perimentpackagethe � uid systems undergoa rapid changefrom the
gravity dominated .Bo À 1/ to the capillary dominated .Bo ¿ 1/
regime. This test problem also provides insight into applications
including docking maneuvers of liquid fuel laden spacecraft, the
behavior of liquid propellants upon termination of thruster � ring,
and the general settling characteristics of � uid interfaces that are
disturbed by spurious accelerations (g-jitter). As is the case for the
partially � uid–� lled cylinder, depending on the � uid-solid contact
angle, the � uid moves from an essentially � at surface con� guration
to that of a spherical cap (Fig. 1). Though the process appears at
� rst glance quite simple, the interplay between the moving con-
tact line, the static contact angle, the cylinder radius, and the � uid
properties is indeed intricate.As might be expected,overdampedor
underdampedbehaviorof the interfacedependingon the magnitude
of the damping and restoring forces of the system is possible. An
important dimensionlessnumber for this problem,somewhat analo-
gous to the damping ratio in the spring-mass-dampersystem, is the
Ohnesorge number

Oh D ¹= ½¾ L (2)

where Oh is the square root of the ratio of unsteady to viscous time
scales in capillary dominated systems. In this case, the quantity
Oh¡2 is equivalent to the Reynolds number .Re D V R=º/, where
the capillary velocity scale V » ¾=¹ is chosen. [The particular
relationship between Reynolds and Ohnesorge numbers depends
on the selection of the velocity scale V . For example, see Ref. 6,
where V » .¾=½ R/1=2 and thus Re » Oh¡1 .] With a step reduction
in gravity for Oh À 1, the � uid gradually creeps to its end state
con� guration,whereas when Oh ¿ 1 the � uid overshootsthis state
and experiences damped axial-mode oscillations until equilibrium
is established. In this numerical study, Ohnesorge numbers in the
range of 0:00146 · Oh · 0:0440 are investigated, as these were
also studied experimentallyby Weislogel and Ross.7 A commercial
code is employed for the computations with a modi� ed dynamic
contact angle boundary condition at the contact line. A hysteresis

Fig. 1 Normal and low-gravity
interfacial surfaces in a right
circular cylinder.

parameter ° arises as an adjustable parameter for the numerical
calculationsthroughwhich to establishquantitativeagreementwith
experiment. With this knowledge, ° may be correlated with the
independentvariablesof the problemand thus form an approximate
numerically empirical method of predicting the correct boundary
conditionfor related � ows. Results of the dependenceof the natural
frequency and the settling time for the � uid reorientation on ° are
presented in detail.

Background and Approach
A number of applicable experimental studies have been per-

formed concerning surface reorientation and oscillation in low-
gravity environments.7¡9 Most recently, Weislogel and Ross7 stud-
ied the reorientationof different liquids in a right circular cylinder.
A variety of silicone oils were used, which allowed the variation of
the dynamic viscositywithout signi� cant variation of other relevant
� uid properties. A range of contact angles was achieved by vary-
ing the wetting characteristics of the test containers with surface
coatings applied to the cylinder walls. Damped oscillationsof a liq-
uid/gas interfacewere shownto bedependentprimarilyon theOhne-
sorge number and the static contact angle µstat. Since the Ohnesorge
number would appear as a parameter in the governing nondimen-
sionlized Navier–Stokes equation for this problem, Re » 1=Oh2,
its effects on the � ow will be accounted for naturally in any nu-
merical investigation.However, the treatment of the contact line or
contact angle condition at the wall is uncertain, particularly in the
case of unsteady, intermediate to high Reynolds number � ows. For
unidirectional � ows, as discussed in Ref. 4, there exists a clear re-
lationship between the contact angle and the contact line velocity
at low Reynolds numbers (high Ohnesorge numbers). For oscillat-
ing contact line conditions, Young and Davis10 propose four model
relationships between the contact angle and contact line velocity.
These are 1) the � xed contact line, 2) the � xed contact angle, 3) the
smooth contact angle variation, and 4) the contact angle variation
incorporating contact line hysteresis (advancing/receding limits).
Several of these conditionsapplied in numerical investigationsmay
serve well to bracket the anticipated behavior of the � uid. For re-
cent developments see Refs. 5, 11, and 12. In this investigation, a
relationship established by Satterlee and Reynolds13 for an invis-
cid laterally sloshing interface is adopted combining the effects of
1–3. The contact line conditions are representedby a linear bound-
ary condition incorporatinga hysteresisparameter that indicates the
degree of contact angle � uctuation and contact line motion. Sim-
ilar numerical investigations using the hysteresis parameter were
conducted recently by Chao et al.14 and Kamotani et al.,6 who stud-
ied the viscid lateral sloshing problem for an initially � at interface
(µstat D 90 deg). A modi� cation is made here to this condition to
account for static contact angles other than 90 deg.

Equations and Boundary Conditions
A description of the dimensional mathematical model follows.

Axisymmetry is assumed, and the coordinates (r , z) are suf� cient
to describe the velocity components u.ur ; uz/. The radius of the
cylinder is R D 0:9525 cm (Ref. 7), and the height of the liquid
at the centerline of the cylinder at the time t D 0 is H D 2:0 cm
.H ¼ 2R/. The geometry is depicted in Fig. 2. The � uid is assumed
to be incompressible and Newtonian with a passive overlying gas
phase. The � uid properties used in the calculations are taken from
Ref. 7 and are listed in Table 1.

The calculation begins with a liquid/gas interface shape deter-
mined for the normal gravitational � eld using a Runge–Kutta al-
gorithm following Concus.15 The initial condition is the surface

Table 1 Relevant � uid properties for silicone oil test � uids

½, g/cm3 ¹, g/cm-s ¾ , g/s2 µstat , deg Oh

0.760 0.00494 15.9 32 0.00146
0.816 0.00818 17.4 44 0.00222
0.872 0.01744 18.7 51 0.00442
0.913 0.04565 19.7 59 0.0110
0.935 0.0935 20.1 60 0.0221
0.949 0.1898 20.6 66 0.0440
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Fig. 2 Geometry and boundary conditions for the problem of surface
reorientation in a right circular cylinder.

calculated for normal gravity .1 g D 981 cm/s2) instantaneously
subjected to a zero gravity environment .0 g/ at a time t D 0C.
Thus, the body force term is not considered in the numerical calcu-
lations other than to determine the initial condition of the surface.
The continuity and Navier–Stokes equations solved are
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respectively.The boundary conditions for the preceding system are
as follows: no slip along the wetted walls and the cylinder base;
u D 0 on z D 0, and, except in the near vicinity of the contact line,
u D 0 on r D R, the symmetry condition at the centerline, namely,
ur D 0 on r D 0, and normal and tangential stress components on
the interface,

¿n D 2¾ ¡ pa (6)

¿t D 0 (7)

where theambientpressure pa in the gas is set to zero.The kinematic
condition at the surface h.r; t/ is described by

u z D @h

@t
C ur

@h

@r
(8)

Because the interface is a surface of revolution about the z axis, a
convenient expression for the mean curvature is

2 D
f f 00 ¡ .1 C f 02/

f .1 C f 02/
3
2

(9)

where f D f .z/ describes the free interface. Two boundary condi-
tions for f must be speci� ed for closure.These boundaryconditions
are given indirectlyas the symmetry conditionat r D 0 and the con-
tact angle conditionat the contact line. The boundary conditionsfor
the free liquid surface are, at r D 0,

@h

@r
D 0 (10)

and at r D R,

@h

@r
D ° .h ¡ h1/ C cot.µstat/; for µ > 90 deg (11)

@h

@r
D ¡° .h ¡ h1/ C cot.µstat/; for µ · 90 deg (12)

The latter condition is a simple modi� cationof the work of Satterlee
and Reynolds13 and Kamotani et al.,6 which permits static contact
anglesother than 90 deg. The linearizedconditionis phenomenolog-
ically based and is readily incorporated into the solution algorithm
as a description of the contact line boundary condition. The case
° D 0 corresponds to the � xed contact angle condition, whereas
the condition ° ! 1 is the pinned interface condition. The case
° D 0 allows slip at the contact line to preserve the contact angle
there,whereas in the case of the latter, the contact line moves rapidly
from its initial position toward h1 where it closely remains with the
surface � uctuations near the wall being described by � uctuations
mainly of the contact angle. For the intermediate range of ° , the
effective dynamic contact angle varies smoothly with the height of
the contact line.

Scale Analysis
As a consequenceof the modeling choice ° D const, ° becomes

a free parameter in the numerical calculations. Since ° may thus
be tuned to provide agreement with experimental data, some a pri-
ori knowledge of the order of magnitude of ° is helpful and may
be used as a guide for applications of the numerical technique to
other geometries and/or � uid systems. Insight into the functional
form of ° may also allow correlation with the relevant parameters
of the problem providing intermediate, and more precise, predic-
tions of � uid behavior as compared with the bounding predictions
anticipated using ° D 0 and 1.

A scaleanalysis is effectiveto this end.De� ning @h=@r D cot.µd /
at r D R, with µd serving as an apparent dynamic contact angle, the
boundary condition of Eq. (12) may be rearranged to give

° D cot.µstat/ ¡ cot.µd/

1h
(13)

where 1h D h ¡h1 . If ° is an authenticconstantof the system, the
time dependence of terms in the numerator and denominator must
cancel. Therefore, only scale values for 1h and µd are necessary to
gauge ° . Assuming Bo(initial) À 1, the difference 1h at t D 0
(´1h0) may be determined using

1h0 D H1 ¡ H0 (14)

The terms H1 and H0 are depicted in Fig. 2. The height H1 is
de� ned by

H1 D R
1 ¡ sin.µstat/

cos.µstat/
(15)

Conservationof � uid volumebetween 1 g and low-g statesprovides
an additional relationship between H0 and H1 , namely,

¼ R2 H0 D ¼ R2 H1 ¡ ¼ H 2
1

R

cos.µstat/
¡

H1

3
(16)

Thus, upon substitution of Eqs. (15) and (16) into Eq. (14), 1h0

may be approximated as

1h0 D
R

3 cos3.µstat/
[2 C sin.µstat/][1 ¡ sin.µstat/]

2 (17)

The scale value for cot.µstat/¡cot.µd / may be estimated with insight
into the magnitude of µd at the onset of the � ow. The empirical
expressionof Jiang et al.16 shows that for the advancingcontact line

µd D arccos cos.µstat/ ¡ [1 C cos.µstat/]tanh.4:96Ca0:702/ (18)

The velocity scale of the capillarynumber may be determinedusing
one-quarter of the period of oscillation determined by the inertial
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Table 2 Range of ° , !r , and ts for the silicone oils

Fluid Numerical Results from
properties Scaling results Ref. 7

Oh µstat °0 °real !r ts !r;exp ts;exp

0.00146 32 1.72 ¼100 § 30 36.0a 2.70a 36.1 3.38a

0.00222 44 1.23 ¼70 § 20 40.0a 2.50a 39.5 2.75a

0.00442 51 1.45 ¼100 § 30 43.2 1.74 43.3 1.94
0.0110 59 2.09 ¼150 § 50 46.1 1.12 46.3 1.62
0.0221 60 3.10 ¼200 § 20 42.2 0.80 44.4 1.12
0.0440 66 4.48 ¼250 § 40 43.1 0.57 44.3 0.66
aLinearly extrapolated value.

Fig. 3 Dependence of °0 on Ca as shown by Eq. (20) for cases of con-
stant static contact angle µstat and constant cylinder radius (R = 0.9525
cm).

time constant ¿ » .½R3=¾ /1=2 for the period of oscillation of the
interface. Thus U » 41h0=¿ is an applicable scale for the veloc-
ity of the contact line during the initial stages of the reorientation
process. The capillary number based on this velocity is

Ca D 4.1h0=R/Oh (19)

Substituting Eqs. (17–19) into Eq. (13), ° (´°0) is evaluated and
listed in Table 2 for several combinations of static contact angle
and � uid properties, Bo(initial) À 1. Intermediate Bond numbers
will alter the value of °0 . For example, Bo(initial) ¼ 40 results in a
C20% change in °0 as compared with the limit Bo(initial) ! 1.

Thus, the scaling for ° reveals ° D ° .µstat; Ca; R/ or ° D
° .µstat; Oh; R/:

°0 » cot.µstat/ ¡ f .µstat; Ca/

f .µstat; R/
(20)

From Eq. (20), it can be shown that °0 » 1=R and that °0 ! 1
for both µstat ! 0 and/or large capillary number. This behavior
can also be observed in Fig. 3, where the dependence of °0 on
the capillary number is plotted for cases of constant static contact
angle µstat and constant cylinder radius (R D 0:9525 cm). If the
capillary number is less than 0.1 and the value of µstat is in the range
0 deg < µstat < 2 deg, °0 D const » µstat. It can also be shown
that °0 increases with increasing capillary number .Ca > 0:1/ for
µstat > 2 deg and that °0 ! 1 as µstat ! 90 deg. These features
indicate the degree of effective slip or pinning at the contact line
that might be anticipated for a given system of R, µstat, and Oh.

Numerical Considerations
The time-dependent response of the free liquid/gas interface to

the step reduction in gravity level is computed using the � nite ele-
ment code FIDAP (Fluid Dynamics Package) (Ref. 17; version 7.5
was run). The fully transient Navier–Stokes equations are solved,
generating quantitative results for comparison with experimental
data. The only modi� cation to the code is the boundary condition
at the moving contact line, Eq. (11) or (12).

The codeadoptsa mixedvelocity–pressureformulation.The basis
element is a nine-node quadrilateralelement. Within each element,
the velocity components are approximated using a biquadratic in-
terpolation function and the pressure is approximatedusing a linear

interpolation function. From previous numerical investigations in-
volving moving contact lines,18;19 it is known that elements must
become progressively smaller the nearer they are to the contact
line. This condition was accomplished using a mesh re� nement
scheme. The smallest element is found directly at the point where
the liquid/gas interface meets the wall. At t D 0, the dimensions
are 0.002 cm in the r direction and 0.003 cm in the z direction.
The standard mesh size of the computational domain is 73 radial
nodes and 49 axial nodes. Finer mesh sizes produce results that are
indistinguishablecompared with this standard. The motions of two
nodes are con� ned strictly to motion along the z direction. These
nodes are located where the liquid/gas interface meets the wall and
on the liquid/gas interface at the centerline. All others are free to
adapt to the solution and so prevent undue distortion of the mesh.
Applicationof the no-slip boundary condition at the contact line re-
sults in a stress singularity in problems where the contact line must
move as a result of hydrodynamicforces.20 The boundaryconditions
of Eqs. (11) and/or (12) relieve the stress singularity at the contact
line by introducinga region of slip implemented into FIDAP.17 The
degree of slip (effective slip length) for the node at the wall during
the � rst 10 time steps is in the range 7 £ 10¡5 to 9 £ 10¡5 cm.

The transient problem is computed with the implicit backward
Euler integrationscheme. At each time step a quasi-Newtonmethod
is used and iteration takes place when two convergence criteria are
satis� ed simultaneously:

Ui ¡ Ui ¡ 1

Ui

2

· 0:01 (21)

and

.Ri=R0/2 · 0:01 (22)

(for more details see Ref. 17). The initial time step for the � rst � ve
time steps is 0:1 £ 10¡6 s, and thereafter a variable time increment
is selected automatically by the code. The average run time was
900 min on a computer system of 512 MB RAM and 130.4 MFlops.
The CPU time increaseswith increasing° , decreasing Oh (holding
µstat constant), and decreasing µstat (holding Oh constant) because
the � uid motion requires more time to damp in these instances.

Results and Discussion
Surface Oscillation

With the step reduction in gravity from 1 g to low g, the � uid
� ows from a � at con� guration toward its zero-g equilibrium shape.
For the underdamped systems studied here, a damped oscillation
of the � uid/gas interface about the low-g equilibrium con� guration
results. The behavior of the � uid depends on the value of ° for
the contact line boundary condition. The principal objective was to
determine the quantitative nature of the oscillations as a function
of ° for systems of various Ohnesorge numbers and static contact
anglesin a similarmanner to thatofChaoet al.14 andKamotaniet al.6

The effect of ° on the surface settlinghistory may be best seen by
observingthe locationof the meniscus centerlineas shown in Fig. 4,
where Oh D 0:0110 and µstat D 59 deg. The data were obtained
from the numerical results at each 10th time step. Figure 4 shows
that, the higher the value of ° , the higher the oscillationamplitudes
and the lower the damping. On close examinationof the oscillation
curves for ° D 10 and 100 cm¡1 , one can see the presence of a
higher frequency wave between t D 0 and the � rst minimum. To
further illustrate the effect of ° on the computed interface behavior,
Figs. 5–7 show the free surface shape for these three calculations,
each from t D 0 to the � rst minimum. The impact of ° is distinct.
From Figs. 5–7 it canbeobservedthat a capillarywave is producedat
the contact line that travels toward the centerline,causinga brief rise
in the surface elevation there. This high-frequency wave becomes
increasinglypronounced with increasing ° . It is also seen to decay
rapidly as it gives way to the fundamental axial oscillations of the
surface.Such a wave is oftenobservedexperimentally9 and has been
predicted in similar though inviscid computations.2

In contrast to Fig. 4, Fig. 8 is presented to illustrate the effect of
° on the location of the contact line .r D R/ for the same � uid.
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Fig. 4 Surface settling histories for Oh = 0.0110at the cylinder center-
line (r = 0) with µstat = 59 deg and varying °.

Fig. 5 Free surface shape for Oh = 0.0110with µstat = 59 deg for several
time steps between t = 0 and the � rst minimum of the oscillation curve;
° = 0.

Fig. 6 Free surface shape for Oh = 0.0110with µstat = 59 deg for several
time steps between t = 0 and the � rst minimum of the oscillation curve;
° = 10 cm ¡ 1 .

If ° D 0, the contact angle is � xed and the contact line is allowed to
movewithoutreservation.The result is an overshootat thewall and a
large-amplitudeoscillation about the � nal value. If ° D 100 cm¡1,
° restrains the free movement of the contact line at the wall and
oscillations of this point are weak.

Dynamic Contact Angle
The behavior of the dynamic contact angle µd with time for

Oh D 0:0110 and a static contact angle µstat D 59 deg is shown
in Fig. 9. For ° D 0 the contact angle is � xed at the equilibrium
value. However, for ° > 0 the calculation begins with a contact
angle µd < µstat. The higher the value of ° , the smaller the ini-
tial value of µd . For example, µd D 36:4 deg for Oh D 0:0110 and
° D 10 cm¡1. For ° D 100 cm¡1 , µd D 7:0 deg. This is an artifactof
the boundary conditionbecause, phenomenologicallyspeaking, the

Fig. 7 Free surface shape for Oh = 0.0110with µstat = 59 deg for several
time steps between t = 0 and the � rst minimum of the oscillation curve;
° = 100 cm ¡ 1.

Fig. 8 Contact line settling histories for Oh = 0.0110at the wall (r = R)
for a variety of ° values with µstat = 59 deg.

Fig. 9 Behaviorof the dynamiccontact angle for Oh = 0.0110with µstat
= 59 deg and varying °.

dynamic contact angle does not decreasewhen the contact line is in
an advancing state, but rather the contrary. The boundary condition
is more representative after the � rst maximum, with µd increasing
(decreasing) with advancing(receding) motion of the contact line. It
can be seen that the µd maxima increasesigni� cantlywith increasing
° and that there is appreciable unsteadinessduring the � rst period
of oscillation.

Resonant Frequency
It can be shown from the numerical results that the surface oscil-

lations are not steadyperiodic.This behavioris due to the large non-
linear de� ections of the interface experienced after reduction of g.
As time passes, these de� ections lessen and the surface oscillations
and � ow become more linear, leading eventually to steady periodic
behavior. In general, the instantaneous frequency increases from a
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lower to a higher steady value during the reorientationprocess.The
degree of aperiodicity is dependent on the values of ° , µstat, and
Oh. For high ° . 50 cm¡1/, µstat . 59 deg/, and Oh . 0:0221/,
changes in the instantaneous frequency were detected up to 12%.
However, for low ° . 50 cm¡1/, lower µstat . 44 deg), and lower
Oh . 0:00222/, essentially steady periodic behavior was present
with changes in frequencyof less than 3% peak to peak. Steady pe-
riodic behavior (linear oscillations) can be expected when µstat 51
deg or when Oh 0:00222 and in all cases when ° 10 cm¡1.
Changes in frequency for µstat < 51 deg are in the range of 5% for
Oh < 0:0221.

To make comparisons with the experimental results of Ref. 7,
an average resonant frequency of the surface oscillations for the
meniscus centerline for each calculation was determined in three
different ways by curve � tting the surface settling histories at the
meniscus centerline from t D 0 to the end, from the � rst maximum
to the end, and from the second maximum to the end. The functional
form used in the � t was

h.0; t/ D H0[expf¡Dtg cos.!r t/ ¡ 1] (23)

As might be anticipated from the precedingdiscussion,average fre-
quencies that were determined using all nodes from the beginning
.t D 0/ to the end of the � ow process had the highest standard
error, whereas the average frequency values determined from the
� rst and second maximum to the end were higher in magnitude.
In the following discussion, we used for each calculation the fre-
quencies with the smallest standard error value varyingbetween 0.1
and 4.0%. Figures 10 .Oh D const/ and 11 .µstat D const/ show
the dependenceof the resonant frequency! on the different contact
line conditions.For every � uid, !r is minimized at ° D 0 and max-
imized as ° ! 1. The change of !r from ° D 0 to ° ! 1 lies in
the range of 31–69%, and this change increases with increasing Oh
and increasing µstat. As seen in Figs. 10 and 11, !r increases with

Fig. 10 Effect of ° on the resonant frequency !r for Oh = 0.0110 with
varying equilibrium contact angle.

Fig. 11 Effect of ° on the resonant frequency !r for varying Ohne-
sorge number holding the equilibrium contact angle constant (µstat = 51
deg).

Fig. 12 Effect of ° on the settling time ts for varying equilibrium con-
tact angle; Oh = 0.0110.

Fig. 13 Effect of ° on the settling time ts for varying Ohnesorge num-
ber holding the contact angle constant (µstat = 51 deg).

increasing static contact angle and decreasing Ohnesorge number,
respectively(for � xed ° ). These trends were common to all calcula-
tions performed.The horizontal lines on the abscissaof such � gures
are the values of the function for ° ! 0.

Settling Time
The settlingtime ts was de� ned as the time requiredfor the surface

oscillationsto decay to 2% of the initial amplitudevalue. Figures 12
.Oh D const/ and 13 .µstat D const/ show the dependenceof the set-
tling time on ° for differentcontactangles and Ohnesorgenumbers,
respectively.On the abscissa are lines indicating the behavior of ts
for ° ! 0. In general, the settling time increaseswith increasing° .
It is seen that, for ° ¸ 100 cm¡1, changes in the settling time with
° are weak and that as ° increases the settling time approaches a
constant value similar to the resonant frequency.For every � uid the
settling time is lowest at ° D 0 and highest for ° ! 1. In contrast
to the resonantfrequency,the in� uence of the static contactangleon
the settling time is weak for large ° . Pronounced changes in the set-
tling time are only noticeable in the range 1 cm¡1 < ° < 100 cm¡1.
Concerning the case of ° D 0, the change in the settling time be-
tween ° D 0 and ° ! 1 lies in the range of 36–150%. Holding
the contact angle constant in the range 51 deg · µstat · 66 deg, the
settling time increases with decreasingOhnesorge number. Similar
behavior was observed by Weislogel and Ross.7

Velocity at the Centerline
An example of the depth of in� uence of the free surface oscil-

lations is displayed in Fig. 14, where axial velocities at four loca-
tions along the cylinder axis .r D 0/ are plotted, Oh D 0:0110,
µstat D 51 deg, and ° D 0, 10, and 100 cm¡1. Note that uz is scaled
as necessary to enhance observation. The location of the interface
varies with time and thus the total depth of � uid along the centerline
varies with time. A negative .uz/ velocity vector acts toward the
cylinder base.



116 WÖLK ET AL.

a) At the interface

b) At H = 1.5 cm

c) At H = 1.0 cm

d) At H = 0.5 cm

Fig. 14 Velocity histories for speci� c points along the centerline of the cylinder (r = 0) for Oh = 0.0110 with µstat = 51 deg and varying ° .

Figure 14 shows the classic reduction of the damped oscillations
with increasing depth. The amplitude and duration of these oscilla-
tions increasewith increasing° . Holding ° constant, the magnitude
of the � ow velocityalong thecenterlinefor any depthdecreaseswith
increasingOhnesorgenumber.The velocitiesexperiencedalong the
cylinderaxis arehighestandoff-axisvaluesare increasinglydamped
as the wall is approached. In this test H » 1:8R and velocity values
at depths of »1:5R are approximately 1% of those present at the
surface. A calculation was performed for an initial depth of 1.5 cm
.H » 1:5R/ for identical test parameters without effect to the re-
sulting resonant frequency and settling time.

Comparison with Experiment
The utilityof the hysteresisparameterboundaryconditionmay be

assessed by comparisons of the variety of numerical results for this
test problem with those obtained experimentally by Weislogel and
Ross.7 Because the cell size, � uid properties, and contact angles
were selected for such eventual comparisons, the settling time ts
and the frequencyof oscillation!r serve well this purpose, as these
were measured.7 Because ° is a free parameter in the numerical
study, it is of interest to see which value of ° best approximates the
observedbehaviorof the bulk � uid. Insight into this best value of ° ,
here de� ned as °real , and its dependenceon Oh and µstat, may prove
useful as a tool to estimate ° a priori.

The approximate values of ° that seem to agree best with the
data of Ref. 7 are listed in Table 2. Comparisons for the settling
time are dif� cult due to the somewhat subjective determination of
ts used by Weislogel and Ross7 to accommodate for experimental
uncertainty.However, a general range of ° could be estimated from
the numerical results that reproduced the experimentallymeasured
values for ts;exp within §30%.

Fig. 15 Comparison of the numerical and experimental7 results for
the interface centerline location (r = 0); Oh = 0.00222,µstat = 44 deg and
for the calculations, ° = 50 cm ¡ 1 .

The hysteresis parameter °real was more easily identi� ed for !r ,
and thenumerical resultsagreewell with the experiments.Figure 15
shows the experimental oscillation curve for the location of the
meniscus centerline .r D 0/ together with the numerical result for
° near °real . The liquid is silicone oil with Oh D 0:00222 and
µstat D 44 deg. Observation of the � gure reveals a discrepancy be-
tween the � nal equilibrium con� gurations of the experimental and
numerical tests.The numericalend state is correctas comparedwith
the analytical solution.15 Thus, the discrepancy is likely attributable
to the experimental dif� culties, as claimed by Weislogel and Ross,7

of locating the initial axial location of the predominantly � at and
thus blurred interface due to a narrow depth of � eld of the camera
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Fig. 16 Dependence of °real on the static contact angle µstat.

Fig. 17 Dependence of °real on the Ohnesorge number.

they employed. The settling time and frequency information are
unaffected by the offset, which is always below §1 mm.

In Figs. 16 and 17, the selected values of °real for the various
Ohnesorge numbers and static contact angle conditions are illus-
trated. It is not evident from the calculations whether the in� uence
of Oh or µstat is stronger. Many additional runs would be necessary
to provide full correlation of ° with respect to these parameters.
The values for °0 listed in Table 2 predicted by the scale analysis
[Eqs. (13–20)] when multiplied by 62 give a reasonable representa-
tion of °real found from the numerical results that best agreed with
experiment. Thus, Eq. (20) may be modi� ed to give

°0 PD 62
cot.µstat/ ¡ f .µstat; Ca/

f .µstat; R/
(24)

providing some correlation between °0 and °real . The scale values
used in the calculation reproduce the experimentally determined
values for !r;exp to within §5%. As an example of the utility of this
result, it is found for the case of Oh D 0:00442 and µstat D 51 deg
that !r D 30:8, 43.1, and 43.9 Hz for the values of ° D 0, °0, and
1, respectively.For this case, !r;exp D 43:3 Hz. Thus the use of °0

yields a more precise result within the anticipated bounding values
of when ° D 0 and 1.

Concluding Remarks
Numerical investigations on the damped oscillations of a liq-

uid/gas interface after a step reduction in gravity were carried out
using a commercial code. The results reveal the signi� cance of
the boundary condition at the moving contact line for numerically
computed surface oscillations.The boundary condition imposed on
the calculationsincorporatesa modi� ed dynamic contact line/angle
condition from which the hysteresis parameter ° arises as an ad-
justable parameter. Agreement with experimental results for this
test problemare favorable for certain valuesof ° . The hysteresispa-
rameter is correlatedwith the resonant frequency!r and the settling
time ts for a variety of Ohnesorge numbers Oh and static contact

angles µstat. In each case, !r and ts are minimized for ° D 0 and
maximized as ° ! 1. The terms !r and ts are found to increase
with increasing Oh and µstat. Concerning ts , it was found that, for
values of ° ¸ 100 cm¡1 , further dependenceof ts on ° is weak and
ts approaches a constant value. Similar behavior was observed for
!r . In contrast to !r , the in� uence of µstat on ts is weak. A compari-
son of the numerical results with the experiments of Weislogel and
Ross7 shows the dependenceof a realistic hysteresis parameter°real

on the Ohnesorge number and the static contact angle.
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