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LIQUID BRIDGE BREAKAGES ABOARD SPACELAB-D1
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The study of the stability of long liquid columns under microgravity was the purpose of one of the experiments carried out aboard
Spacelab-D1. In this paper a preliminary analysis of this experiment, mainly concerning the different liquid column breakages, is
presented, As shown in the paper, the behaviour, both static and dynamic, of long liquid bridges can be accurately predicted by using

available theoretical models.

1. Introduction

The experiment Floating Liquid Zone (FLIZ),
dealing with the behaviour of long liquid bridges
under mechanical disturbances in a low gravity
environment, was carried out by the german
payload specialist Dr. R. Furrer during the
Spacelab-D1 Mission in November 1985 [1]. This
experiment was performed in the Fluid Physics
Module (FPM), one of the multiuser facilities
provided by the European Space Agency for ex-
perimentation aboard spacecraft [2].

The configuration of the FLIZ experiment con-
sisted in a volume of liquid held by surface ten-
sion forces between two equal diameter, coaxial
solid disks, as sketched in fig. 1. The disks were
made of aluminium, which a 30° sharp edge to
avoid liquid spreading, the disk radius being R, =
0.0175 m. Working liquid was a low viscosity
density p =920 kg m~3 and surface tension o =
0.02 N m™!) with tracers (Eccospheres, 0.15 X
1073 m in diameter and 0.1 kg m ~? of concentra-
tion) to enhance inner motion visualization.

During the FLIZ experiment, the liquid bridge
broke down six times, and these breakages are
analyzed in this paper by comparing experimental
results with available theoretical ones. As pub-
lished elsewhere [3-6], concerning liquid bridge
breakage. the most suitable result to be experi-
mentally checked is the partial volume (defined as

the ratio of the volume of the larger drop appear-
ing after liquid bridge breakage to the whole liquid
column volume), because the partial volume de-
pends mainly on variables which can be easily
controlled and experimentally measured (volume
of the liquid column and the slenderness A =

Fig. 1. Sketch of the liquid bridge (FLIZ experiment, Spacelab-
D1). FD: feeding disk; RD: rear disk.
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L/(2R,), where L stands for the distance between time) are extremely difficult to check because of
the disks). On the other hand, some other aspects the strong dependence of these results on initial
of the liquid bridge breakage (i.e. the breaking conditions, which are too hard to control accu-




Fig. 2. Breaking sequences of long liquid bridges aboard Spacelab-D1. In each picture series times are, relative to the bottom picture,
—10s. =45, —2sand 0s; Ist column: Run 1; 2nd column: Run 3; 3rd column: Run 5; 4th column: Run 6.



rately. Therefore, partial volumes obtained from
the FLIZ experiment are compared with theoret-
ical partial volumes obtained by solving a one-di-
mensional slice model for the dynamics of the
liquid bridge. Since the ability of such slice model
to predicts the dynamic behaviour of axisymmet-
ric liquid bridges has been already tested through
experiments in which microgravity was simulated
by means of neutral buoyancy techniques [4,5],
one could expect similar agreement in the case of
liquid bridges aboard a space station. The results
presented here corroborate such assumption; ex-
perimental partial volumes obtained aboard
Spacelab-D1 are in agreement with theoretical
ones.

2. Breaking sequences

To analyze the different breaking sequences
occurred during the FLIZ experiment, our sources
of information have been a 16 mm film (shot at
0.5 frames per second) plus listings of the values
of the experimental parameters (disk positions,
rotation speeds, accelerometer measurements, etc.)
and voice records of the communications between
the spacecraft and the Earth.

Since the breaking of liquid bridges was not the
main goal in FLIZ procedures, available informa-
tion on these breakages is quite different from one
to another breaking sequence. In addition, since
liquid injection and removal was performed man-
ually, the only available source of information
concerning liquid bridge volumes are the pictures.

The status of the several breaking sequences is
summarized in table 1. Observe that Run 1, Run 3
and Run 5 are reasonably well documented. On
the other hand, the breaking in Run 4 cannot be
analyzed because no pictures were shot after liquid
column disruption. Concerning Run 2, the liquid
bridge breaking happened just after vibration tri-
als (an axial oscillatory motion 0.5 mm in ampli-
tude and frequencies ranging from 0 to 1.6 Hz was
imposed to the rear disk), and probably surprised
the payload specialist (he stopped the film camera
once vibration trials were finished, and there is a
gap of about 1.5 min before the next picture).
Finally, in the case of Run 6, an amount of data

Table 1
Availability of information concerning liquid bridge breakages
during FLIZ experiment (Spacelab-D1)

Run ¥ Pictures prior to  Number of pictures Parameter listing
breaking available?shot after breaking available?

1 Yes 10 Yes
2 No 2 Yes
3 Yes 15 Yes
4 Yes 0 Yes
5 Yes 22 Yes
6 Yes 21 No

» Breaking sequences are numbered chronologically.

covering a period of about 8 min, which includes a
isorotation trial and the sequent breaking process,
has been unfortunately lost; so, in this case, the
only sources of information are the film plus the
voice records.

To measure liquid bridge volumes, the film
frames have been enlarged and the contours of
liquid bridge interfaces digitized. Since the refer-
ence length is the disk diameter, and in some
pictures disks are not very well defined (see fig. 2),
this method of calculation of liquid bridge volumes
becomes very sensitive to the accuracy in disk
diameter measurements; therefore, when possible.
several pictures showing the same liquid bridge
configuration have been measured, the values of
the volumes here reported are the average values.

In the following, unless otherwise stated.
volumes are made dimensionless with Rj. Two
additional parameters are introduced: the static
Bond number B = pgR? /0, and the Weber num-
ber W= (pf2?°R}/0)"/?, g and 2 being the axial
acceleration and the disk rotation speed, respec-
tively.

To get an estimation of the value of Bond
number during the FLIZ experiment (we consider
only axial acceleration because lateral accelera-
tions have higher order effects on stability limits
[7]) the accelerometer readout supplied by
DFVLR * has been used. The accelerometer gives
the peak value sampled every second of accelera-

* Deutsche Forschungs- und Versuchsanstalt fir Luft- und
Raumfahrt e. V.



tion in a reference system having one of the axes
parallel to the liquid column axis [8]. The peak
values of axial acceleration g* and g~, respec-
tively, during a period starting 3 min before break-
ing in Run 1, as well as the mean acceleration
value g_, are shown in fig. 3 (although accelerom-
eter data are available at each 1 s, in this graph
the interval between two sequent data is 5 s, so
that high frequency perturbations do not explicitly
appear in fig. 3).

In the case of a linear system (as it is well
known from random process theory [9]) the mean
level of a stationary random perturbation is trans-
mitted through the system as a constant signal;
that is, the superposed random perturbation does
not affect the relation MLI/MLO = H(0) between
the mean level input (MLI) and the mean level
output (MLO), H(w) being the transfer function
which is characterized by the static response H(0)
(already known for almost cylindrical liquid
bridges in a reasonable number of cases
[6,7,10-14)) and the resonance frequencies w [3,4].
This principle can be used to describe the dy-
namics of a liquid bridge, which can be considered
as a linear system provided the interface deforma-
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Fig. 3. Accelerometer data in the liquid bridge axial direction
prior to the first liquid column breaking (Run 1). (@) readout
of accelerometer (peak values of acceleration sampled at 1 s
interval. g* and g7, respectively): (O) mean acceleration gp,,.

tions are small enough. In this case, the input is
the imposed perturbation and the output would be
some measurement of the interface deformation.

Unfortunately, the previous considerations are
not strictly applicable to the phenomenon under
study because the liquid bridge breaking is a non-
linear process. However, the principal statement
of the linear analysis (the main contribution to the
output is the mean level of the input) can be used
as a first insight in the problem, and to get an
estimation of the mean level input a time averaged
value, g,, of the mean acceleration g_ can be
used.

The dependence of the averaging time of the
average axial acceleration g,, defined as

L [ (r) dr, (1)
/

ga(t) - tb !
is shown in fig. 4. In eq. (1), ¢ stands for the time
and the subscript b denotes the breaking instant
(which coincides with the time origin, 7, =0, in
fig. 4). As it can be observed, this averaged value
becomes nearly constant as the averaging time
t, — ¢t increases. Therefore, an estimation of the
value of Bond number during FLIZ experiment
based in this averaged value g, could be B=
pg,R3/0 ~ 1072, this force being directed toward
the feeding disk.

20 Runl

Basically, the beginning of the different trials of
the FLIZ experiment was the formation of a long
liquid column. To perform this task, FLIZ proce-
dures stated that once a short liquid bridge was
formed, the payload specialist should increase disk
separation (by moving the feeding disk) until the
desired slenderness A is reached and, at the same
time, inject working liquid into the liquid bridge
to keep its volume nearly cylindrical (V =27A) at
any instant. This process is represented by line a
in the stability diagram shown in fig. 5. The first
breaking occurred because the injection law fol-
lowed by the payload specialist (as already stated,
injection was performed manually) was not that
intended; therefore, the final configuration was
very close to the minimum volume stability limit
[5.10] and thus, taking into account the value of
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Fig. 4. Axial mean acceleration g, (O) and averaged accelera-

tion, g, (@) prior to breakage for several liquid bridge se-

quences. In each plot the time origin corresponds to the

breaking time with an error of +1 s. except in the Run 2 case
(see section 2.2).

the Bond number estimated in section 2, breaking
in Run 1 happened because the liquid bridge
became smaller than that of the minimum volume
stability limit for the corresponding value of B.

The liquid bridge volume at the breaking con-
figuration and the partial volume, both theoretical
and as measured from photographs, are shown in
table 2 (in all the cases the larger drop was the one
anchored to the feeding disk. which is in agree-
ment with the above mentioned sense of axial
acceleration).

Theoretical partial volumes corresponding to
experimental configurations have been obtained
from fig. 6. which has been plotted from previous
results already published in refs. {5,6}. Fig. 6 gives.
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Fig. 5. Variation with Bond number B of the minimum volume
stability limit V. Line a corresponds to cylindrical volume
liquid bridges, V' = 2#A. Solid circles indicate where the liquid
column breaking occurred; whereas open circles indicate the
filling law manually followed in the first trial (Run 1).

for each value of the liquid bridge volume V and
the slenderness A, the partial volume v, calcu-
lated by using a one-dimensional slice model for
the dynamics of the liquid column [3-6]. Although
v, depends mainly on V and A, in fig. 6 the
dependence on the Bond number of the minimum
volume stability limit is also represented (for each
B = constant curve the stable region is that placed
above the curve),

Then, selecting the appropriated A = constant

Table 2
Liquid bridge breakages during FLIZ experiment aboard
Spacelab-D1

Run A V+03 Upe £0.004 Up

1 2.714 135 0.739 0.765 +0.018
2 2714 16.8 0.879 0.867 +0.006
3 2.714 16.8 0.871 0.867 +0.006
5 2.857 17.4 0.846 0.856 £0.006
6 2571 16.5 0.884 0.881 +0.006

A slenderness, V@ dimensionless liquid bridge volume. vp.:

experimental-partial volume, v,,: theoretical partial volume.
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Fig. 6. Partial volume ¢, versus minimum volume stability
limit ¥. Numbers on the curves indicate the values of the
slenderness A ( ) and the Bond number B (— — —).
Line a corresponds to: cylindrical volume liquid bridges, V' =
27A. (®) Experimental liquid bridge configurations at breaking
during the FLIZ experiment and the heavy lines indicate the
accuracy in measurements of the liquid bridge volume.

curve and the liquid bridge volume V, obtained
from measurements of pictures, "the theoretical
value of v, results *. Observe that, since the slope
of the A curves increases as the liquid bridge
volume decreases, the error in theoretical v, val-
ues increases as V decreases. In the first breaking
(see table 2) measured values of v, are about 3.5%

* Note that. except in the case of Run 1, according to the
mean value of Bond number estimated in section 2, all static
configurations at breaking were stable. This indicates that
axial mean acceleration was not the cause of these liquid
bridge breakages, as will be explained later.

smaller than theoretical values (Run 1 gives the
highest difference between experimental and theo-
retical values). The reason for this comparatively
large difference could be that breaking in Run 1
happened after a liquid injection process (which
tends to push the liquid towards the rear disk)
combined with feeding disk separation (which has
a similar effect) whereas theoretical results were
obtained by assuming a liquid bridge at rest to
which a perturbation (Bond number) is imposed
at the initial time.

2.2. Run 2

As shown in table 1, Run 2 breaking is not very
well documented. This breaking happened after
oscillation trials, the resulting static liquid bridge
configuration being stable (fig. 5). Liquid column
breaking probably occurred because of an ex-
tremely high peak of axial acceleration. In any
case, the main problem in the study of this brea-
kage is that the breaking process was not filmed,
so that it is not possible to correlate liquid bridge
evolution with available acceleration recording.
The values of axial mean acceleration, g, and
time averaged acceleration, g,, covering a period
which roughly coincides with the not-filmed
breaking process, are shown in fig. 4; in this plot
the time origin has been fixed arbitrarily, coincid-
ing with the first picture in which the liquid bridge
appears broken in two drops.

Concerning partial volume, as shown in table 2,
the experimental value is about 1.4% higher than
the theoretical value obtained from fig 6.

2.3. Runs 3, 5 and 6

Each of these three bridge breakages took place
after a isorotation trial. In these three cases, the
static liquid bridge configurations were stable (figs.
5 and 6) but they become unstable when the
prefixed rotation speeds were imposed (see fig. 7).
Rotation speeds and slendernesses were selected
in FLIZ procedures aiming to check the depen-
dence on rotation speed of instability modes
(axisymmetric mode or C mode [10-12]). Rotation
speeds and slendernesses were £ =10 rpm. A =
2.857 (Run 5), £=13 mpm, A=2.571 (Run 6)
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Fig. 7. Varation with Weber number W of the maximum
stable slenderness A of cylindrical volume liquid bridges (V =
27A) in gravitationless conditions ( B = 0); line ABC corre-
sponds to axisymmetric stability limit, A(l1+ WH)/2 =g,
whereas line DBE corresponds to non-axisymmetric (C mode)
stability limit, 2AW =« [12]. Therefore, there are four differ-
ent regions in this stability diagram: the region below line ABE

is stable, but the region associated with the acute angle ABD is -

a region in which there is instability to axisymmetric modes
but stability with respect to C modes (the contrary occurs in
the region EBC); finally, in the region above line DBC both
kind of instabilities take place. Solid circles indicate experi-
mental liquid bridge configurations during the FLIZ expen-
ment. The square corresponds to a fourth isorotation trial
foreseen in FLIZ procedures which was not performed because
of time constraints.

and £ =12 rpm, A =2.174 (Run 3) which corre-
spond to axisymmetric modes, to C modes and to
the border between these two types of instability,
respectively. A fourth isorotation trial, represented
by a square in fig. 7 (£ = 16 rpm. A = 2.143) was
foreseen in FLIZ procedures, but there was no
time to carry it out during Spacelab-D1 Mission.
In these three breakages the breaking process
was axisymmetric. This behaviour is obvious in

the Run 5 case and even in the Run 3 case (fig. 7),
but it is not so clear in the Run 6 breaking, where
one could expect a C mode breaking. To explain
this last case, additional perturbations, other than
disk rotation, must be considered in the stability
analysis. Fig. 8, which has been drawn after theo-
retical results reported in ref. [12], shows the maxi-
mum amplitude of the interface deformation € of
stable equilibrium shapes in the A-W stability
diagram. As it can be observed, except in the
region bounded by lines BE and BC, the perturba-
tion level needed to excite C mode instabilities is
higher than that needed in the axisymmetric case.
The main conclusion which can be obtained from
fig. 8 is that any white noise, such as that existing
during Spacelab-D1, acting on the liquid bridge
(e > 0) moves point B effectively towards higher
values of W, increasing the axisymmetric instabil-
ity region and decreasing the C mode instability
one. Therefore, the axisymmetric behaviour in Run
6 breaking may be explained independently of the

Fig. 8. Variation with the slenderness A and the Weber
number W of the maximum interface deformation e (defined
as sketched in the insert) of stable equilibrium liquid bridges.
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value of the axial acceleration during Run 6, which
would be assumed to be similar to that measured
during the remaining liquid bridge breakages (B
~1072). _

The evolution of the liquid bridge neck during
the breaking processes under consideration is
shown in fig. 9. Observe that in the case of Run 3
there is an oscillatory motion superposed to the
breaking evolution. Concerning partial volumes
(table 2) there is a surprising agreement between
theoretical and experimental values (the maximum
difference being 1.2% in the Run 5 case) in spite
of the fact that in these three trials the liquid
bridge was rotating whereas theoretical results were

o —— T |

RUN 3 \
T———e—
r'W A 1
w \
0.4 \
/ \
/ \
: i
\
\
)
i
v - r
0.8 : RN
RUN 5 % \
| |
w \
/‘\\ ; |
\\/ |
0 H
| R ‘
0.8 . \
RUN 6 ;
! T \j\\
1
T \\
1/ 1
0.4 1’ M
|
0 :
2150 -100 -50 0

t (s)

Fig. 9. Variation with time ¢ of the neck radius of the liqmd

bridge » and the Weber number W during isorotation trials

performed aboard Spacelab-D1. Neck radii have been mea-

sured from pictures, whereas W curves have been plotted after

parameter listing; line type indicates when data were available
( yornot (— — —).

obtained by using a mathematical model which
does not includes liquid column rotation. The
reason for this agreement is that, once axisymmet-
ric instabilities are excited, they govern the se-
quent liquid bridge evolution.

3. Conclusions

Five liquid bridge breaking sequences that oc-
curred aboard Spacelab-D1 have been analyzed
and compared with theoretical predictions. Al-
though our attention has been focused mainly on
breaking processes, the results obtained allow us
to establish two main conclusions. First, theoreti-
cal stability studies predict accurately all of these
liquid bridge breakages. Second, there is agree-
ment between experimental and theoretical partial
volumes, which seems to indicate that the break-
ing of a liquid bridge is a phenomenon mainly
driven by surface tension (at least for the level of
perturbations reached aboard Spacelab-D1), the
different perturbations imposed to the liquid col-
umn, either accidental or intentionally, acting as a
trigger that causes capillary instabilities to de-
velop.
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