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Ahsiract

The cim of the experiment LICOR was the investigation of the axicl resonances of cylindrical
Liuid coelumns supporfed by equaid circular coaxial disks, In preperaiion of the D-Z experiment g
dwaretical mode! has been developed, which exactly describes the small amplitude osciilations
of finife eylindrical columns behween couxial circular disks. In addition, in terrestrial experdments
the resenance frequencies of small liguid columns with up lo 5 mm in diameter have been
determined and invesligations with deasity-malched liquids {silicon oll in g waterinethanal
mixture) have been performed. For the D-2 expedmen! LICOR the front disk and the rear disk for
use i ihe AFPM have been construcled and equipped with pressure sensors and the necessary
alectronics. The pressure exerted by the oscillating fiquid column on the supporing disks was s
fonw s 10 P Since the duta downlink of the Materials Research Labaratory was just one signed
cor svcond and channel, it was necessary to determine amplitude and phase of the pressure
clicady in the LICOR disks. The D-2 experiment has been successfully performed, It has fully
confirmed the theoretical models and remarkably supplements the experiments on small iquid
columns and on density-matched columns.

Introduction The D-2 experiment LICOR has been based
- on four supplementary methods, see g, | &
nearly cylindrical columin between circuler
disks requires a low Bond number

It was the gim of the D-2 experimen LICCR 10
achieve o consistent understianding ol the
uxial escillations of cylindrical liguid colurmns

supperted by coaxiul circular disks. Conligu- B= gmg\p_f‘:l’_? .

rations of this type occur in the ileating zone T (
mothod of crystal growth. Of special interest

are the irequencies of the resonances, where where f is the column radius, g the accelera-
at tha nth resonance n nodes of the surface fion due to gravily, 4 p the deasity difference
delleetion are observed. The (st resonance between the {luid of the colurnn cnd the sur-
treqquency approaches zero, it by Increasing rounding medium, and o the surface tension
ils length the column reaches ils slability limit of the {juid under consideration.

For resonance detection hree diflerent
methods have been applied, namely visual
observation, monitoring the pressure on lthe
vibrating supporling disks and irmage pro- « inyestigalions on small Lguid cofumns
cessing of the video recordings. {f1* small)

In av experiment a low Bond number may be
achieved by
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Fig. 1:  The four supplementary methods for stu-
dying the behaviout of liquid columns with low Bond
number.

« investigations with density adjusted
liquids {Ap small)

« cxperiments in low gravity conditions
{g smalll.

Theory

The resonanca [requencies of liquid columns
are determined by the balance between the
kinetic ensrgy of the liguid motion and the
potential eneigy of the resubttant surlace de-
forraation. This means that the resonance fre-
gquencies cre proparly scaled by

Fuetic eaenyy : p] Rz L (&2512_ _ £ (':32 H:I )
surdgce energy o R L ol

The sharpness of the resonance {requencies
is determnined by the liquid viscostty. It is
properly scaled by the ratio of the transient
time "4 of liquid motions due to suricce de-
formalions over thelr damping time 7%, This
dimensionless numnber
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or else its square root are denoted as Chne-
sorge nwnber, capillary number or modilied
Reynolds number. p and v are the density

and the zinematic viscosily, n = p v is the dy-
namic viscasity ol the liguid congidered.

The three scientific tegms involved in LiCOR
have develeped dilferent thoeoretiond modely
which yield slightly ditferent resonance tro.
quencies 1 agrecme:it vath e ditherant sim-
pliiications made,

The Madrid teain has investigaled lwo differ-
ent one-dimensional models, both of which
are applicable 1o slender Hiquid colurens and
low frequnncies (1 - 4] Inthe one-dimensiongl
slice mode! only the contribution of the axial
ltquid motlion to the kinelic cnew@y is aken
into gccount. The radial contribulion is digre-
garded. The iiquid moticn lhrough each
radial cross-section is obtzined from the
change of the liquid volum=s on both sides,
This lower estimate to the kinetic energy gives
rise fo oo high resonance hiequencies. The
neglection of the redial motion is the more
crilical, the shorter the considered liquid col-
umnis. Anupper bound to the kinetic eneigy
is obiained, i one iokes the axial flow for
granted and caleulates the radial flow brom
the continuily equation. In consequence of
this treaiment oo low resonance fregquancies
arise, in panticular for oscillalions exhibiting
several nodes, This applies to the Cosseral
model.

The mode! developed by the Minchen team
[5 - 7} tredis the oscilletions of infinite liguid
columns. Among these il selects those which
satisty the corroet boundary condiiions on the
flow velocity at the periphery ofthe supporiing
disks. The corresponding kourdary condi-
tions at smaller radii are disregorded. With
the Hlow velectty being less restricied in thaot
maodel than in the experiment, too low reson-
ance {requencies are obtained.

The model developed by the Frankiur teara

{3 - 10] s principally exact, The only limitaiion

is the linearization of the basic equations

which ig correct for small amptitude oscills
tions. It is based on tha ollowing sleps:

+ The solulions of the momentum equaction
plus the continuity equation in cylindrical
coordinaies are determined.

¢ There are three independen sets of solu-
tions in terms of cylindrical Bessel funce
lions with respect to the radius Himes ox-



ponential functions explimy + igz) in the
azimuth ¢ and ia the radial coordinale z.

These solulions are used tor satislying the
houndary conditions on the radial compa-
nent and the two tangeniial components
of the stress tensor along the surface of an
infinite liquid columin.

Satistying three boundary conditions by
means of thiee linearly independent solu-
ions renders a 3x3 secuiar determinanl.

The solutions of this secular determinanlt
for real axial wavenumber g and complex
frequency e are the natural frequencies
of inifinitely long columns.

[nslead of these natural oscillations the
enlorced escillations for real frequences
complex axial wavenumber g are deter-
muned.

These are axially increasing or decreas-
ing ascillafions of the fiquid columin.
From the increasing or decreasing oscilla-
tions linear superpositions are lormed,
which satisfv the boundory condilions on
the [low wvelocily atong the supporting
dishs.

Satisiying the boundary conditions at any
position across the disks would require
taking into account an infinlle set of soiu-
tions.

IMeeting the boundary conditions there-
tore is reduced to N radiion the supponting
cisks, which requires ZN solutions.
Taking into account N=12 such radil re-
duces the ertor to less than \wo percent
even without optimizing their spacing.

Amang he mos! important resulls of this pre-
cedure let us mention:

The surlace shape resuliing ot low [re-
quencies is that unduloid, which fils with
respect to length and to volume.

The pressure on the supporting disks is
proporional 1o the amplitude of the exci-
tatien and is conveniently scaled by

2

L.

Rezonant oscillations aiise il the axially
decrensing waves reach the opposils
disks und are reflected with adequate
phase.

The later requirement generaily is satis-
f1ed by the firs! bwo pairs of solutiens only,

such that the resonance lrequencies pasi-
cally lollow [rom these solulions.

« The firsi resonance {reguency ap
proaches zero when lhe length L of the
column reaches its circumlerence 2=R
{Rayleigh instabilily).

= The height of the pressure maxima af the
resonance {requencies varies proyor-
lional to Yevlba.

+ The shaigness of the resuonances de-
creases with increasing number n of
nodes, Le. only a finite number of reson-
ance freauencies can be found ex-
perimentally.

» Deacreasing R by one order of magni-
tude enables detection of two or three fu:-
ther resenances,

« Al high frequencies surfuce waves arise,
Le. the liguid motion along the axis van-
ishes.

Figs. 2 and 3 show the pressure on the vibiats
ing disk in depandence on lrequency and the
flow prolile of the second resopant gscillation
according to the caleulations,
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column with aspect ratio g

e = 107,

Smail Liguid Columns

[n preparction of the D-2 experiment LICCR
the resonance frequencies of small liguid col-
umns have been investigated (111 For that
aim the apparatus shown in Fig. 4 has been
developed. The small columns have been
established between disks made from slain-
less sleel with 3 mm, 4 mm and 5 mm in
digmeter. The upper disk can be positionad In
three directions by means of micrometer
screws. The lower disk was electrodynami-
cally excited. Typical amplitudes at frequen-
cies belween 15 Hz and 150 Hz ranged from

f 1

The fiow paitern of the second resenant oscillaton in a
== 2.4 and the daniping parametor

i bo =
cies can be sal maoually or olse o
frequoncy ramp of vonialde ot
mcy pe appied.

The oscitlalions wew oherved by
moeans of o telemicrozcope ondg
wore video recorded., By using stio-
boscopis llureination a resting

ture could be achieved ot ¢
phase. Applying o sfow phase vari-
ation resulicd in a slow motion pic.
ture, This is of partioular mport-
ance at high Irequencies, where
the ozcillalions become non-linear,

For gquantitative delection of the
resonance frequencies the press.
ure of the liguid column en the sup-
porting disks has been measured.
The nominal zensity ol the press-
uie sensors was 15 uVPa. For cali-
ration of the pressure sensors the
gas volume in a 1 liter koitle has
been varied by 59 mm® by means
of a melor diiven microsyringe,
The liquids used in the experi-
menls were woter and a water/
glycerol mixture (Tabile 1),

Wiih both liquids systemalic ineus-
uremenls with disks of 5 mm in
diameter and a [requency ramp
from 15 Hz to 150 Hz were por
formed. The rize in fraquancy was
| Hz per second. The aspect ratio
A = LidRwas syslemaoticaily varied
from 0.8 1o 1.1. Fig. 5 denicts the
first lwo resonance freguencies ol
a waler column with 5 min in
diameter and 3.5 mam in height,

Fig. 6 shows lhe resoncnce irequencies
varsus the aspect ratio. The resonance fre-

quencies obtained with water (x} are some-
what lower than those obiained with the wa-
ter/glycercl mixture (+). This contradicts the-
ory, since for the mixture the Band number
and also the Chnesarge number is sligntly
highar, which suggests slightly lower reson-
ance frequencies. The tull Bines in Fig. & give
the resenance {requencies according to the
exact theory, the dashed iines those accord-
ing to the Cosserat model. The measured
resonance liequencies agree cxcellently with
the exact model,
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Table 1: Physical date al the liguids vsed in terrestial experiments on small colwnns.

i i 5 , nance
Plateau Simulation sl resonance 2nd reso

Plateau simulation, i e, the use ol density
adjusted liquids, olien iz disqualitied by the
argqumnent that the exernor [luid must also
oecillate, such that ne clear comparison with
theory 1= possibie. In addition 1o the density
and 1he viscosity of the ouler liquid batk, the
shape of the conlainer used and of the leads
10 the supporting disks have lo be taken into
account. An exact calculation of the reson-
ance [requencies therelore is possible by nu-
merical methads only. On the olther hand,
considering that the viscosity strongly allects
the sharpness of the resonance frequencies,
but ooly slightly thelr posiiion, il should be

R PN

LebSdn e

Fig. 5: The ist and Znd ressnant escilluticns of a
walet cofumn with § mm in diameter and 3.5 mm in
length.

al Suoboscopic pictures of the exbeme deloma-
ticns;

k) Superposiion of tha silhouettes of the extreme
deformations.

possible to obiain usefcl resulis also by
means of Plateau simuiation.

Flalegu simujalion has been used in crder to
tamiliarize science astronouts and ex-
perimenlers with the behaviour of liquid col-
umns and in particular with the detection of
resonance frequencies. In the COLUMBUS
mockupat ESTEC a Plategu lunk iz available,
in which a column ol silicon ot! {density 0.9
Fig. 4: The device used for investigating the reson. gfcm! was eslablished in a bath of waler and
ance krequencies of small liquid cohurans. methanol (densities 1.0 g/oin and 6.76 g/om).
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Table 2: The resonance frequencies of a eylindricel liquid column with 3% s in divmeler as detemiined in
the Piateau tank in the COLUMBU S mockup. Liquid column: silicen oil; Liguid bath:; water + melhanal,
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Fig. 8 Comparisan of the resonance frequeacies

obtuined i the Plateau tank with the exact theoreti-
cal model. Scallng of the ftequency has beenchosen
aecording te the bes| fiL Selid Mines: experiment;
dash-dellzd lines: theory.

This Plotegu tank has been provided by lhe
Madiid team, which has a long experience
with this technique. After the lirst training with
the sciznce aslonauis, a [reguency romp
fromOHz o SHz with g [requancy rise by 1 Hz
wilhin 20 s has beon added. This proved nar-
ticulerly useful during the sccond taining
performad.

By repealedly studving the viden recordings,
L e. alter some visual practice, the resonance
frequencies may be determined up 1o 0,02 Hy,
With four columns with digmeter 30 mm and
ditlerent aspect ratia the resonanace frequen-
cies shown in Tab. 2 have been ebicined.

Plotting the resonance frequencies varsus the
aspect ratio renders Fig. 6. Scaling of the
ordinate has been chosen such that optimun
fitting of the theorstical resulis is cohieved,
The good agreement of the experimentat wilk
the theorstical curves reveals that the resea-
ance frequencies in the Plateau tank show
similar behaviour as those of free liquid col-
umns. The only adapled parameter 15 lhe
trequency scaling.

Design and Performance
of the LICOR Disks

The I3 experiment LJCOR has been per-
formed in the Advanced Fluid Plvsics Mo-
dule, AFPM, which was part of the Malerizls
Research Laboralary, For measuring and pro-
cessing the pressure of the oscillating column
the special disks (front disks and rear disks)
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Fig. 7; The lront disk and the rear disk developed lor inplemen-

tabea in the AFPM. The hole {or iquid injection is in the iront disk.
The tear disk is exdted lo vibrelions. The bulll-in electranics evalu-

ates the pressure amplitude apd phase.

shown in Fig. 7 have been designed. The hole
Jor liguid injeclion is in the cenlre of the {ront
disk. The rear disk can be vibraied. Since the
deta transmission rate from the Malerials Re-
sparch Laboratery to ground was as Jow as
1 Hz, the signals of the pressure senscrs were
transtormed into amplitude and phose al-
ready In the disks. The phase was counted
relative to the vibration of the rear disk. In
order lo increase the dala rate to 4 He, each
of the amplitude and phiose signals from the
front disk and from the rear disk was dis-
Libuted to jour different channels with o time
shift of 1/4 s. The channels originally were
designed to serve the transmission of sixieen
temperature signals. Aller lransmission 1o
ground the dala were 1earranged aceord-
ingly.

The daia processing in the disks evaluates
pressure signals from 0.5 Pa to 10 Pa in the
hequency range from 1 Hz to 5 He, In that way
it was possible to transmit to grownd

» the amplitude of the pressure at the front

disk

+ the phase of the pressure ai the ont disk
* lhe amplitude of the pressure of the rear

disk

* the phase of the pressure at the rear disk

I‘,g. Hl duled in the D-2 timeline rom MET
H ' 1/23:18 1o MET 2/02:50 (MET =
7 l§' Mission Elapsed Time]. it has bean
' F*li ‘ placed in such a way that during
I

the essential steps (the frequency
rampst Bec) Tune TV was avail-
able. LICOR has been perflormed
by P5-1, Dr. Ulrich Waller,

LICOHR was the second expariment
to run in the AFPM lollowing the
experiment 3TACO, Due (o sevaiel
delays during preparation of the
AFPM, the latter experiment hod
suffered by severe lime con-
straints. Due lo that experience,
staying within the given time {rame
was strongly watched during the
LICOHR performance. It was essentia! thal the
intended {requency ramps from 0 Hz to & Mz,
each lasting 7:30 min, could bz observed,
recorded and processed in BT-TY, The video
signel was tronsmitied via ITALZAT 1o MARS
Center, Napoll, to be image processed and
was relurnad on-line,

first @ column from 10 51 silicon oil wiln
30 mm in diameter and nominally 47.4 mm in
lengih was created, PS-1 stasted the ire-
quency ramp at MET 2/00:27:00 {= GMT
118/15:17:00). In additien to the video signal
of the oscillaling columns the pressure data
were received on ground, The ompliiude of
the pressure on the vibrating disk was plotied
on one of the monitors at G3CT and excel-
lently ageead with the precaleulated curve.
The pressure maxiing, Le, e resongnes ire-
quencies, could be easily identilied [rom
these data. This was much maore than P51
and all other observers of LICOR could real
ize, who saw the video picture of the ssciilat
ing column only, see Fig, 8.

The hiquid columa cenlained unintended
bubbles, which dus 1o the obvious lime con-
sirainis weore not removed, The bubbles did
not disiurk the pressure and frequency meas-
wrements. They generally led to aveid the
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reqions with high flow welocin

amd rather moved to the
i,

flaw

Alter apoilication of the requaney
rawp, several lleguoensios
to the resonances noled by the BS
and the PLwere set manudly in
stape of .0*1 ez and the respective
ogcillations were abserved in da-
beaid.

Subsequently, the length of the
columa was reduced 1 nominaily
40 mm and the frequency ramp
and the manuc! seltings were re.
peated. As belore, cveryihing
worked very well and good agree-
ment vith thecry was oblained.
Due o anagreement of the Plsan
axicl line with equidistant radicl
ticks had been placed belween
the background illumination and
the liguid column. It guve valu.
able addilional information. The
startof the kequency rampcan be
secn {rom the motion of the ticks
much earlier than from e sus-
face delormalion. Residual ac-
coleralions can be clearly ob-
served, which not al all were da-
tected by the Microgravity Meas.
urement Assembply, MMA. Non-qx-
isymmelric surface delormations
could be easily ideniified.

Fig. 4 shows the amplitude of the
pressure on the vibrating recr
disk and on the resting front disk
during application of the fre-
quency ramp o the first column
with g nominal length ol 47.4 im
tactual 49.1 mmb The [ull lines
give the theoreticat pressuie ac-
cording 1o the Cosseratl model,
the dash-dotted lines the pressure
according o the exaet lhuor'g. W
lind excellent agreament between
the letter and lhe exporimenicl
values. Iig. (G shows the phase of
the pressure on the vibrating and
on the resting disk during the
same lrequency ramp. Agree-
mant belween experiment and
theory again is very good.
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Fig. & The amplitude of presaure at the vibrating
disk (o) and al the resting disk (b} during the tre-
quency tamp applied to the column of 49.1 mum in
jength; solid lines: Cosserct model; dush-doked
lines: exacl model.

Run II of LICOR

O the third day ol the D.2 Mission, the AFPM
had fully breken down electronically. How-
ever, aiter infensive simulations of the AFPM
suppott team with the engineering model
available at GEOC and a \wo o thiee hour
ali-te-ground repair aclivity, the AFPM could
be reactivated by the crew. Since the Space-
lal mission was extended by one day, a sec-
ond run of LICOR was enabled by means of
a replanning requesl.

In order 1o save crew tine, Bun 1 of LICOR
was perlormed with the 5 ¢51 silicon oil used
in the preceding experiment ONSET (Onset of
ascillatory Marangoni {lowsh in order o ac-
count for the lower viscosity, the amplitude of
excitation ol the rear disk was reduced irom
! mm to 0.5 mm. The front disk, due to the
preceding procedurss, still was shilted lat-
erally by 0.7 mumn. The request to rearnrange i
coaxially was renounced, since this was the
step were the AFPM had broken down earlier.
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Fig. 10: The phase of presmure atthe vibrating disk
(o) and ui the resting disk (b} dwing thefrequency
ramp applied 10 the column of 491 mm in leugth;
solid hnes; Cosseral model.

As in Bun 1, the science astronaul was Dr
Wrich Walier He created a liquid coiumn with
40 mm in length and applied the frequency
ramp from 0 Hz o & Hz. As beiore, sharp
maxima of pressure versos requency showed
up. The hrst resononee {requencies could be.
clearly identilied, see Table 3. However, aiter
passing the third resonaence {reguency the
asciliation became so intense that a strong
lateral motion arose and the liquid szilled
over the sharp edge of the rear disk. The
column subsequently broke. Since no un-
usial accelerations were recorded by the
Microgravity Meosurement Assembly, the
possible reasons {or the snillage are

» the laleralshiit of the Front Disk by 0.7 mm

» the retardalion of the hill developmani of
the resonani oscillations relative to ihe
appearence of the pressure maximum,

The resonance {requencies found in the D2
cxperimanl are shown in Fig. 11 logether with
the resulls from smicli hguid columns and the
curves [rom theorolical modelling.
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lioin of the resonances by
moeans of pressure sop.
sers has proven very ef.
fective.

The unintended laiergi
shil{ o the front disk,
which hasn’t been cor.
recied dug o this risk of
breakdown of the AFPR
has shown the sensitvit,
of liquid columns o non.
axiat penurbxslions. [twas
st likely the reason for
e breckage of the cok
amn in fun H Inothe sub
saquen! re-run of the ex-
periment STACO g cal.
umn of silicon o1l belweer,
circular disks with the un-
equal dicmeiers 30 mum
and 28 mun has been es.
lablished. The column
started to oscillale lai-

dashed tines: Cossergl modael.

Conclusions

The D-2 experiment LICOR perfectly supple-
ments the experiments on small liquid col-
umns and those based on density-adjusted
liquids. Ai the same time, # has given new
insight info the immediute appearence of the
pressure maxima, the visual observation of
resonances and the retardation of the fully
developed oscillations. The automatic detec-

erally with a neriod o

4.75 s and broke aligr

abeout 2 min The uneqgual
disk diamelers bring about three differant
surlace shupes, which dilfer only siightly in
eneigy. All of these surlcces are seclions of
unduloids. Breakage occurred after lhe on-
ergy of the laleral metion causced the caluma
to swilch from the unduloid with [sswasl encigy
o the one with next higher enaigy.

This onderlines the importance of nen-axich
oscillations of liquid columns and of escilia-

[]
silicon oil jlength/ mm disk resonance frequency §/ Hz !
1 2 % T 5
19 ¢St .t vibrating 0.53 1.20 203 1 32 428 |
resting 0.53 1.2} 2.19 1.38 ; 430 '
video 0.48 1.20 2.04 3.40 431 |
105t 417 vibrating 0.69 1.33 2.70 3.96
resting 0.69 1.58
video | 054 153 1 270 336 | 498
| . Il ! -
5¢St 3.7 vibrating 0.30 L7730 ' i
resting .50 1.78 |
video 0.73 i.77 3.00 I |

Tahle 3: The resonance frequencies ablained trom the pressure mexdme and by visua! swtluaiion of the vides

recordings.



Lions with azimuthal wave numbers m >= 1.
They shew a much lower damping than the
axial oscillations with m = 0.

There are good reasons lo assume that the
oscillatery Marangent cenvection, which has
heen repeatedly observed in liquid columns,
is coupled to capillary escillations with m = 1.
Marangoni convection anises, if the disks sup-
porting the column ate tieated to dilleremnt
lempeiatures. A gradient in surface lension
from hot to cold arises together wilh a surlace
convection in the same direction. Il becomes
oscillatory, if the applied lempercture dif-
ference exceeds a eritical value. In that case
the conveclive llow starts to rotate azimu-
thally. This appears 10 be an oscillctory flow
ina metidian light-cul. The rotating low gives
rise and in lurn is supponed by o cotrespond-
ing surface delonmation. Each investigation
ol oscillatory Marangoni flews therefore re-
quires the exact knowledge of all non-axial
capillary deformations,
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