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Measurements of surface-wave damping in a container

David R. Howell
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

Ben Buhrow
Department of Physics, University of Northern lowa, Cedar Falls, lowa 50614

Ted Heath and Conor McKenna
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

Wook Hwang
California Institute of Technology, Pasadena, California 91125

Michael F. Schatz?®
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 14 October 1998; accepted 20 October 1999

For surface waves in brimful right circular cylinders with clean interfaces and pinned contact lines,
damping rates and frequencies are measured for the six lowest frequency surface-wave modes over
a two-decade range of the inverse Reynolds nur@bésymptotic calculations that include viscous
dissipation in both Stokes boundary layers and the bulk show good agreement with measurements
for small C; the theory typically overpredicts the measured damping ratesCfdarge. Our
measurements suggest interfacial contamination may account for a previously reported discrepancy
between theory and experiment. B)00 American Institute of Physid$§1070-663(00)00702-9

I. INTRODUCTION frequencies in experiments that achieve a two-decade varia-
tion in the inverse Reynolds numbe€r(Fig. 1), which char-

The decay rate for surface waves in a container hascterizes the damping. To make connection with earlier ex-
proven to be surprisingly difficult to predict quantitatively. periments, we study modes in one container that is nearly
Some damping mechanisms are inherently complex: Exidentical in geometry and construction to that used in HM; a
amples include damping by free surface contaminat®n second container of substantially different aspect rhtiis
consequence of “pouring oil on troubled waters,” as notedalso investigated. Developing an experimentally proven ap-
by Aristotle, Plutarch, and Pliny the Eldérand by contact proach for predicting linear damping is an important step
line motion at the lateral boundafyiNevertheless, even in toward building a fully self-consistent weakly nonlinear
the case where contamination and moving contact lines arheory for the evolution of waves in many fundamental and
absent, theoretical predictions, which often only includepractical problems involving confined liquids with free sur-
damping due tdoscillatory) Stokes boundary layers near the faces; examples include pattern formation and transport in
bottom and sides of the container, can underestimate me&araday wavés and oscillations in liquid bridges, a hydro-
sured damping rates by as much as a factor df 4. dynamic model for float-zone refinirg.

Recent calculations by Martet al® suggest predictions
may be improved dramatically by including the effects of Il. BACKGROUND
viscpus d_issipation in _the bu_Ik of the liquid layer. For a t_)rim- Experiments are conducted with right cylindrical con-
ful right glrcular contamer.wnh a clgan surface and a plnneokainers filled to the brim with fluids whose kinematic viscosi-
contact line, Martelet al. find damping rates that agree to

ithin 4% for f tof si q din th . tiesv range over two orders of magnitude. An acrylic con-
within =70 for Tive out of Six modes measured In the eXperl-y inar that closely follows the design used by HM is

men;Es. ?f Hhend_ershon ‘znd I\élile(@enczforth c;gferred 10 85 constructed with deptd=2.764+0.005 cm and aspect ratio
HM,"; for the sixth mode, theory underpredicts experimenty _q 755 A second container, which hds-1.180+0.005

by 26%. Later calculatiofis yield essentially the same re- cm andl'=4.33, is fabricated with an aluminum sidewall

sult, leaving this discrepancy unresolved. With the ::1vr:1ilabil—and acrylic bottom. Both silicone oils (poly-

ity of only these six data pointgat a single fixed set of dimethylsiloxanes—Dow Corning 200® Fluidand highly

parameter valugsfor co_mpgrison, the deg“?e to which the purified water(High Performance Liquid Chromatography
inclusion of bulk damping improves predictions for a broad(HPLC) grade, Sigma-Aldrich, Ing.are used in thel

range of experimental conditions has, heretofore, remained 755 container; only silicone oils are investigated in the

untested. _ ['=4.33 container. The rim of each container is sharpened
We report measurements of modal damping rates angy, the inner diameter to provide a uniform, well-defined

edge to pin the contact line. For the silicone oils, the rim is
dElectronic mail: mike.schatz@physics.gatech.edu coated with a fluoropolyme(FluoroPel™ PFC1601A, Cy-
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ments using a capacitive displacement transducer. For a

_I properly chosen excitation amplitude, the filled container is
l vibrated for 30—120 s before the initially flat oil-air inter-
- face becomes unstable to waves; when the waves reach a

‘ Ty ! steady-state saturation amplitude where bathndg can be
easily verified visually, the vertical excitation is turned off

FIG. 1. Surface-wave damping is investigated in clean liquid layers with adnd the waves decay.

contact line pinned to a circular lateral boundary, as shown in a schematic ~ The amplitude of decaying waves is typically monitored

cross section of the experiment. The experimental conditions are describ%’onintrusively by tracking the reflection of a red diode laser
by the aspect ratid', the inverse Reynolds numb@=(v/yg(dl')®) and beam from the liquid—air interface. The incident beam is
the Bond numbeB=gp(dI')?%/ ¢ with the liquid’s depthd, densityp, sur- . .q . :

face tensionr, kinematic viscositw and the earth’s gravitational accelera- NOrmal to the initially flat interface. As a result, the reflected

tion g. beam is unaffected by changes in the liquid depth and is
deflected solely by changes in slope at the interface. A beam-
) ) ) I . splitter directs the reflected beam to strike the surface of a
tonix Corp) to ensure a partially wetting, equilibrium condi- osition sensing detectgModel 1L30, On-Trak Photonics
tion for the static contact line at the edge; the container rim i$nc.) which tracks the average position of the intercept’ed
uncoated for HPLC water. The flatness of the liquid surfaceoear'n_ When the interface is undisturbed, the intercepted
is determined by observing the reflection of a straight edge, e, g normally incident on the center of the detector; when

the surface is flat when the reflection is undistorted near thﬂqe interface is in motion, the detector subtends the angle
contact line. This method yields layers of reproducible depththrough which the beam moves, permitting real-time mea-

as confirmed by independent measurement with a meChanéUrement of the interface slope. In some experiments, we

cal gauge. Durirlg the runs, the temperature of the fluid is, 5, meagured the height of surface waves using a noncon-
monitored contlnual_ly and measured to an accuracy Of, . capacitive probéModel TPC-200, Capacitec, Incin a
0.1°C. Agthg ﬁperatmg temperstures of the silicone 0ils )2 hner similar to that employed by HM. Both methods often
measured with Cannon-—Fenske 'Rout.me wscome(@as?- yield the same result. However, we find that for the highest
non Instrum_ent C9, surface tension is me_asur_ed using frequency modes in thE=0.725 container, damping rates
d'g't?jl 'maging of |_3f§ndant_ drops, ?)Td densityp is mea- measured using the capacitive probe depend somewhat on
su:je using ‘g s_pec(; '(f: grawtyb(I:_lﬂﬁad edZﬁ%Forr] watery, 7> the lateral positioning of the probe; we attribute this variation
and p are obtained from publishe The governing to the coupling of the probe’s nonuniform electric field to the

no_ndimensic;nl?l zaramgte(i g and _th(_—:~ Bor?d numbes ._laterally varying interface shape over thé.8 cm diam re-
(Fig. 1) are fully determined by specifying these propertlesgion interrogated by the probe. No such spatial dependence

n conjunctlon W't,h the contalner.geometry. ) __Is found with the laser probe, which senses a much smaller
Vertical vibration of the container parametrically excites lateral region(~0.1 cmdiam, and, therefore, yields mea-
;urface wave modg(sFaraday mOdé_S which are charactgr- surements that are less sensitive to the undesired effects of

ized by ordered pairsnig) wherem is the number of radial spatial averaging
nodes andj is the number of azimuthal nodésxcluding the Complex demodulatidri of the surface-slope time series

node enforced by the pinned contact Jin€he container is yields the measured damping ratés and frequencieso
mounted on an inductively driven linear translation stage(Fig_ 2). A time interval is selected where the surface glope
(linear motoy, which is vertically vibrated at approximately has small amplitude and decays symmetrically about the
twice the natural frequency of the mode under study. Thg, .., position of the interfacke.g., 10 t<45 s in Fig.

motor is driven by a bipolar power sqpply, Wh',Ch' In turn, is 2(a)]. The time series is repeatedly complex-demodulated
under open-loop computer control via a 12-bit analog volt- i jterative changes in the modulation frequency. The fre-
uencyw, of the surface-wave mode is equal to the modu-
ation frequency that minimizes the phase change for the

time interval of interest[Fig. 2(b)]. A semilog plot of
TABLE I. Kinematic viscosityv surface tensiow and density for work- ~ complex-demodulated amplitude exhibits a linear behavior
ing fluids in the experiments. The last row entry corresponds to experimentever this same time intervdFig. 2(c)]; the slope of a line

with high purity water; all other row entries correspond to experiments withfitted to the data yields the decay rafe for the surface
silicone oils.

age output. Under these conditions, the container motion i
sinusoidal, as verified by measurements in separate expey

waves.
Viscosity Surface Tensiomr Density p Predi_Cted damping rate® and fr_equencieﬁ)t are com-
(cms) (dyne/cm (glcnt) puted using the asymptotic calculation method developed by
110<10°2 16.35 0618 Martel et al® In brief, normal mode solution&lescribed by
222102 17.32 0873 the velocity, pressure, and surface deformation fields as well
5.50x 102 18.20 0.914 as the damping rate and frequeheye expanded in powers
1.11x 10*1 19.08 0.935 of CY2 to orderC in the linearized governing equations and
2:52¢10" 19.51 0.947 boundary conditions. An integral solvability conditiois
ig?x 10 22%%% %%%:; used to overcome the difficulty that a contact line singularity,
9.04x 103 72.40 0.998 which becomes stronger with increasing powersCobften

causes perturbation calculations to fail@¢C).* Solution
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1 0 TABLE Il. Comparison of predictionsd,, &;) with measurementsa(,

Se) for experiments using HPLC-grade water in a container wiith
=0.725 and3=103.2. The rati@,;CY? 5, indicates the relative importance
of boundary layer damping for describing the measurements.

slope
(arb. u.)

C Mode w, o /w, Se 5,16, a,CY%6,

6.354<10°° (100 1.547 1.007 4.62010 % 1.046 0.852
6.215<10°° (200 2.102 1.007 7.23%10°% 0.984 0.693
6.215<10°° (01) 2.272 1.007 4.38Q10 % 0.879 0.336
6.354<10°° (300 2.591 1.008 9.77410 % 0.990 0.598

2

phase (b) nates with the viscous term C*2 accounting for a relatively

(rad) 0 : - small correction, even fo€ large; @,C?/aq=0.073 for

the (20) mode withC=2.96x 10" 2 andI’=4.33.[The O(C)
term for w, is identically zerd] The differences between,
and o, slightly exceed 1% for some modes at the largest
-2 values ofC where measurement of frequencies is the most
difficult since only a few complete oscillationgn some
cases, three at mosare observable before the mode com-
pletely decays.
To make direct connection to the experiments of EIM,

damping rates are measured @« 10~ 4 for I'=0.725 using

TABLE IIl. Comparison of predictionsd,, ;) with measurementsefg,

' Se) in experiments using silicone oils in a container witk=0.725. The

0 25 50 measurements are effectively carried out at fiedlespite differences in
t (S) physical properties ag changes for the silicone oil§Table |); the small

variation of B in the range 35%¥B=<374 has a negligible effect on the

predictions over this range &.

FIG. 2. Measured surface-slope time sef@s with complex-demodulated
phase(b), and amplitude(c), for a (0,1) mode in silicone oil withC 2
=7.647<x10° % andT"=0.725. C Mode We (o /(l)e Se S /8e a,C /§e
7.647<10°° (100 1.438 1.006 6.01¥10 % 0.963 0.796
7.647<10°° (200 1.899 1.006 9.03810 % 0.973 0.708

of the resulting boundary-value problem leads to predicted.647<107° (01) 2079 1004 5.15710°° 0948  0.389

: . -5 -2
damping rates and frequencies of the form 7.647<107° (30 2272 1.006 1.17810"° 0.996  0.635
76471075 (1) 2501 1.005 82081073 0948  0.301

6,=a,CY+a,C, w;=a,—a,C'?, (1) 7647x10° (400 2.609 1006 1558102 0.946 0527

_ _ o . L, 1557%10% (10 1433 1007 9.08810° 0977 0.755
where a, is obtained fromO(1) inviscid solution,a;C 1557104 (200 1.894 1.006 1.40%10°2 0.998  0.653

describes the first approximation to viscous dissipation in the.557<10™*  (01) 2.075 1.005 8.81810°° 0.984  0.325
Stokes layers, and,C includes the effects of both viscous 1.550<10°* ~(30) 2.268 1.005 1.96210 2 0.976 0542

. . . . . . —4 —2
dissipation in the bulk and a higher order correction to thel-543< 10,4 (1) 2498 1.005 1458 10,2 0.972 0.241
q ing in the Stokes | h high der for 154310 (40 2.604 1.006 25181072 0.984  0.464
amping in the Stokes layer§At the next highest order for 535104 (100 1430 1.009 1.558102 1.013  0.692

bothw, and 5, [0(C*?], the first contribution from damping 3.830<104 (20 1.889 1.009 2538102 1.035  0.564
in the free surface boundary layer arises; this effect as wel}.816<10™* (01) 2.075 1.005 1.80810 % 1.040  0.248
as all other terms beyon@(C) are neglecteti The compu- 3.816<10* (30 2262 1.008 3718102 1017  0.449

; ; _ 3816104 (11) 2495 1.008 3.03810 % 1.052  0.182
tation _ofao, ap, andazl as a function qu, B_, andI" corre 3816¢10° (40 2506 1010 5018102 1012  0.366
sponding to our experiments follows identically the method; ¢ 154 (100 1425 1.009 2427102 1031 0624
of computing the corresponding quantities in E§.1) of 7619107 (200 1.883 1.008 4.26210°2 1.029  0.473
Ref. 5, to which we refer the interested reader for further7.591x10°4 (01) 2.072 1.006 3.32¢10 2 1.046  0.189
details. 7570<10*  (30) 2.252 1.009 6.29410°% 1.038  0.372

7.584<10°% (11) 2.493 1.007 55681072 1.081  0.140

7.556x10°% (400 2.587 1.009 8.8041072 1.028  0.292

Ill. RESULTS 1.731x10°% (100 1.416 1.009 4.20410 % 1.088  0.542

. ) 1.731x107% (200 1.870 1.010 7.51810°2 1.132  0.404

The frequencies; and w, typically agree to better than 1.738<10* (01 2.066 1.008 6596102 1.135 0.144

1% for the 74 separate conditions investigated in our experit.7569<10"®  (30) 2.234 1.012 1.16610°' 1.130  0.305
. —3 — 1

ments (Tables 1I-IV). o is weakly dependent o€; for ~ 1.752¢<10°" (1) 2483 1010 117810 " 1.130  0.101

36701073 (100 1.405 1.011 6.804102 1.197  0.487
0,
example,w, for the (20) mode decreases by 6.6% when 3684¢10° (20 1852 1013 1364101 1160  0.324

increases by a factor of 100 fdr=4.33. This characteristic 3705¢10-2 (01) 2059 1.010 1.27210°! 1.193  0.109
is captured byw, [Eq. (1)] since the inviscid terna, domi-
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TABLE IV. Comparison of predictionsd;, &) with measurementsu.,  26% larger in HM® In our case, the increase 6f with time
Se) for experiments using silicone oils in a container with-4.33. The as the interface “aged” suggests the experiments with water

measurements are effectively carried out at fiBdlespite differences in t letelv f interfacial tamination due t
physical properties ag changes for the silicone oil§Table |), since the are not completely iree from intérfacial contamination due to

small variation ofB in the range 1223 B<1280 has a negligible effect on Surface active agents. By contrast, aspiration and special
the predictions over this range 6f cleaning procedures are not used for the experiments with
silicone oil, whose low surface tension leads to an interface

C Mode / 5 516, a,C¥%¢g . . . - .

Pe e © v e Tt7 "7t thatis highly insusceptible to contamination. We fifidand
3.047x 10:2 (100 0.884 1.003 9-40210:2 0.969 0918 o; for silicone oil in the same container for values Gf
3.047<10°° (200 1413 1.007 11910 " 0978 0892  gimjlar to the water experiments agree to better than 5.4% for
3.047<10°° (01) 1.688 1.005 8.80210°° 0.954  0.817 ) . .
3.047¢10°5  (30) 1.862 1.005 1.34810°2 0967  0.837 all modes, including01) (Table Ill). No aging effects are

3.047x10°°5 (11) 2.186 1.004 8.68310°° 0.945  0.698 observed with silicone 0ilg, is reproducible over a several
3.047<10°° (400 2.245 1.003 1.42610°%2 0966  0.781 hour period, provided the container is refilled to replace oil
6.084x 10—? (10 0881 1.003 1.328 10_2 0.989  0.918 lost by evaporation. The silicone oil and water runs differ
6.084< 1075 (20 1416 1.002 1.698 1072 1.003 0883 substantially in the value d8 (Tables Il and Il); however,
6.084x 10 (01) 1.688 1.003 1.28810°2 0.976  0.790 - . . : .
6.084<10°° (30) 1.865 1.001 2018102 0964  0.791 this difference translates |r_1to a relatively small difference in
6.084<10°5 (11) 2.187 1.003 1.308910 2 0.980 0.654 6y (—~5%), when both fluids are at the same valueof
6.084<10°° (400 2.246 1.001 2.10810°2 0.998  0.747 Thus, we believe these results, as a whole, suggest interfacial
1521x10* (10 0.877 0.999 2127102 1.019  0.907 contamination in the HPLC water experiments by HM and us

15211074 (200 1.410 0.999 2.82%10°2 1.020 0.838 . .
may account for the discrepancy with theory for ts
1521107 (01) 1.686 1.000 2.21210°2 0.998 0.727 y pancy y )

1.524<10°* (30) 1.858 0.999 3.28%10°2 1.032 0.765 mode. , _
1524<10°% (11) 2.186 1.001 2419102 1.002  0.560 Damping rates from theory and experiment typically
1.524<10°* (400 2.239 1.000 3.69410°2 1.033  0.674 agree to better than 7% wheé&h< 102 with silicone oils for

3.153<10°* (100 0.869 0.999 3.09810°° 1.057  0.896 both theI’=0.725 andl’=4.33 containergTables Il and

3.141x10°% (200 1.400 1.000 4.29210°2 1.041 0.794 V). Th ; ; ;
. e agreement remains quite good everCancreases
3.136x10°4 (01) 1.681 1.000 3.432102 1.033 0.672 ) g q g

3136<10°* (30 1.849 0999 5104102 1.060 0.706 such that the higher order bulk damping contributeyC
3.136x10°% (11) 2.182 1.001 3.89210°2 1.066  0.499 becomes more than four times larger than the leading order
3.135<10°% (400 2.230 1.000 5.85%¢102 1.076  0.609 Stokes layer contributiom;CY? [e.g., the(01) mode atC
7.038<10 * (10 0.851 1.004 5.10810 2 1.028  0.812 =7.591x 10 * in Table IIl]. It is worth noting that predic-
6.063<10° % (20 1378 1004 698510 ° 1061 0726  {iong for the '=0.725 container well-represent the deep-
6.963x 10 (0) 1665 1.002 5968102 1.035 0.576 . C .
6.938<10°* (30) 1.824 1.004 8837102 1058  0.606 container limit; ; is virtually unchanged by taking— 0 for
7.038x10°4 (1) 2.166 1.004 7.46210°2 1.052 0.390 all modes at all values of studied here. By contrast, the
6.974<10°* (400 2205 1.004 1.06610 ' 1.068  0.497 I"'=4.33 container better represents the shallow-container re-
i-gz 18:2 gg; g-ggg 1-882 i-iﬁigj 1-22421 8-;5? gime I'>1 where the requirement that the thickness of the
1484¢10° (01 1642 1007 106810 1020 0471 Stokgs Igyers be_small compared tb' Bhsures that the bulk
1.484¢10°° (30 1.788 1010 1.45810°1 1122 0537 contributiona,C is small for the lowest frequency modes.
1.484x10°% (11) 2.142 1.009 1.32%¢10°! 1.108  0.320 Thus, for a given value o€, the bulk contribution is typi-
2.960<10°° (200 1.320 1.008 1.98810°! 1.028  0.527 cally significantly more important for describing the mea-
2.960<10°° (01) 1615 1.011 180810' 1.036  0.392 sured damping af'=0.725 than forl’=4.33. For both as-
2060<10°° (1) 2114 1014 247810° 1081 0241 noct rafios at fixedC, the bulk damping becomes more
important asw increases; physically, the amplitude of sur-
face wave modes decay spatially as an exponential function
both HPLC grade water and silicone ¢ifables Il and Il).  of the wave number moving away from the free surface to-
Special care is taken in the water experiments to followward the bottom boundary. Thus, since the wave number
closely the experimental protocols of HM, including prior increases with increasing, the Stokes layer dissipation at
soaking of the container with the same cleafidicro-90, the container’s bottom quickly becomes negligible and the
International Products Copp.enclosing the experiment in a bulk damping dominates.
protective dust cover, and vacuuming the interface with a  For C>10"2 with both aspect ratioss, and &, differ by
water-driven venturi pump. Measurements of damping inas much as 20%Tables Il and I\j. The asymptotic predic-
water are recorded as rapidly as possible after aspirating th@ns of §; should be less accurate with increasgrequir-
interface—typically within~3 min. Despite these precau- ing higher order terms in Eq(l), which would typically
tions, we find the measured damping rate is effectively recauses; to increase. However, we fing, at O(C) already
producible only by the tedious process of refilling and aspi-exceedss, by 8%—20% for 12 out of 16 measurements with
rating the interface prior to each run, repeated measuremef>10 3. Very recently, a similar discrepancy is reported
after aspiration typically yielded noticeably larger dampingwhen comparings; from Eqg. (1) with an “exact” semiana-
rates.(HM report reproducible measurement&fover a3 h  lytic calculation valid for arbitrary values @&.” In particular,
period) Under these conditions, we find, and 6, agree for the (01) mode at C=2x103, I'=0.725, andB
within 4.6% for the(10), (20), and(30) modes(Table II), in =103.2, &, is 15% larger than the damping rate from the
accord with HM>® We also finds, exceedss, for the (0,1)  exact calculatior; this compares well with our finding that
mode; howeverg, is ~12% larger in our experiments vs &, is 13.5% larger than, for the (01) mode atC=1.738
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x 10" 3 at the same aspect ratio in silicone 6llable II1). 1J. C. Scott, “The historical development of wave-calming using oil,”

The contribution of systematic experimental error to these Fluid Mechanics Research Institute, University of Essex, Report No. 81

dlscrepgn_mes cannot be rU|eq OUt_' measuremenﬁ‘?Ofs_ 2T. B. Benjamin and F. Ursell, “The stability of the plane surface of a

more difficult at higher damping since the range in time jiquid in vertical periodic motion,” Proc. R. Soc. London, Ser2&5, 505

where the log of the amplitude exhibits a well-defined slope (1954.

[Fig. 2(c)] becomes substantially smaller. 4. W. Mile§ and‘D. M. Hendgrson, “Surf_ace—wave damping in a circular
In summary, our results demonstrate that viscous dissi,Y!"der With a fixed contact line,” J. Fluid Mecl275 285(1994. .
. . ! _— %J. Graham-Eagle, “A new method for calculating eigenvalues with appli-

pation in both the Stokes layers and the bulk must be in- cations to gravity-capillary waves with edge constraints,” Math. Proc.

cluded to predict quantitatively decay rate measurements ofCambridge Philos. So@4, 553 (1983.

low frequency Faraday modes over a wide rangeCoiin 5C. Martel, J. A. Nicola, and J. M. Vega, “Surface-wave damping in a
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