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We used the liquid-vapor equilibrium of Gnear its critical point {c—T=1 to 150 mK) in order to
study the stability of an interface between a gas and a liquid having close depsitieg, when submitted to
high frequencyf (3—57.5 Hz horizontal vibrations(of amplitudea from 0.1 to 2.5 mm Above a given
velocity threshold (Zraf), we observed a “frozen wave,” corresponding to an interface profile of sinelike
shape which is stationary in the reference frame of the vibrated sample cell. By varying the vibration param-
eters, the surface tension, and the density difference between the two phases via the temperature, it was found
that the wavelength and the amplitude of the stationary profile are both increasing functions of the frequency
and of the amplitude of the vibration and that they are proportional to the capillary length. Our measurements
are consistent with a model of inviscid and incompressible flow averaging the effect of the vibration over a
period and leading to a Kelvin-Helmholtz-like instability mechanism due to the relative motion of the two
fluids. [S1063-651X99)00805-3

PACS numbg(s): 47.20—k, 64.60—i, 64.70.Fx

I. INTRODUCTION chanical systems. When the hanging mass of the pendulum is
submitted to a horizontal vibration of frequency much larger
Vibrations applied to mechanical systems can induce dethan its natural frequency, above a given amplitude threshold
stabilization or stabilization, depending on the characteristiédhe mean position of the pendulum is no longer vertical but
features of the vibrationgrequency, amplitude, directipn ~Makes an angle with the direction of gravity that verifies
The common effect of vertical vibrations is to modulate theCoS$=2glf?/a’ [2]. Correspondingly, a horizontal vibration
effective gravity by means of the time-dependent accelera®f high frequency applied to a vessel containing two immis-
tion applied to the system. For example, one of the mos_?'ble fluids Iegds to the de_stablhzatlor_w of th_elr |_n|t|ally flat
studied destabilizing effects of vertical vibrations is the para/Nterface and induces a stationary profile of sinelike shape, as
metric amplification of the oscillations of a system. WhenflrSt briefly reported by WO“[.E’]' A theoretical explanation
the hanging mass of a simple pendul@hnatural frequency has been proposed by Lyubimov and Cherepe[ﬂc}.v!\/lqre
fo) is submitted to a strong verticéle., parallel to Earth’s rec_ently, Gonz_alez—Vlnas and Salan perforr_ned similar ex-
. L L perimentg 5] without reference to these previous works.
gravity) vibration of frequency 2, oscillations of the pen-

dul tf lified. In th h In the present work we measured the variations of the
uium & requencyo are ampiified. In the same way, when wavelengthh and amplitudeA of the stationary profile ob-
a strong vertical vibration of fixed frequency is applied to a

L o ¥ “gserved at the interface submitted to a horizontal vibration
vessel containing a liquid layer, one can observe oscnlatlon§See Fig. 1 and commenit§]) as a function of the amplitude

of the free surface at one-half the frequency of the excitatiolynq frequency of the vibration. We used a two-phase system
[1] (Faraday instability Inversely, applying high frequency composed of a CQgas-liquid equilibrium near its critical
vibrations can lead to the stabilization of unstable equilib-

rium states of the system. When the hanging mass of a pen- a cos(wl)
dulum is submitted to a vertical vibration of frequenty
much larger than its natural frequenty, the unstable equi-
librium position of the pendulum upside down is stabilized
when @/1)(f/fy)=.2av2 (wherea is the vibration ampli-
tude andl is the pendulum leng}h[2]. The corresponding
hydrodynamical phenomenon is the stabilization of the free
surface under a liquid layer by means of a strong vertical
vibration, leading to the suppression of the Rayleigh-Taylor F|G. 1. Geometry of the model. Note that the thicknesses of the
instability [3]. two fluid layers are considered as equaHf®? in the model while

Horizontal (i.e., perpendicular to Earth’s gravjtyibra-  they depend on the volume fractionin the cells and on their
tions can also have nontrivial effects on the stability of me-orientation with respect to gravitisee Fig. 2[6].

1063-651X/99/56)/54406)/$15.00 PRE 59 5440 ©1999 The American Physical Society



PRE 59 FROZEN WAVE INDUCED BY HIGH FREQUENGQ . .. 5441

/ TABLE |. Normalized density differences and temperature dif-
sample cell vibration stroboscopic ferencesT ,ex— T Of the three fluid samples, whose evolution of
parallel light the volume ratiax(T) is roughly indicated.
g
/ Position on pictures of
the fluid samples right left middle
g 8p* =({p)-p)pe 0(+1039) 0.05 0.028
Te— Teoex (MK) 0 7.1 1.3
> sapphire windows volume ratiox(T) constant0.5  variable  variable
“thermostated
CCD camera copper cell

FIG. 2. Experimental setup. The top views of the interfaces aréo‘_ StrO_bOSCOp'C frequency of 14 Hzes_pectlvely 28 _H)zat a
obtained when the gravity is parallel to the axis of the ciglsse  viPration frequency of 30 Hzrespectively 57.5 Hzis cho-
(N]; the profile views of the interfaces are obtained when theS€N SO that different phases of the vibration could be inves-
gravity is perpendicular to the axes of the céllase(ll)]. Only one  tigated at such accelerations. This frequency shift allows us
of the three sample fluid volumes is represented. to check whether the observed interface profiles are station-
ary in the reference frame of the cell.

point. It is very useful because the surface tension and the The critical point of CQ is defined by the critical tem-
density difference between the liquid and the gas vanish derature T.=304.13K, the critical density pc

the critical point and can be continuously adjusted by tuning=468 kgm 3, and the critical pressur@.=7.37 MPa. The
the temperature. This two-phase system has another advagxperimental study was performed near the critical point as
tage: in an ordinary two-phase system composed of two flucharacterized by the normalized density of each fluid sample
ids of close densities but of ordinaryfinite surface tensionand the normalized temperature distance:

the capillary length is often larger than the vegsel that the

dynamics of the interface is driven only by the surface ten- 0<op* = <P>—Pc$0 05 )
sion). On the contrary, when approaching the critical point of Pe o
a pure fluid, the capillary length vanishes and can be adjusted
to be much smaller than the vessel size. s T.—T 4
In Sec. Il of this paper we present the experimental setup. 4Xx10 °<7= <5.10% 2

In Sec. lll we present the measurements of the wavelength of ¢

the stationary profile and compare them to the measuremenighere(p) is the mean density of the fluid sample.
of Ref. [5]. In Sec. IV we compare some of our data to a  Three experimental fluid samples filled at different mean
model of instability presented in R¢#]. Finally, in Sec. V. densities(p) were usedTable ). The coexistence tempera-

we discuss some experimental limitations. ture Teoex and the volume ratiok(T) were experimentally
determined for each sample at various temperatures. The vol-
Il. EXPERIMENTAL SETUP ume ratiox(T) is defined for each sample as the ratio of the

) ) gas volume to the total volume of the cell. From the mea-
_The experimental setup is composed of a thermostat consyrements off e~ T andx we determined the normalized
taining a cell with three sample fluid volumes, which is vi- gensity 5p* of each sample. For this we took into account

brated by a shakefsee Fig. 2 The thermostat has a tem- the mass conservation law along the coexistence curve:
perature accuracy of 1 mK close to the critical temperature

T, with an operating range ofl¢, T.—150 mK.) The shaker
can apply vibrations of amplitude and frequencyf among Ap* =150 Q)
a=0.1,0.3, 1, and 2.5 mm arfd=1, 3, 10, 30, and 57.5 Hz

(a andf can be varied independentlyrhe discretization of \yhereAp* is the normalized density difference between the
the vibrational parameters reflects a compromise between thguid phase and the vapor phase:

technical choice concerning the shaker, the needed high level

of performances of the thermostat, and the total vibrated pL—Pv

mass. It is noteworthy that the shaker produces vibrational Ap*= 2—Pc (4)

energy in the vibration direction and with a smaller amount,

approximately 10 times less, in the plane perpendicular tq\ p* is calculated using the asymptotic scaling lésee be-
the vibration direction. S-VHS video recording and image|ow). For T,— T<150 mK, Ap*<0.135[7].

digitization are used to determine the characteristics of the
interface. The cylindrical fluid volumeg®f diameterD equal

to 10.8 mm and of thickness- equal to 10.8 mmare ma-
chined in a copper alloy cell and closed by two parallel sap- A stationary profile of sinelike shape in the reference
phire windows(of thicknesse,, equal to 9 mm A photodi-  frame of the cell was observed only for the following pairs of
ode continuously illuminates the interfaces by light parameters d,f )=(2.5mm, 30Hz),(1 mm, 30 Hz, (0.3
transmission through the cell for vibration frequenciesmm, 57.5 Hz, (1 mm, 57.5 H, and(2.5 mm, 57.5 HE In
smaller than 30 Hz. For higher vibration frequencies the celFig. 3 are shown snapshots of a typical proffieg. 3(a)] and

is illuminated by a stroboscope with a flash duration of 1 msa typical top viewFig. 3(b)] of the interfaces observed in the

Ill. EXPERIMENTAL RESULTS
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increasing function of botfianda.

Gonzalez-Vinas and Saldb] studied the behavior of a
similar two-phase system submitted to the same kind of vi-
brations(frequency from 5 to 120 Hz and amplitude from O
to 2 mm but at larger distance from the critical point
—T=12K, Ap*=0.62. They observed standing or propa-
gating waves at the interface above a given value of the
velocity aw. Their experimental data show th@t the wave-
length of the wave detected at the instability onset was a
decreasing function of and (ii) for f>28 Hz the amplitude
of the vibration needed to reach the instability onset was an
increasing function of. The discretization of the frequency
and of the amplitude of the vibration produced by our shaker
did not allow us to detect the onset; nevertheless, we found
above the onset an opposite dependence with respect to
f. In order to explain this discrepancy between our data and
those of Ref[5], we emphasize the fact that we observed a
stationary profile at the interface in the reference frame of the
sample cell, whereas the authors of RES] observed a

FIG. 3. Views of the three fluid samples at two different cell standing or a propagating wave in the reference frame of the
temperatureqa) Profile view of the gas-liquid interfaces submitted laboratory, i.e., a time-dependent shape. This probably indi-
to a vibration of frequencyf=57.5Hz and amplitudea=1 mm.
The left-hand cell is at 34 mK from the critical temperature, the Ce”Moreover, Gonzalez_V|naS and Salan exp|a|ned the fact that
in the middle at 13 mK, the right-hand cell at 18 mK. The interface) 5t the onset decreases wHeincreases by the assumption
is illuminated by using a stroboscopic flash of duration 1 ms. The(hat the walls of the vessel act as wave makers. Whisn
shape of the interface is stationary in the reference frame of thfhcreased, wave maxima are produced at shorter time inter-

vibrated sample cellb) Top view of the gas-liquid interfaces sub-

mitted to a vibration of frequency=57.5Hz and amplitudex

=1 mm. The left-hand cell is at 78 mK from the critical tempera-
ture, the cell in the middle at 57 mK, the right-hand cell at 62 mK.

three fluid samples here for

a vibration ata,{)

cates that we did not observe the same phenomenon here.

vals, and consequently the distance between two maxima
decreases due to the wave propagation. Note that this mecha-
nism does not explain the strong dependence afn the
vibration amplitude and that the walls can have such an ef-
fect only on propagating waves and not on a stationary pro-
file.

=(1mm, 57.5Hz), at two fixed temperatures common to

the cell. The variations of the wavelength(as defined in
Fig. 1) measured at different pairs of paramet@ad) as a

function of the distance to the critical poiiit.—T are dis-

played in Fig. 4. These variations are due to the evolution of
the surface tension and of the density difference between

both phases wheil varies. It is noteworthy thak is an

FIG. 4. Variations of the wavelength (mm) of the stationary
profile as a function of the distance to the critical temperafige
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IV. COMPARISON WITH A MODEL
OF INSTABILITY

A. Presentation of the model

A theoretical explanation of the appearance of a stationary
profile of sinelike shape at the interface has been suggested
in Ref. [3] and refined in Ref[4]. The treatment of the
effects of a high frequency vibration on a mechanical system
which is used in the model of Rd#4] was first proposed by
Kapitsa[2]. It describes well, for example, the effects of high
frequency vibrations on a pendulum. The model of Réj.
is based on an instability mechanism of the Kelvin-
Helmholtz type which is due to the relative motion of two
fluids induced by the vibration. Under the assumption of a
high vibration frequency, the fast motidat the typical ve-
locity aw) and the slow motion of the fluid laye(defined as
their motion in the reference frame of the vibrated ale
decoupled and it makes sense to consider only the average
over one period of the effects of the vibration on the slow
motion of the fluid layers. Since this average is not equal to
zero because of the nonlinear dynamics of the fluid layers, it
constitutes the motor of the interface instability. In order to
compare our data to the predictions of the model of R&f.
we present it in more detail.

Two immiscible fluids of different densitieghe fluid of
the top layer is of densityg,, the fluid of the bottom layer is
of densityp,>p,, and for the present experiment index 1
will refer to the vapor phase whereas index 2 will refer to the
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liquid phase are supposed to be contained in a vessel of Since no prediction on the evolution kfabove the onset
rectangular shape and of height(H is the dimension along is proposed in Ref[4], we will (i) compare our measure-
the gravity directioh The vessel is vibrated horizontally ments of the stationary profile amplitude to E8) and (ii)
(Fig. 1), so thatx(t) = acos(t), wherex is the coordinate of check whether our measurements of both the wavelength of
any point of the cell. Fluid layers are of equal thickness. Thethe stationary profile and\(aw)* are consistent with the
model predicts that at a high enough frequeheyw/27 and  prediction.
at a large enough amplitudg(these conditions will be speci- Both A\ and @w), depend on the thermodynamic prop-
fied latey a sinelike profile appears at the interfg€&ozen erties of the two-phase system. Considering the small dis-
wave”). This profile is stationary in the reference frame of tances to the critical point at which the experiment is per-
the vessel. formed, we assume thatp* and o both depend on the
The hydrodynamical modeling assumes that the flow igemperature according to the asymptotic scaling laws pre-
irrotational and incompressible. When the vibration fre-dicted from the critical phenomena theqi®;8]:
quency verifiesw> v, /IN>=v,/\?, wherev; (i=1,2) are

the kinematic viscosities of the two fluids, and when the Ap*=B7’, (10
vibration amplitude verifiema<<\, the slow motion of the )
interface is decoupled from its fast motion. The onset of o=007"", (12)

instability is then determined by performing a linear stability

analysis. Lei ¢ be the capillary length: where3=0.325 andv=0.63 are the universal critical expo-

nents;B=1.6 ando,=7 10 2N m™1! are the respective val-

o 12 ues of the leading amplitudes for G{¥,8].
lc= g(pz—pl)_ (5 In the vicinity of the critical pointh o and @w), take the
exact form

where o is the interfacial tension anglis the gravity. With

\o=2mlc, a perturbation of wavelengthbecomes unstable N o 1’2: N P
|f 0 r * T ’ (12)
21 2 A 0 7H
(aw)™=3z(aw)p| ;= + - |tanf —— |, (6) ( 2 )3’4(90)1’4 1
0 an)o=|—~| |—| ——
@™\ 57 ] oe) T aprr

where

(13

3 1/2 B 2)3/4(%)1/4 F(2v=3p)l4
(aw)2= (p2tp1) ( og ) o (

= \B] Vpc) 1—BZ2F
p1p2(p2—p1) \ p2—p1 ¢

is the threshold velocity which allows the instability onset to Since7<4.8x 10" *<1 in our experimentj p* <0.13<1, it
be reached. At the onset, i.e., whan=(aw),, the wave- IS meaningful to develop to the first order imAp*:
length of the stationary profile is equal g .
The instability condition giv_en by Eo[ﬁ_)_ is very si_milar A=),
to the one obtained from a linear stability analysis of the
classical Kelvin-Helmholtz instability. Equatiaf¥) predicts . -~ .
that the threshold velocity diverges when the density ratig®Symptotically close to the critical point, scales as®*°"®
p,1py is large, leading to a more stable interface. AccordingVhereas éw), scales as®®’* In our experimental tempera-
to this model, this instability should not be observed at thelure range\, remains of the order of 0.1 mm andd),
free surface of a container filled with water and shaken horifemains of the order of 100 mm
zontally. Let us now check if the assumptions of the model relative
Since the bifurcation is supercritical, a nonlinear analysid© the flow are verified in our experiment. First, the speed of
of the instability near the onset has been perforf@gdThe sound vanishes at the critical point. However, its dependence
amplitudeA of the stationary profiléunder the assumption On 7is weak, such that it remains approximately constant in
that \<H, i.e., tanh@gH/\)=1] has the following expres- the experimental temperature range. Its vafgighly 100

1/2
W) Al(aw)*[1+Ap* +0(Ap*?)]. (14

sion: ms ) is such that the corresponding acoustic wavelength is
very large compared to the cell diameter The flow is
2(p1+po)? . therefore incompressible. Second, the assumption that the
A=No p1)2 p1 mA(aw)”, flow is irrotational is valid with viscous fluids if the thick-
Wplpz[ —11(—) +42 —) — 11} nessd; (i=1,2) of the viscous boundary layers existing on
P2 P2 ) each side of the interface is small compared to the interface
deformation, i.e.;<\ (i=1,2). For a time-periodic flow of
where frequencyf, §; scales asyv;/(2f). Although the viscosity
differs from one phase to another and depends on the tem-
\/(aco)z—(aw)o2 perature, it is roughly equal in both phases and can be con-
Alaw)* = —————— ©) sidered as constant in our experimental temperature range
(aw)g p p ge,

i.e., vi~v,~10 "m?s ! [9]. For =30 or 57.5 Hz,5; (i
is the normalized distance to the velocity threshold. =1,2) is of the order of 0.04 mm. Considering the range of
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Alaw)’ 10 ! Aaw)’ 10

FIG. 5. Variations (in logarithmic scales of AN*=(\ FIG. 6. Variations(in logarithmic scales of A*=A/(\ (1
—Xo) /g as a function ofA(aw)* = (aw)’— (aw)Z/(aw)y. A +Ap*)) as a function ofA(aw)*. A is the amplitude of the sta-
is the wavelength of the stationary profile observed at various temtionary profile observed at various temperatures and at various pairs
peratures and at various pairs of vibration parametée: f of vibration parametergf,a): f=57.5Hz, a=2.5mm (W); f
=575Hz, a=25mm (M); f=30Hz, a=25mm (O); f =30Hz,a=2.5mm(0O); f=57.5Hz,a=1 mm(A); f=30Hz, a
=57.5Hz,a=1 mm(A); f=57.5Hz,a=0.3mm(A); f=30Hz, =1mm (). \=2l, is the predicted wavelength at the insta-
a=1mm (d). \g is the predicted wavelength at the instability bility onset as defined from Ed5). The line corresponds to the
onset as defined by E(), A(aw)* is the normalized distance to prediction of Eq.(14). A(aw)* is the normalized distance to the
the instability onset defined by E¢), and @w), is the velocity  instability onset defined by E¢9).
threshold defined by Ed7).

. . . various temperatures. This representation of the wavelength
wavelengths(0.25-1.5 mm measured in this experiment, 044 rements allows all the experimental data to be put on a
6i<A (i=1,2). Therefore, the flow can be roughly consid- g6 master curve within the experimental uncertainty.
ered as a potential flow, but deviations to the predictions cagie thatA\* seems to be proportional th(aw)*. At the
be expected, particularly at short wavelengths. It is also ”Otepresent time we have no explanation for this linear depen-
worthy that the conditions of decoupling of the slow and thedence. Following the model presented above, and according
fast motion are only partially verified. Indeed, although theto the instability condition given by Eq(6), ’when aw
vibration frequency is large enougiditA, 1=1.2), the vi- - ~ 5 )y "many discrete wavelengths are destabilized and in-
bratlo_n amplitude remains large, i.e., of the same or(_jer Oleract nonlinearly. Below the onsets of secondary instabili-
magnitude as the interface wavelengé~(\). The instabil-  yieq the resulting wavelength of the stationary profile can be

Ity can occur then outsu;le of the QOmaln Of. existence prei/ery different from the most unstable wavelength at the on-
dicted in Ref[4], but again some discrepancies between th

experimental data and the theory are to be expected. More-
over, due to the temperature range scanned during the experi-
ment and to the small height of the sample cells, no density
stratification occurred, so one can consider each phase as From Eq.(14) we defined the normalized amplitude as
homogeneous in densitpoticeable stratification is currently A* =A/(A¢(1+Ap*)) so thatA* depends only ok (aw)*
observed forTo—T~1 mK). Finally, we checked that in up to the second order iAp*. The variation ofA* as a
each geometry of the experiment the simplificationfunction of A(aw)* is displayed in Fig. 6. Measurements
tanh@H/\)=1 is valid [6]. In conclusion, most of the as- were performed at various temperatures and at various pairs
sumptions of the model are verified in our experiment. of the vibration parameter&,f). The solid line is the pre-
Note that the density ratip,/p;=4.09 in the experiment dicted amplitudeA* of the stationary profile obtained from
reported in Ref[5], whereasp, /py<1.31 in our experi- Eq. (14). Note that the discrepancy between the measured
ment. Equatior(8) predicts that the stationary profile cannot and the predicted values 8f increases with (aw)*. This
appear ifp,/p,;>3.53. If the model of Ref[4] is relevant, is presumably due to the fact that the use of @4) is valid
the interface instability should not have been observed by thenly close to the onset, whereas many measurements have
authors of Ref[5]. been performed far from the onset. It is important to note
that no stationary profile has been detected for valueswof
smaller than 4w),. These measurements are therefore con-
sistent with the model of a supercritical transition and with

In order to take the variations of the surface tension anghe predicted thresholdy(aw)* being the relevant driving
of the density into account, we normalize the wavelength oharameter of the instability.

the stationary profile to the capillary length. The variation of

the _reduced Wav_elength)\* = ()\—)_\0) /)\0_ of the stationary V. EXPERIMENTAL LIMITATIONS

profile as a function of the normalized distance to the veloc-

ity thresholdA(aw)* is displayed in Fig. 5. Measurements  The scatter of the data has mainly three different causes.
were performed at various vibration paramet@d) and at  The first cause is related to the nonlinear dynamics of the

C. Amplitude measurements analysis

B. Wavelength measurements analysis
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interface and to the finite size of the samples. The interfac@ 0.5 mm when the vessel is vibrated fat 57.5Hz, a
instability has been detected either by observation parallel te- 2.5 mm.

the interface(profiles or by observations perpendicular to  |n addition, we recall the current limitation of critical
the interfacgtop views, depending on the orientation of the point experiments linked to the accuracy of the temperature
axis of the cylindrical sample with respect to gravity. In the regulation, which lead to a large relative uncertaingyr at
case of measurements obtained from profiles, the finite sizémall reduced temperature

of the rectangular interface compared toleads to non-
negligible discretization of the excitable wavelengths. Con-
cerning the wavelength measurements obtained from top . L .
views, one has to take into account not only the discretiza. The effect of horizontal vibrations on the stability of a

a ... . .
tion but also the boundary effects due to the circular shape d?u'd interface .has, surprisingly, not been mu_ch studied yet,
and the experimental results presented in this paper have to

the interface, which can modify the wavelength of the pat—b idered i in th hensi f thi
tern and lead to the nucleation of defects. Finally, far from e considered as a first step In the comprehension of this

the onset, the nonlinear wavelength selection depenc}gnd of instability. The model of instability of Ref4] is in

strongly on the path to attain the final vibrational conditions, air agreement V‘.”.th our data. Further measurements at and
and hysteresis phenomena may occur. above the instability onset would allow the complete depen-

gence of the wavelength of the stationary profile to be deter-

Another cause of the scatter of the data are the viscou . g .
effects. A strong dissipation can occur in the viscous boundmined with respect to the characteristic features of the vibra-
: ion. They would also help the role of the density difference

ary layers located along the windows when strong vibratior} . _ o
is applied, inducing optical defocusing. The viscous dissipaln the ;jynamlcal 99”‘)'“”9 of EOth pfr|1a_3es LO be crllarlﬂed:”The
tion occurs also along the interface, inducing local temperaySe of a near-critical two-phase fluid where the capillary

ture gradients and local variations of the density differencéength v_anishes at the critigal p.oint vvgqld help the influence
and of the interfacial tension. The viscous dissipation couloOf the viscosity on mechanical .|nstab.|l'|t|e_s to be understood,
also slightly modify the value of the wavelength at the onsef’s performed for the Faraday instability in REO].
very close toT¢ in an analogous way with the effect of the
viscosity on the pattern at the onset of the Faraday instability
[10]. The authors thank G. Frohberg, J. Hegseth, B. Roux, D.
Another possible cause of the scatter of the data is related. Lyubimov, and T. Lyubimova for useful discussions, and
to the experimental limitations due to the apparatus itselfS. Matar for his critical reading of the manuscript. This work
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