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Abstract. One reports experiments and numerical simulatmihBaraday waves at the liquid -
vapor interface of fluids (typically CQand H) near its critical point when submitted to vibeeti

in a weightlessness environment. It is known thasuch a system striation is formed under the
action of vibrations. The boundary between theitlgand gas phases is located perpendicular to
the direction of vibrations, and a streaky struetur the form of periodic stripes (striations) is
formed in the cavity. It is shown that under villwats of sufficient intensity an instability devekp
on the striation interface perpendicular to thection of vibrations, leading to Faraday waves. A
theoretical and numerical study of this instabilisy carried out, the critical parameters of the
appearance of Faraday waves are determined takiogaiccount the interaction of waves on
adjacent striations. Dispersion relations for Fayadiaves are obtained numerically. It is shown
that in the vicinity of the critical point there assignificant deviation of the dispersion relatfoom

the classical theoretical dependence.

1. Introduction

In the space environment gravity effects are nes@nt and a number of phenomena, of marginal effect
on earth, can become predominant. The use of finidise vicinity of their liquid-vapor critical pot is
particularly appealing to carry out such invesimat. In addition to its use by the space industgr
such conditions (“supercritical state”), the thedywamic properties of fluids when expressed under
reduced temperature or density distance from thiealrpoint can be conveyed under universal, stale
functions [1]. Using such scaling properties, gtnd one fluid permits to study all due to the pbiisy

to vary the fluid parameters simply by changingperature.

Under vibration, the shape and stability of theeif#tce between two fluids depend on the relative
directions of vibration and interface. When theratton direction is parallel to the fluid interfacguasi-
stationary wave patterns (frozen wave instabity4]) can occur, caused by a shear-driven mechanism
similar to the Kelvin-Helmholtz (K-H) instabilityThe interface deformation is immobile in averagéhim

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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reference frame of oscillating boundaries. Whenatibn is directed perpendicularly to the interfaite
parametric excitation, the Faraday wave instabfiity7], follows. Typically, the fluid (here Cr H,) is
submitted to harmonic vibrations and the relatiigaghce to the critical temperature

: (1)

is varied T is temperatur€]. is critical temperature). The liquid vapor intedais seen to successively
exhibit the following behavior agr and Ap diminishes withe. (i) £< 3.3x10% The vapor bubble
oscillates, with a number of modes that increasesnw decreases; (i) 1< £< 3.3x10% The bubble
shows a flat interface perpendicular to vibratiéh (i) 3x10* < £ < 10% Faraday waves (square pattern)
develop on the liquid-vapor interface, whose wavgle decreases when decreases [6]; (iv) X10° <
£< 2x10% The Faraday waves square pattern becomes a mendional (2D) roll pattern due to the
small wavelengths which increase dissipation [5); £ <7x10°% The liquid vapor interface orders in
parallel bands perpendicular to vibrations in a weayiniscent of the earth-bound frozen wave infitgbi
where the interface deformation is immobile in teference frame of the oscillating boundaries.

In the band regime (v), Faraday waves can also dsz=reed on the band interfaces (which are
perpendicular to the vibration direction). The Eawinstability corresponds to the Faraday roltgraton
the single liquid-vapor interface as observedwi (There is, however, a noticeable differencehasiiand
thickness is much smaller than the sample sizeh Saand patterns have also been noted under
weightlessness with miscible liquid mixtures juftfeathey were put into contact, and the same kihd
Faraday waves were also observed. In [7] theotativd numerical investigations of the Faraday waves
were carried out and the critical parameter forahset of instability were derived taking into agobthe
interaction between the bands.

The purpose of this paper is to analyze Faradayamus dynamics from direct two-dimensional
numerical simulation and experimental data colkaetéth CO, under weightlessness as provided by the
sounding rocket Maxus 7 [8] and with Hhder magnetic levitation [6].

2. Theoretical background

The Faraday wave instability under a gravity fieldh be modeled as two layers of immiscible and
incompressible viscous fluids subjected to vibraterpendicular to the interface. The stabilityljem
derived from the Navier-Stokes equations was tceég Kumar and Tuckerman [9] using a Floquet
analysis. They carried out numerical calculatioasdd on the linearized Navier-Stokes equations and
analytical calculations by introducing the viscgsit a phenomenological way into the Mathieu edurati
for the low viscosity case. The dispersion relatiothe low viscosity case was given by:

2 3 2
(c_u] _(p-p)ok, ok _4k4(f71+f72) @)
2 p+P, PP, P+ P,

where w is the vibration angular frequengy andn, are the dynamic viscosities of fluids “1” and “2”
respectively andris liquid vapor surface tension. The latter goezaim withs as

o=y & 3)

Herev =0.64 is a critical exponent amg is a fluid dependent amplitude.
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For the inviscid case{ = 17. = 0) it coincides with the dispersion relation for gtg-capillary waves.
The threshold amplitude for non-viscous case i®.z&or low viscosity fluids (when the dynamic

boundary layerd=./2v/w near the interface can be considered small), ip@raus linear stability

analysis performed by Lyubimov et al. gives for #tability curveas(w), with a = a. the vibration
amplitude at the instability threshold:

= PP, 2|/1I/2 4
* (pz_p1)(p1\/V_1+,02\/V_2) \ w (4)

Here i, = m2 /o2 is the kinematic viscosity of fluids 1, 2. The disgion relation for zero-gravity
conditions in low viscosity case is given by EQ.\{there one makeg= 0 can be written as

2 3 2
(é_u) __ok _4k4(/71+/72 j (5)
2 Pt P, Pt Py
3. Experiments

The details on the experimental setup can be fautige work [8]. The experimental module is of TEM-
FER type. The thermostat is an Al cylinder in whishinserted the CuCoBe block. It is thermally
regulated by a Peltier element within 0.3 mK accyrd emperature can be adjusted within 1mK stegs. A
the module has to work under vacuum during thehflighe thermostat remains pressurized at 1 bar
pressure. The cell body is made of a block of cogpbalt-beryllium alloy in which are drilled one
cylinder with radiusR= 5.0 mm and thickness= 2.189 mm, closed at each end by two parallgblsia@
windows. Using CuCoBe alloy ensures good thermadaootion between the fluid and the thermostat.
The sample is illuminated by parallel light issuedm a LED and observed in transmission by two
cameras. Coherent illumination is used to enhaheere¢fractive-index gradients and then the density
gradients. The cell is filled at critical densityithva precision of 0.1%, by checking the tempegatur
variation of the meniscus position on ground.

4. Numerical smulations

Direct numerical simulations (DNS) were performesihg the Volume of Fluid (VoF) method describing
the dynamics of the interface of immiscible fluid$ie method is based on the introduction of a velum
fraction function for each phase. The function @mstant inside a selected phase and exhibits sharpl
changes at the interface between phases. A mutgpdgstem can thus be treated as a single meditim wi
sharply changing parameters at the interfaces.phlysical properties of this phase are calculateghip
point by the values of the volume fractions. ThevidaStokes equations describing the system can be
solved over the entire computational domain. Thé Yfeethod is implemented in ANSYS Fluent used for
modeling the pattern formation.

Table 1. Fluid parameters

Fluid | Te Pe o B o n
(K) | (MPa) | (kg.m®) (102N.m?) | (10°Pa.g)

CQ, |304.1¢| 7.37F | 467.6 |1.6C 6.72 4.21

n-H, | 33.1¢ | 1.31f | 30.11 [1.61] 0.54: 0.27
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The influence of vibrations is taken into accoumtibtroducing a periodically varying volumetric
force. Temporal discretization is performed by finst-order scheme. Note that the time step haseto
much smaller than the period of vibrations whilee tirequency of vibrations is quite high. The
computational error of the first-order scheme isréffiore small. The spatial discretization is perfed
using the third-order MUSCL scheme (Monotone UmstréCentered Schemes for Conservation Laws).
Fluid parameters used in calculations are shovirabie 1.

Figure 1. Faraday waves fdr= 5.5 Hz,a= 2.5 mm

Under vibration of sufficient intensity on the irfce’s transverse to the direction of vibratiotig
development of instability is observed, leadinghte appearance of Faraday waves. The example bf suc
waves developing on band pattern is shown in Figur@he extensive theoretical and experimental
analysis of this instability is performed in [7].

5. Results and discussion
The viscosities of liquid and vapor phases in redical fluids are low. Besides, when approaching
critical point, the viscosities remain nearly camst while the surface tension decreases drastically
according to Equation (3). As a result, the contitn of the negative second term in Equation (5)
becomes more and more important in comparison thighfirst term. The frequency of Faraday waves
thus tends to zero whdntends toT.. In the close vicinity ofl¢, «# should even become negative. When
using the parameters of the £€&xperiment (Table 1) the frequency remains pasitinly at small enough
values ofk, a behavior which, however, is not detected ingtkgeriments. This means that clos@dthe
viscosity cannot be treated as a perturbation laadotv viscosity assumption of Eq. (5) is no moaéds

The comparison of the experimental and numericalllte for CQ with the dispersion relations for
inviscid fluid and low viscous fluids is shown iigF2. As one can see, experimental and numeraal d
correspond to much higher valuesafThus, we can conclude that for the case of lovasa tension
interfaces, the range of the validity of the dispmn relation Equation (5) is very narrow. In order
verify this conclusion, we performed numerical siaions for parameters corresponding to.®0t with
viscosity 10 times lower. In Fig. 2 are reported thsults of these calculation. Data are in a gegd
agreement with the dispersion relation Equation I(5% worthy to note that while the dispersiotatmn
Equation 5 and DNS at low viscosity give values smaller than the values given by the dsper
relation for the inviscid case, experiments and Dti$arger viscosity exhibit much larger valueseTh
influence of viscosity on the dispersion relatisrthus quite important and a specific approachttde
considered, which nevertheless goes beyond thessifdhe present work.
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Figure 2. Dispersion relation. Diamonds correspond to DN&;lbtriangles to DNS using low viscous
fluids (viscosity reduced by 10 times), open trigrtg experiments, dashed line to Eq. (5) for tve |
viscous fluids and solid line to Eq. (5) for invigdluids.

In previous experiments by Gandikota et al. [7]a8ay waves were studied on a single interface in a
two-phase near-critical Hinder weightlessness. It was found that the exearial results for the square
patterns were in good agreement with the dispersitation for the zero-gravity case Equation (5).
Marked deviations from the dispersion relation wéavever, observed for temperatures very closkedo
critical point, where the transition from squaret@ans to line patterns occurs, similar to what was
observed under 1-g conditions. In addition, a sditom of the wavelength to a finite value was dietgat
small & Deviations to Equation (5) and saturation of dmevelength were attributed to the increasing
viscous dissipation due to the decrease of thenmattavelength (see below). It has been obsenagdath
pattern with parallel lines can be also obtainethwrdinary liquids in the capillary-wave regimetlife
dissipation is large enough [10]. In addition, aselangth saturation can be understood as a visngoff
length for which the surface wave is too stronglynghed to be parametrically amplified [5].

Thus, it is possible to expect that Faraday wawe®ldping on band interfaces very neail§owhich
are also line patterns, show substantial viscossightion. The viscous dissipation expressed pir un
volume between two adjacent interface modulatioav@lengthl) can be written to be proportional to
nu?/fA?, with uChw the velocity of the fingers equal for both phasksse to the critical point. The
viscous dissipation term is thus on ordernghiw)?/f2? and increases asw is increased od is
decreased; being almost independent of the temperature rreactitical point. The vibrational energy
term per unit volume is proportional Ap(aw)? and decreases @sis approached. Following Gandikota
et al. [6], a non-dimensional numbéican thus be defined as the ratio of the viscossightion energy to
the vibrational energy to describe the relativéuigrice of dissipation. It was seen that the thrigstalue
of V for the transition square-line was around 0.1tegponding for Hto £=2x10* [6] and for CQto £=
7x10° [5], values below which the band pattern indegakaps [6].

6. Conclusion

Faraday instabilities in a pattern of narrow bamgrfaces perpendicular to vibrations were obseimed
CO; under weightlessness conditions and studied neaigriand theoretically. For the dispersion
relation, the classical theory could not fit botle experimental and simulation data - althoughldtter,
however, show agreement with each other. The reissthre presence of the increasing dissipation very
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near the critical point due to the pronounced patteavelength decrease, that theory which assureak w
dissipation can not describe. Further theoretimatstigations are planned to clarify these issues.
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