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Abstract
This paper deals with meniscus deformation and flow in an isothermal liquid bridge maintained between
two circular rods, when one rod is subject to axial monochromatic vibrations. It concerns a fundamental
aspect of the problem of crystal growth from melt by the floating-zone technique which is often considered
in weightlessness conditions. In the absence of vibrations the bridge is cylindrical; but due to vibration the
mean shape of the meniscus is no more cylindrical and the meniscus oscillates around this mean shape. Two
models are developed. First, we take into account the pulsating deformations of the meniscus (free surface),
but we assume that the mean shape of meniscus remains cylindrical (i.e., we neglect the influence of vibration
on this mean shape). For this simple case, a solution of the problem for the pulsating meniscus
deformations and the pulsating velocity field is found in explicit form. For the mean flow, the problem is
solved numerically by a finite-difference method. The calculations demonstrate the contribution of two
basic mechanisms of mean flow generation due to vibrations, related to the generation of mean vorticity in
the viscous boundary layer near the rigid boundaries and surface-wave propagation at a free surface. The
intensity of the mean flow induced by surface waves is found to be sharply increasing when the vibration
frequency approaches the resonance values that are determined from the explicit form of the solution of
pulsation problem. In the second model, we take into account both pulsating and mean deformations of the
meniscus. The governing equations for the potential of pulsating velocity and mean velocity, and for the
pressure, are solved by using a finite-difference method and a boundary-fitted curvilinear coordinate system
fitting the free surface.
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1. Introduction

A comparatively new technique to introduce deﬁned ﬂow structures or to control timedependent convective regimes in crystal growth from the melt is the vibration of the solid–liquid
interface. Especially for growth arrangements with free melt surfaces like ﬂoating-zone growth, the
vibrating boundary generates surface ﬂows away from the interface and therefore can be used to
counterbalance the ﬂow due to the thermocapillary forces [1,2]. But the modeling of such a
ﬂoating-zone growth is very complex, and it is important to ﬁrstly consider a more fundamental
study of the vibration-driven ﬂow inside an isothermal liquid bridge subject to vibrations. Nonlinear response of liquid bridges subjected to axial low-frequency vibrations is studied in Refs.
[3,4]. One-dimensional non-linear viscous model is developed in Ref. [5] to study streaming
generated in a long liquid bridge due to vibrations of an endwall. The present paper deals with the
eﬀects of high-frequency vibrations which are considered in Refs. [1,2] as most promising for a
ﬂoating-zone growth of semi-conductor materials.
It is known that externally applied high-frequency vibrations exert signiﬁcant inﬂuences on ﬂuid
systems with a free surface or interface (see, for example, Refs. [6,7]). To study the dynamics of
systems subject to high-frequency vibrations it is convenient to decompose the ﬂow ﬁeld into mean
and pulsating components and to obtain a closed set of equations for the mean ﬂow. This
approach has been used by Schlichting [8] for the ﬂow near an oscillating cylinder, and by
Longuet-Higgins [9] for the mean ﬂow under surface waves in water. In both cases, the pulsating
vorticity was found to have a large magnitude in a boundary layer. Non-linear interaction leads to
the generation of a mean vorticity, which diﬀuses from the boundary layer to the bulk, due to
viscosity. This eﬀect has been extensively studied in the last years, however most of the works deal with
the case of ﬂuid system of inﬁnite extent. The general approach for the description of vi- bration
ﬂows in a ﬂuid with a deformable free surface of ﬁnite extent, subjected to high-frequency vibrations,
has been developed in Refs. [10–12]. In Ref. [13] pulsating and mean ﬂows in a liquid bridge were
considered for the case when the two rigid rods supporting the bridge oscillate synchronously
in axial direction; the pulsating deformation of the free surface was taken into account but not
the mean deformation. In the present paper, we study the response of an iso- thermal liquid
bridge to axial high-frequency vibrations of one supporting rod, accounting for both pulsating
and mean deformations of the free surface.
2. Problem formulation
2.1. Governing equations

Consider an isothermal liquid bridge under zero gravity conditions. The liquid is maintained
between two rigid rods of equal radius R, located at the distance L from each other (Fig. 1). One
of the rods performs monochromatic oscillations in the axial direction with the angular frequency x
and the amplitude a. The volume of liquid is such that in absence of vibration the bridge is a
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