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Gravitational instabilities of thin liquid layers: dynamics of

pattern selection
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75231 Paris Cedex 05, France

We present recent results obtained in the study of the instabilities induced by gravity on liquid layers hanging below
solid surfaces, in situation of perfect wetting (without contact lines). Two cases are discussed: two-dimensional films of
constant volume, and films continuously supplied with “fresh” liquid by an external source. In the first case, we show
experimental evidences suggesting that the formation of a two-dimensional structure within the film arises by means of
front propagation mechanisms. In the simplest situation, propagation of a one-dimensional structure (“‘roll” formation),
the measured front speed is close to that deduced from the linear marginal stability theory. In the second case, the liquid
film is hanging below an horizontal overflowing half-cylinder. Depending on the rate of supply, different regimes are
observed (dripping, arrays of parallel jets, triangular sheets). The arrays of drops and jets exhibit interesting spatio-
temporal phase dynamics: oscillations, pairing or nucleation of cells, forced tilt waves.

1. Introduction

Gravitational instabilities (or Rayleigh—Taylor
instabilities) of thin films [1-5] occur in many
practical situations: coating of a solid surface
with paint or lubricating agent, formation of
aerosols by centrifugal effects [6], boiling of
liquids with formation of vapor films [7]. These
instabilities also raise fundamental issues regard-
ing the selection of patterns in the non-linear
growth regime, and the stability of these patterns
with respect to secondary instabilities.

In a recent experiment [4,5], we studied pat-
tern selection in the case of a two-dimensional
film first spread by a stabilizing gravity on a solid

! Also: Laboratoire de Physique PCEM M2D, Université
Paris Sud, Batiment 336, 91405 Orsay, France.

plate (situation of perfect wetting, the selected
fluid being a silicon oil) and then placed in an
unstable situation by flipping the plate upside-
down. Complex dynamics were observed in this
case, different patterns associated to different
symmetry orders being formed (see fig. 1): one-
dimensional undulations parallel to the bound-
aries (called lines or “rolls” in analogy with
convective instabilities), axisymmetric patterns
[5] nucleated by the initial perturbation associ-
ated to the presence of dust falling on the inter-
face, axisymmetric patterns breaking in fivefold,
sixfold and even sevenfold geometry, hexagonal
patterns often obtained by non-linear interac-
tions between the previous ones. After a more or
less complicated history, the whole structure
evolves towards an hexagonal symmetry. An ex-
ample of the final array of pendant drops is
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Fig. 1. Two-dimensional patterns observed in the Rayleigh-
Taylor instability of a thin layer: “rolls” (R) appearing near
the boundary, axisymmetric patterns (A, and A6 breaking
into a sixfold symmetry) and hexagonal pattern (H). The
thicker regions appear as dark spots, a dye being dissolved in
the liquid.

Fig. 2. Array of pendant drops left at the end of the experi-
ment. The drops are seen from above across the solid plate
(thick glass).

reproduced in fig. 2. This system of pendant
drops exhibits secondary instabilities: depending
on their volume and on the existence of defects

in the pattern, these drops can fall or remain
individually stable. In this last case, the falling of
drops occurs by coalescence phenomena, the
pairing of two drops leading to a drop big
enough to become unstable.

These observations were compared to a
theoretical analysis [5,8] built on the lubrication
approximation. The essential result was the oc-
currence of a second order non-linearity in the
amplitude equations that favors the coupling of
modes separated by angles of 60°. We attributed
to this fact the observed tendency to the hexa-
gonal symmetry.

In sections 2.1 and 2.2, we present more re-
cent experiments carried in this geometry. By
means of some practical improvements we be-
came able to generate films of nearly uniform
and well defined thickness, but with a strong
localized thickness gradient near the boundaries,
where this thickness must vanish. This initial
perturbation gives rise to a very rapid growth of
localized rolls near the boundaries. These rolls
subsequently break into drops, these drops form-
ing an hexagonal pattern. This structure tends to
invade the whole system by successive formation
of new rolls, breaking later in new drops. We
have studied quantitatively this phenomenon
which is seemingly analogous to front propaga-
tion into an unstable state [9—12]. These kinds of
front propagations are known as mechanisms of
pattern selection, the structure left behind the
front exhibiting a well defined periodicity that
does not coincide with that expected in other
conditions (noise amplification for instance).
Such fronts occur in various fields including biol-
ogy [13], hydrodynamic instabilities [14], chemis-
try [15] and here, perhaps for the first time, in
the field of interfacial instabilities. The originali-
ty of our system is the possibility to observe
two-dimensional aspects in the problem of front
propagation. In particular, axisymmetric fronts
are also observed, as well as propagation of
hexagons on the roll structure.
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In section 2.3, we compare the characteristics
of these fronts (speed, wavelength left behind) to
the predictions of the marginal stability theory
discussed by the authors mentioned above, in the
linear approximation (known as marginal stabili-
ty case I). In this approach, one assumes that the
dynamics of these fronts is governed by the
behavior of the interface in the regions of small
amplitude, just ahead of the front. The predic-
tions agree with our observations within the
experimental error. This agreement remains
however to be discussed, because the non-linear
equation governing the interface evolution in-
volves a second-order non-linearity. In this case,
non-linear marginal stability (case II) may hold
[11], the speed of the front being increased
compared to the case 1. In addition, our experi-
ment is not perfect (additional large scale thick-
ness gradient, finite size effects, uncertainties in
the measurement of thickness and of physical
parameters) and remains to be improved.

In section 3 we present a preliminary study of
a-slightly more complex situation, in which the
unstable layer is continuously fed with liquid by
an external source. This situation occurs for
instance in aerosol generation and film boiling
and it is thus important to understand the mech-
anisms of liquid emissions expected in this case.
Depending on the liquid supply flow rate Q,
different regimes are observed: at low flow rate,
drops are formed on a periodic array, and fall
periodically in time. Above a critical value of @,
the array of sites of drop emission is replaced by
a periodic array of jets, the liquid emission be-
coming continuous in time. Above a second
threshold, the liquid falls in vertical sheets of
triangular shape. Our first observations suggest
that the wavelength of the instability in the
dripping regime and in the jet regime (spacing
between drops and between jets) is roughly in-
dependent of the flow rate and very close to that
of the Rayleigh—Taylor instability studied in sec-
tion 2. However, this wavelength is locally per-

turbed by dynamical processes: coalescence of
cells, nucleation of new cells, oscillations of the
jet position, compression or dilation waves. We
have investigated these phenomena by using a
now classical method developed in other one-
dimensional systems: by means of a suitable
image processing, spatio-temporal (x—f) dia-
grams are built, allowing us to visualize the
evolution of the local periodicity. These spatio-
temporal diagrams exhibit rather rich dynamics
similar to what is observed on different other
systems: printer instability [16], Rayleigh-
Bénard instability in thin cells {17], directional
solidification of eutectics [18], directional phase
transitions in liquid crystal [19], Taylor-Dean
instability [20].

We mention two other experiments involving a
gravitational instability under continuous supply,
but in geometries that are very different from
ours. Pritchard [21] studied the instability of the
hump left at the end of an inclined plate along
which a liquid was flowing. The same regimes of
liquid emission (drops, jets and sheets) were
observed but Pritchard did not investigate the
problems of phase dynamics. More recently
Thomé et al. [22] investigated a simple extension
of the so-called “printer instability” [16]: in this
case the unstable liquid is bounded between two
convex vertical cylinders. Our own geometry is
closer to the problem of the Rayleigh-Taylor
instability of a thin layer discussed in our previ-
ous publications [4,5].

2. Front propagations in the Rayleigh-Taylor
instability of a thin layer

2.1. Experimental setup
A drop of silicon oil (viscosity 7 =480 cP,

density p=0973g/cm’, surface tension
v =20.7 dyne/cm) is spread by gravity on a flat
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horizontal glass plate. In order to obtain an
homogeneous thickness and well defined bound-
ary conditions, the obtained viscous ‘“pancake”
is confined within a hexagonal perimeter which
side is equal to 15 cm, drawn on the glass plate
with a felt-tip pen for transparencies. This hexa-
gonal shape has been selected in order to reduce
the number of topological defects [5]. We have
noticed that some particular inks, once dried,
alter the wettability of the solid and have the
ability to stop oil spreading. After a few days, we
obtain a film of nearly uniform thickness
(hy=0.2-0.3mm in our experiments) with a
strong variation at the boundaries, where this
thickness must vanish. The vanishing of the
thickness occurs on a scale given by the capillary
length I =V vy/pg=1.5mm.

The glass plate is then turned over in a few
seconds (a time much smaller than the typical
growth time of instability, of order 300s [S]),
and the development of the instability is re-
corded by a video camera. A dye is dissolved in
the liquid before the experiment, and we record
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Fig. 3. Schematic experimental set up used in the study of
two-dimensional films.

the absorption of the light emitted by a uniform
screen placed just below the film (see fig. 3). As
seen in fig. 1, thicker regions appear as dark
spots, while thinner ones remain lighter. This
can be made more quantitative, by using the
Beer’s law, or by comparing with a sample of
liquid contained in a dihedral cell. This method
allows us to estimate the local thickness of the
liquid with an accuracy of order 0.01 mm. By
image processing, it is then possible to recon-
struct the thickness profile along a given direc-
tion. We mention however that the accuracy
given above holds only in weakly deformed re-
gions of the interface: in strongly deformed re-
gions, the curvature may also become another
source of light modulation.

2.2. Front propagation phenomena: qualitative
observations

A typical sequence of observations is repro-
duced in fig. 4. Initially, a system of lines
(“‘rolls’’) is nucleated near the boundaries and
progressively invades the surface of the liquid.
Near the corners of the hexagons, where two
boundaries cross each other, the interference of
the two sets of lines gives rise to the nucleation
of a hexagonal pattern. In turn, this hexagonal
structure invades the roll system. We then ob-
serve two kinds of fronts: a front separating the
rolls from the regions of unperturbed thickness
(formation front of the rolls), and a roll-hexa-
gon front. At first, the transition roll-hexagons
involves the breakup of the first roll into drops,
this phenomenon involving again a front propa-
gation along this roll (see first picture in fig. 4).
This process is repeated for the second rolls and
so on. At a later stage it becomes more difficult
to distinguish between this “longitudinal” propa-
gation mechanism and a possible “transverse”
one.

In general the domains occupied by the “roils”
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Fig. 4. Time evolution of the instability observed on a film with hexagonal boundaries. The time interval between two pictures is

90s.

are rather narrow, and the number of rolls vis-
ible ahead of the hexagonal structure remains of
order two. In these conditions, the sequence of
events reproduced in fig. 4 can also be under-
stood as the propagation of the hexagonal struc-

ture into regions of unperturbed thickness, the
front exhibiting a substructure involving these
two rolls.

We extract from the pictures of fig. 4 the
thickness profiles along one of the main direc-
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tions of the hexagonal structure at different
times separated by a constant time interval.
These profiles are reproduced in fig. 5 and sug-
gest a front propagation at constant speed. As it
appears in fig. 4, the front speed is not uniform
throughout the sample. We think that a large
scale thickness gradient is responsible for this
effect (the typical time-scale is proportional to
the cube of the local thickness [1-5]). In fig. 4,
the thickness is maximum in the corner of the
sample, the horizontally and flatness of the glass
plate being not perfect. More accurate experi-
ments are now under way.

Another kind of front propagation is visible in
fig. 4. In addition to the pattern nucleated by the
boundaries, an axisymmetric one is also growing
around a speck of dust. This dust induces an
initial perturbation of the interface analogous to
that associated to the boundaries although of
presumably smaller amplitude. A process of
invasion of the liquid surface by this pattern very
similar to that of the rolls also occurs, successive
annuli being formed as time increases.

From the data of fig. 5, we deduce a typical
value of the speed of front propagation. This
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Fig. 5. Time evolution of the thickness profile recorded
along the line drawn on fig. 4. The profiles have been shifted
for clarity and are separated by a time interval of 30s (x
designates the coordinate in the direction perpendicular to
the rolls).

speed is found of order v* = 0.18 + 0.03 mm/s in
the studied region, where the initial thickness is
bounded between 0.24 and 0.3mm. As men-
tioned above, this speed is presumably propor-
tional to the cube of the initial thickness. We
also estimate the wavelength of the pattern left
behind the front: A, =1.25*0.05cm (averaged
on four periods in the hexagonal state). At the
accuracy of our measurements, this value cannot
be distinguished from that associated to the most
unstable mode in the linear approximation Ay =

2uV2\ylpg =2wV2 1 ~13cm.

2.3. Formation front of the rolls: a theoretical
attempt

We determine now the front propagation ve-
locity and the wavelength selected by this pro-
cess using the theory of marginal stability [9-12]
and compare these predictions with our ex-
perimental results. In the lubrication approxi-
mation, the evolution equation of the local thick-
ness h(x, y, t) = hy + {(x, y, t) is given by (1,3,5]

i) 1 » :
ot 3 VL + O Vogr + v =0, (1)

This equation results from mass conservation, in
which the horizontal flow rate is proportional to
the local pressure gradient in the horizontal di-
rection VP =V(pg{ + yV?¢). The “mobility” of
the liquid is proportional to the cube of the local
thickness (h, + ¢)’ because of the structure of
the flow in the vertical direction. In the lubrica-
tion approximation, the velocity profile is
parabolic, the viscous shear stress vanishing at
the free surface. In the linear approximation, eq.
(1) yields the following dispersion relationship
for Fourier modes ¢ = ¢, exp(igx + ot):

o= by (rgq’ — vq*) (2)
3y ’

As mentioned above, the wave-number associ-
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ated to the “most unstable” mode is given by
gu=Vpgl2y (wavelength Ay =2m/qy =
27wV21,) and the corresponding growth rate is
equal to oy = h)p’g’ 12my.

We consider the simplest case of a formation
front of the lines (‘‘rolls”’), assumed to be paral-
lel to the nucleated lines. In addition, we admit
that the properties of the front are selected by
mechanisms of linear marginal stability (case I),
as discussed by Dee and Langer [9]. In this case,
these properties are selected in the region just
ahead of the front, where { is very small and can
be assumed to vary as { =explig*x + o(g*)t].
The wave-number g* is complex, the imaginary
part taking into account the amplitude modula-
tion. It can be deduced together with the speed
of the front v* by the conditions [9]

do _

w*+ dq

0, Re(iv*g+o)=0. 3)
The wave-number of the pattern left behind the
front g, is obtained by writing a condition of
conservation of the number of rolls as seen by
two observers moving at a speed v*, the first one
ahead of the front, and the second one behind
the front: g, v*=v*Re ¢* +Im o(gq*). These
equations give

h3 3/2
0% = 4,50, 0y, = 0.54 P8 (4a)
Y
g, = 1.08 g, = 1.48Vpgly . (4b)

We have measured in separate experiments the
physical properties of the silicone oil:
v=20.7+0.2dyne/cm (ring tensiometer), n =
480 =10cP (low shear Couette rheometer),
p =0.973+0.005g/cm’ (picnometer). As men-
tioned above, the propagation of the front has
been studied in a region of initial thickness 4, =
0.27 = 0.03 mm. These values lead to a theoreti-
cal estimate of v* of order v* =0.14 = 0.05 mm/s.
This value is in agreement with the measured

one v*=0.18+0.03mm/s. As mentioned
above, our wave-length measurements are not
accurate enough to distinguish between A, and
Ay. However, repeated experiments suggests
that the ratio of these two quantities Ay/Ay is
slightly smaller than 1 (of order 0.95) in agree-
ment with (4b).

In summary, our results are roughly consistent
with the theory of linear marginal stability (case
I) of the front. However, the following points
must be taken into account:

— In our experiment, the front is not paraliel to
the rolls, because of an additional large scale
thickness gradient. The measured velocity is in
fact the component of v* perpendicular to the
rolls.

— Usually, the predictions of the theory of
marginal stability of the fronts hold asymptoti-
cally, when a large enough number of cells have
been created by the front propagation process.
In our experiment, it is difficult to observe a
“free propagation” on more than five periods (as
in fig. 5), the pattern nucleated by the bound-
aries interfering with those nucleated around
uncontrolled dusts. In these transient conditions,
the measured speed is expected to be smaller
than the asymptotical one.

— Another problem comes from the non-
linearities involved in the evolution equation.
After rescaling eq. (1) by replacing the quan-
tities £, x, y, t by dimensionless equivalents {/h,,
duX, Quy, Oyt, and after separating linear and
non-linear contributions, one gets

%% 2V + Vi + 3V [ V(2L + V)]

+3V- [PV + VO + V-[PVRL + V)] =0.
(5

This equation contains a second order non-
linearity. It is known in this case that the linear
theory of marginal stability (case I), may not
hold [11]. In summary, the properties of the
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front are not selected in the regions of small £,
and a non-linear marginal stability approach
mush be used (case II). Van Saarloos [11] has
shown that, in the case of the generalized Swif—
Hohenberg equation

2 e a4 b -, (6)

the expected velocity becomes larger than the
value deduced from the linear approach, the
discrepancy increasing with the weight b of the
second order non-linearity. The linear part of eq.
(5) coincides with that of the Swift—-Hohenberg
equation when the control parameter ¢ is set to
the value € = 1. We thus suggest that our system
could belong to case II of marginal stability, v*
being in fact larger than the value 4.59 obtained
in the linear approximation. More accurate mea-
surements of v* are under way.

3. Films under continuous supply: a one-
dimensional experiment

3.1. Experiment — general observations

As sketched in fig. 6, an horizontal, hollow
half-cylinder is supplied with liquid at a constant
rate. The liquid overflows, runs over the external
sides and is gathered below the cylinder. The
resulting layer is in an unstable situation with
respect to gravity, and breaks into drops or jets
depending on the flow rate Q. We use a plexy-
glass cylinder of length L =25cm, the internal
and external radii being equal to R, =2 cm and
R, =2.5cm. The liquid is again a silicone oil
(density p=0.97g/cm>  surface tension
v =21 dyne/cm) that perfectly wets the cylinder
and avoids formation of contact lines. Most of
our results have been obtained with a viscosity
equal to n =20cP, but we have also performed
some preliminary experiments with a smaller

Q X

y 0
g

Fig. 6. Geometry of the experiment carried on a one-dimen-
sional film under continuous supply. A hollow half-cylinder,
uniformly supplied with liquid, overflows, the instability oc-
curring at the lowest generating line.

value: nn =2 cP. It is to be noted that the external
radius of the cylinder (2.5 cm) is large compared
to the capillary length I, = \/y/pg = 1.5 mm. This
should avoid a possible coupling of the gravita-
tional instability with the Rayleigh instability of a
cylindrical fluid film studied by Hammond [23).

Depending on the flow rate, different regimes
of liquid elimination are observed. At low flow
rate, drops are formed and fall periodically in
time (fig. 7), the sites of drop emission being
ordered on a periodic array along the cylinder.
As for drops formed at an orifice [24], all the
liquid gathered in a drop does not fall, and a
residual drop remains after the fall. In turn, this
drop begins to grow until a new fall occurs, when
a critical size is reached. At larger rates, a
different structure is observed, consisting of an
ordered array of vertical jets (fig. 7). Upon a
further increase of the flow rate, the array of jets
is finally replaced by liquid sheets of triangular
shape. In the transition domains, mixed states
(drops and jets, or jets and sheets) are also
obtained.

We focus our study on the dripping regime and
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Fig. 7. (a) Array of drop emission sites observed in the “dripping” regime, and (b) array of jets observed in the “jet” regime.

The width of the recorded field is equal to 24 cm.

on the jet regime. In the case n=20cP, the
transition between these two regimes is found to
occur for a critical value of the flow rate
Q.~2.5cm’/s. Near this transition, jets and
drops coexist in the range 2< Q <3cm’/s, the
number of jets being a function of Q with hy-
steresis. A similar phenomenon is observed in
the case 1 =2cP, the critical flow rate being of
order ch3cm3/s, the mixed regime covering
the domain 2 < Q <4 cm’/s. Following Pritchard
[21], one can define a Reynolds number Re = Q/
Lv built on the flow rate Q, the length of the
system in the x direction L, and the kinematic
viscosity v =7/p. This allows to compare our

observations with Pritchard’s ones. In the case
7 = 22 ¢P, our transition drop-jet region is given
by 0.11 <Re < (.15, values very similar to those
deduced from Pritchard’s pictures obtained with
oil with viscosity n=80cP: 0.13<Re<0.2,
However, our experiments carried for a lower
viscosity n = 2 cP leads to values ten times smal-
ler. This suggests that other non-dimensional
parameters must be taken into account in the
description of the flow.

In all our experiments, the arrays of sites
where dripping takes place, as well as the array
of jets are regular periodic structures, with local
perturbations of the wavelength that we will
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Fig. 8. (a) Dripping regime, and (b), (c) typical spatio-temporal diagrams obtained in this regime. The time runs towards the
bottom. Each white spot represents a drop emission (field width 23 cm, viscosity n =22 cP, flow rate 0 =0.9 cm’/s).
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discuss later. The mean spacing is independent
of @ (and of the viscosity), and practically equal
to the “capillary” wavelength obtained in the
Rayleigh—Taylor instability of a film without
continuous supply discussed in section 2. As
mentioned above, the wavelength of the struc-
tures is locally perturbed by dynamical pro-
cesses: coalescence of cells, nucleation of new
cells, oscillations of the jet position, wave propa-
gation. We have studied these phenomena by
using a line of the digitized picture recorded by a
video camera, stored at constant time intervals.
The line is of course horizontal, and is in general
selected as close as possible to the bottom of the
cylinder. This avoids possible probiems of delays
in the position of the jets, when these ones are
travelling. The resulting spatio-temporal dia-
grams are shown in figs. 8-12.

3.2. Dripping regime

Fig. 8 shows a diagram obtained in the drip-
ping regime. The spatial coordinate x corre-
sponds to the horizontal axis, while the time runs
downwards. Each white spot corresponds to the
fall of a drop, that crosses the selected recording
line. This phenomenon has a well defined spatial
and temporal periodicity. The frequency of drop
emission is clearly not uniform in space, a fact
probably related to the imperfections of the
cylinder, that has been found to be slightly
curved under the weight of liquid. At larger time
scales (see the same figure), coalescence phe-
nomena appear near the center, that are com-
pensated by nucleations of new cells at the
boundaries. It is interesting to note that the
pairing of two sites induces a travelling perturba-
tion of the position of the other sites, together
with a damping effect. This behavior, reminis-
cent of problems of phase diffusion {25], suggests
that each site is in fact coupled with its nearest
neighbors. This effect does not seem however to
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Fig. 9. Spatio-temporal diagram obtained in the ‘“jet” re-
gime. The white lines indicate the evolution of the jet
position. The position of the first structure at the left (site of
drop emission) has been forced during the experiment
(“hard” boundary conditions). The isolated white dots repre-
sent a transient pending drop formed between two oscillating
jets (see also fig. 10). The picture covers 9.4cm X 23s (1 =
2¢P, O =7cm’/s).

couple the frequencies of drop emission for the
selected values of the flow rate.

3.3. Jet regime: sources, sinks, oscillations

Pairing and nucleation phenomena similar to
those observed in the dripping regime are also
obtained in the jet regime. An example is repro-
duced in fig. 9, where the white lines indicate the
position of the jets. We believe that these effects
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Fig. 10. Oscillations of the jets observed in the “jet” regime (23 cm X 11s, 7 =22cP, Q =8 cm®s). This oscillation disappears
when a new cell is formed.
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(a)

(b)

Fig. 11. Two examples of forced “tilt waves” obtained by displacing a needle along the interface ((a) 23cm X 9.5s and (b)
23cm X 9s, n =22cP, Q = 3.5cm’/s). The trajectory of the needle is suggested by a black line.

are also due to the slight bending of the cylinder
under the weight of liquid, the central part being
slightly depressed.

The main difference with the dripping regime
is the occurrence of local oscillations of the jet
position just before the nucleation takes place.

Another example of such oscillations is given in
fig. 10. The oscillation of two neighboring jets is
associated to the transient formation of a pen-
dant drop appearing and disappearing one time
during each period. This drop is also visible
(isolated white spots) on the spatio temporal
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Fig. 12. Spatio-temporal behavior observed after forcing the coalescence of two jets in the central region (23 cm x 165, 7 = 22 cP,

Q =5.5cm’s).

diagram of fig. 9. The oscillation disappearing
after the nucleation of a new cell, we suggest
that it may come from a phase instability associ-
ated to a locally too large value of the wave-
length. This too large value could be due to the
tendency of the jet to drift towards the central
region, combined with the “hard” boundary con-
ditions that we have imposed: the positions of
the two extreme jets has been forced by roping
two thin wires on the cylinder. Such oscillations
are also reminiscent of those observed in the
printer instability [16], in the vicinity of abnor-
mal cells.

3.4. Jet regime: forced tilt waves

An interesting feature of our system is the
possibility to force the positions of the jets and
dripping sites. This can be achieved very easily
by touching the jets or the pendant drops with a
needle, and by moving the needle. When this
motion takes place at a large enough speed, a
coherent drift of a group of cells can be initiated.
This gives rise to “‘tilt waves” analogous to those
observed in other one-dimensional systems [16—
19]. Two examples are depicted in fig. 11, re-
spectively associated to a phase shift of nearly 44
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and 2. After a rather short propagation, the tilt
waves are eliminated by nucleation of new cells.
In the second example, jet oscillations accom-
pany the tilt wave. This effect is similar to that
pointed out recently by Michalland and Rabaud
[26] for the printer instability and may reveal an
“elasticity”” of the jet pattern.

Finally, in fig. 12 we present a behavior forced
by a slightly different method: we have touched
the bottom of the cylinder with a needle just
between two jets located near the center of the
sample. This has forced the coalescence of the
two jets. Just after the coalescence, two dilata-
tion waves propagate towards the boundaries.
This step is followed by an increase of the jet
oscillations near the boundaries, coupled with
periodic emissions of damped “tilt waves” to-
wards the center. These “‘tilt waves” involve a
transient pendant drop similar to that observed
in the oscillation phenomena (see section 3.3).
Finally, the initial periodicity has been recovered
by nucleation of a new cell.

4. Conclusion

The results given by the recent experiments
presented in this article can be summarized as
follows:

(1) The two-dimensional structure formation
in liquid films submitted to a destabilizing gravity
observed in our previous studies seems to arise
by processes of front propagations. These fronts
separate two states (unperturbed interface—rolls,
rolls-hexagons, unperturbed interface—annuli)
the first one being unstable compared to the
second one.

(2) At the accuracy of our measurements, the
properties of the simplest kind of front (forma-
tion of rolls) are well described by the theory of
linear marginal stability. However, the structure
of the evolution equation of the interface sug-
gests that non-linear marginal stability may hold.

Numerical studies of this problem are underway
[27,28].

(3) When the unstable film is continuously
supplied with liquid, this transient structure for-
mation phenomenon can be followed by a
“steady’ state that we have studied in a one-
dimensional situation. At low flow rate one ob-
tains a periodic array of sites of drop emissions
(“‘dripping regime”), the drop emission being
also periodic in time. At intermediate flow rate,
a periodic array of jets (or columns) is formed
the elimination of liquid becoming continuous in
time (““jet regime”). At large flow rate, the array
of jets is replaced by liquid sheets.

(4) The spatial periodicity of the jets and
drops arrays does not seem to depend (or at least
is only weakly dependent) upon the flow rate,
and seems to coincide with that observed without
an external source of liquid (wavelength of the
Rayleigh—Taylor instability of thin films, close to
Ay =2mV21, I.=\/y/pg being the capillary
length). This spatial periodicity is however local-
ly perturbed by phenomena similar to those ob-
served in other one-dimensional systems: oscilla-
tions, pairing, tip-splitting, tilt waves.

More accurate studies of the problems of front
propagation are under way in the two-dimen-
sional case without external source. This system
is interesting for the following reasons:

(1) Two-dimensional effects can be observed
(annular patterns, inclined fronts, fronts separat-
ing different symmetries), and very few results
are known in this case. Numerical results are
available [12] but remain to be tested.

(2) As mentioned in section 2.3, the linear
part of the evolution equation is close to that of
the Swift—Hohenberg equation, but with a con-
trol parameter forced to the value &£ =1. This
means that we are in fact in a situation far from
any threshold and the wusual approximations
(separation of scales, amplitude equations) can-
not be made. To our knowledge, marginal
stability has never been tested experimentally
under such conditions.
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(3) Although we did not present here experi-
ments of this kind, patterns of different symmet-
ry orders can be forced very easily by external
perturbations (arrays of needles for instance).
This allows us to study very easily the stability of
each pattern and its possible destabilizing mecha-
nisms.

Experiments on films under continuous supply
are also under way. Again, the possibility to
force position of the cells by simply touching the
interface, allows to study very easily the phase
dynamics in this stability. We also plan to study
the two-dimensional case, the injection of fluid
taking place across a porous medium.
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