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We have investigated experimentally the spatiotemporal behavior of a narrow water stream Row-

ing between two parallel inclined Plexiglass plates bounded laterally by air. Complex broadband
dynamics occurs as a result of the velocity dependence of the contact angle at the water-air-
Plexiglass contact line, which introduces critical values into the pressure required for contact line
motion over the Plexiglass plates. This mechanism causes a stick-slip type of motion similar to that
appearing in other systems such as Aows in granular materials, models of earthquake dynamics, and
charge-density-wave motion in solids. We find that above a certain flow rate Q„astationary spatial
modulation of the width of the stream appears. At higher Aow rates, a hysteretic transition occurs
in which the contact line begins to move, and the pattern slips down the plates with broadband dy-
namics. The statistical properties of the motion are presented.

I. INTRODUCTION

Complex spatiotemporal behavior is of considerable in-
terest due to its appearance in many fields of science.
Even within condensed-matter physics, several distinct
types of spatiotemporal dynamics have been investigated.
For instance, in deterministic systems with well-defined
cellular patterns, the transition to one-dimensional spa-
tiotemporal intermittency' and the transition between
ordered and disordered two-dimensional structures have
been investigated. Complex spatiotemporal dynamics
also occurs in discrete deterministic models (cellular au-
tomata) in which there are no characteristic time or
length scales, such as those giving rise to "self-organized
critical states. " This work has stimulated research on
systems that show avalanching behavior such as sand-
piles, earthquakes, and droplets on inclined sur-
faces. ' These situations may be contrasted with others
in which random perturbations need to be included to ex-
plain complex dynamics. An example of the latter is the
motion of charge-density waves (CDW) in solids, " for
which the more successful approaches include the pin-
ning of the phase of the wave by random impurities in the
material. ' '

Some of these systems share the characteristic of show-
ing pinning of the objects that form the system. For in-

stance, in the sandpile experiments of Jaeger, Liu, and
Nagel, avalanches start when the slope of the sandpile is
equal to a certain critical angle 0 . This critical value is
significantly higher than the final metastable equilibrium
angle I9„.The pile is at rest until 8 is attained; then it
starts moving and stays in motion for the whole range of
inclinations between 0 and 0„.Analogous characteris-
tics appear in the earthquake model of elastically coupled
blocks considered by Carlson and Langer, where the
frictional force decreases with increasing velocity. Be-
havior similar to this "stick-slip" dynamics is also present
in some models for CDW motion, ' where the central
feature is a hysteretic depinning transition for the phase
of the wave as a function of applied voltage. For all of
these systems, irregular and intermittent motion occurs
at various length scales.

Stick-slip behavior is also known to occur in some hy-
drodynamic systems with moving contact lines at a solid
surface. ' ' Therefore it is natural to suspect that com-
plex spatiotemporal dynamics can occur as a conse-
quence. In this paper, we report an experimental investi-
gation of a hydrodynamic system in which the stick-slip
behavior of contact lines gives rise to broadband dynam-
ics. The system is a water stream Rowing by the action of
gravity through the narrow gap between two parallel in-
clined plates that confine the stream above and below.
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The stream is open to air laterally. When a substantial
range of contact angles exists over which the contact line
does not move, as occurs with water on Plexiglass, an in-
stability leading to a spatially periodic (but time-
independent) modulation of the width of the stream ap-
pears above a certain flow rate Q, (Fig. 1). We are not
aware of previous reports of this instability, which is
different from the surface-tension-induced instability of a
free stream. If the Aow rate is increased, a second thresh-
old is found beyond which the width of the stream be-
comes time dependent and portions on the contact line
are intermittently in motion. In this regime, the wide and
narrow regions (necks) of the stream travel at an irregular
rate down the channel, sometimes merging with other re-
gions. The transition to erratic time dependence is hys-
teretic.

The problem of a stream Aowing over a single plate has
also received some attention. ' In that case, the stream
width is not strongly modulated, but the direction
meanders (on a sufficiently long plate) and does not follow
a straight course. The depinning of the meanders has
been considered by Bruinsma, and this process may be re-
lated to the one under consideration. However, the pres-
ence of two plates in the present investigation fixes the
stream thickness, and this appears to modify the dynam-
ics substantially.

A useful characteristic of this system is that its spa-
tiotemporal behavior can be adequately described for
some purposes by the lateral width ui (x, t), a one-
dimensional function of the downstream coordinate. The
study of spatiotemporal dynamics requires the measure-
ment of long-time statistical properties such as power
spectra and probability distribution functions. It is
diScult to compute these quantities adequately in more
than one spatial dimension, so the effectively one-
dimensional nature of the phenomenon is advantageous.

The paper is organized as follows. In Sec. II we de-
scribe the experimental configuration, contact-angle mea-
surements, and image processing methods. Section III
contains a general survey of the observed phenomena,
and Sec. IV presents a more detailed study of the regime
of broadband dynamics (sometimes also called spatiotem-
poral chaos). Finally, in Sec. V we summarize the results,
discuss their relationship to other experiments and model
systems, and comment on some unresolved aspects of the
problem.

II. EXPERIMENTAI. SETUP,
CONTACT-ANGLE MEASUREMENTS,

AND DATA PROCESSING

A. Stream instabilities

The experimental system consists of two ri idligi
clamped plates 122X30 cm, separated by a Teflon gasket
of thickness b =0.105 cm. The plates are inclined at an
angle a with respect to the horizontal. We have em-
ployed two different pairs of plates with different wetting
properties. The first set is ordinary plate glass 0.4 cm
thick. Water wets clean glass well, so that the contact
angle is very small and nearly independent of the velocity
of the contact line. The glass plates do not show the in-
stabilities that are the subject of this paper. Complex
dynamical behavior was obtained with Plexiglass plates 1

cm thick. The important characteristic that distinguishes
the Plexiglass from the glass plates is the presence of
strong velocity dependence of the contact angle, and par-
ticularly, a vertical step at zero velocity. In all cases the
plates are prepared by soaking them in a soap solution
(Decontam; Electronic Space Products International) for
1 h, thoroughly rinsing with distilled water, and drying
by nitrogen-glass Aow. These steps were necessary to ob-
tain reasonably uniform and reproducible wetting behav-
ior.

The Teflon spacer is made in several pieces (Fig. 2) to
allow for free Aow of air on both sides of the stream.
Th erefore, the exterior of the stream is always at atmos-
pheric pressure. The gasket is shaped to form a circular
cavity into which the Auid can be injected through a hole
in the plate. The Auid is water containing a small amount
of uranine Iluorescent dye (100 ppm) for visualization
purposes. The Auid enters the main experimental region
after Aowing through an entry channel 10 cm long and
0.2 cm wide; the width of the channel is chosen to match
the width of the free stream approximately in the absence
of any instability. After traversing the apparatus, the
Auid freely escapes through an outlet. The escaping Auid
is recirculated into a large reservoir that provides a con-
stant pressure head for the system. The Aow rate is regu-
lated by a needle valve and measured with a calibrated
Aowmeter having an overall readout precision of 0.02
cm /s, which is approximately equal to the long-term sta-
bility of the Aow rate.

Downstream

Q =0.28 cm'/s.
stationary modulated regilne. The angle of inclination is a=19 d th flFIG. 1. Photograph of the stream in the a—,an e ow rate is
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the cell through a hole in one of the plates in order to
minimize any direct inAuence of the injection on the air-
water interface. The Auid fills the full width of this cell,
and the injection rate is set by a syringe driven by high-
precision stepper motor controller.

The cell is placed horizontally on the observation stage
of an inverted microscope, and images are recorded with
a video camera. When illuminated by transmission, the
water-air interface appears as a dark band. In the ab-
sence of gravitational effects, the shape of the interface is
an arc of a circle, so the thickness 6 of this band is related
to the contact angle by'

FIG. 2. Sketch of the experimental setup. (a) Top view of the
cell showing details of the entrance region and the Aow modula-
tion. (b) Sketch of the stream cross section, showing the
geometry and contact-angle definition.

We illuminate the stream with near ultraviolet light,
thereby obtaining a Auorescent image of the stream, and
record the dynamics with a video camera (MTI-
CCDj71). The camera is located above the stream and
away from the ends of the apparatus, in order to avoid
possible edge and border effects. The magnification has
been chosen as a compromise between obtaining sufticient
spatial resolution transverse to the stream, and maintain-
ing a sufhcient length of the stream in the field of view.
Typical values are 13 cm for the length of the observed
region, and 0.02 cm for the resolution in the width mea-
surements. The images are recorded and subsequently di-
gitized by an Imaging Technologies Series 151 image pro-
cessing system in a Sun 3/160 computer, with 512X480
pixels of spatial resolution, and 8 bits of intensity resolu-
tion. Typically the intensity variation across the water-
air interface is high enough that a simple intensity
threshold is sufficient to determine the interface position.

In the time-dependent regimes the stream width w (x, r)
is determined as a function of position downstream and
time at 0.2-s intervals. This time is short enough to cap-
ture all the dynamical information. The digitized pic-
tures themselves are not retained. The power spectra of
the width at different positions xo are obtained by com-
puting Fourier transforms of time series containing at
least 8192 points.

We are also able to measure the trajectories of indivi-
dual fronts, the junctions between wide and narrow
stream segments, as defined by a width threshold. The
positions of individual fronts can be measured to a pre-
cision better than 1% in most cases. This capability is
useful for monitoring the repetitive stopping and starting
of the fronts in the complex dynamical regime.

b 15=- —tan(9)
2 cos(0)

The digital imaging system was used to obtain images of
the interfaces, both at rest and when moving, and at
different advancing and receding velocities. Figure 3
displays images of (a) advancing and (b) receding inter-
faces moving between plexiglass plates. The difference in
apparent thickness of the interface (which reflects the
contact-angle variation) may be clearly seen. After mak-
ing background corrections from the digitized images, we
obtain 5 (which is needed to obtain 8) as an average of
distances across the dark band, defined by lines locally
perpendicular to the boundaries. The local interfacial ve-
locity is obtained by averaging perpendicular distances
between two video frames.

The dependence of the contact angle on interfacial ve-
locity is shown in Fig. 4 for the Plexiglass and glass
plates. For glass, the contact angle is very small, but the
method used gives an apparent value of approximately

' h

h'

.h'

r'hhsh' .,'".':

.h

Sh:"

B. Contact-angle measurements

The contact-angle measurements are carried out in a
separate small rectangular cell built with the same ma-
terials as the plates used in the stream experiment. The
horizontal dimensions of this cell are 10X6 cm . Contact
angles are known to be dependent on the experimental
geometry' (for example, the size of the gap), so the mea-
surements are made in a geometry similar to that used for
the stream Aow experiments. The Auid is injected into

FIG. 3. Images of the advancing (a) and receding (b) inter-
faces between Plexiglass plates in the cell used to measure the
contact angle. The scale bar is 0.2 mm. The interfacial velocity
is 0.115 mm/s. Positive velocity is to the right, with Quid on the
left side of the dark band, and air on the right side. From the
apparent widths of these interfaces we compute the apparent
contact angle.
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FIG. 4. Dependence of the contact angle on the interfacial
velocity for Plexiglass plates (circles) and clean glass plates
(squares). The contact angle is multivalued at U =0 for Plexi-
glass.

10 . The important observation is the relative velocity in-
dependence of the contact angle for glass. This behavior
may be contrasted with the Plexiglass surfaces, for which
there is a large difference between the contact angles for
advancing (positive) and receding (negative) velocities.
Equivalently, the contact angle at zero velocity is mul-
tivalued for Plexiglass.

III. SURVEY OF OBSERVED PHENOMENA

We investigated the behavior of the system by varying
two control parameters: the inclination angle cx, and the
(low rate Q. At each value of a, the (low rate was in-
creased in steps of 0.05 cm /s. After each step the system
was allowed to relax to a steady state. The longest tran-
sients were approximately 10 min; we generally waited at
least 30 min. For each inclination, Q was first increased
and then decreased.

For each inclination four different regimes were found.
For very small Q a continuous stream does not exist; in-
stead, drops are periodically formed at the cell entrance.
In the second "constant-width regime, " starting at a flow
rate Qcw, the stream is straight, fairly uniform in width,
and time independent. The width may be locally per-
turbed by surface imperfections at positions that differ
from run to run. No hysteresis was found for the thresh-
old Qcw.

Further increase in the liow rate to Q, leads to an in-
stability in which the stream develops a spatial modula-
tion of its width as shown in Fig. 1. The stream consists
of alternating wide and narrow regions; the width of the
narrow regions (necks) is close to the width of the stream
in the constant-width regime. The wide regions are
definitely longer than the narrow ones, and the structure
is generally symmetric with respect to the center line of
the stream. We refer to the downstream and upstream
edges of a wide region as the leading and trailing fronts,
respectively. Usually the spatial structure is not perfectly
periodic, but the mean distance between necks appears to
be independent of the position downstream, and an aver-
age wavelength A, may therefore be defined. We find that

A, is roughly independent of the flow rate within the ex-
perimental error. (However, the domain in Q of the sta-
tionary modulated structure is fairly small, so a weak
dependence could easily be missed. ) On the other hand,
the variation of X with sin(a) is roughly linear, ranging
from 5.2 cm at +=9 to 2.2 cm at 24 . Any hysteresis in
Q, is smaller than our step size, roughly 0.05 cm /s.

Complex time dependence occurs in a fourth regime, in
which the wide regions begin to slide down the plates.
We illustrate this behavior in Fig. 5, which consists of
successive images separated by —,

' s at n = 14 and

Q =0.86 cm /s. The fronts or transition points between
wide and narrow segments alternately drift downstream,
become pinned, and move again. Occasionally, a wide
segment will disappear as two necks coalesce. This
stick-slip behavior is nonperiodic. The thresholds for
time dependence are denoted Q,

+ and Q, , depending on
whether the flow rate is being increased for decreased.

For a typical angle of 19, the thresh olds are
Qcw=0. 05 cm s, Q, =0.19 cm /s, Q, =0.39 cm /s,
and Q,

+ =0.68 cm /s. The variation with angle is weak,
and the sensitivity to wetting properties leads to some
variation over long periods of time. For this reason, we
do not present a parameter space diagram of the various
regimes as a function of angle and flow rate; this would
convey an impression of greater precision than the obser-
vations warrant.

The spatial width modulation is somewhat rem. iniscent
of the initial stages of the capillary instability of a liquid
jet, ' but in our case the driving mechanism is not the
surface tension of the air-water interface, but rather the
multivalued contact angle at zero velocity. We have
checked this hypothesis by repeating the experiment with
clean glass plates. In this case, the water jets the plates
independent of velocity, and the stream flows without
width modulation. Streamline visualization using Kal-
liroscope particles shows that the flow comes out of the
necks into the wide regions as a jet with slow recircula-
tion zones on either side of it. The jet may play a role in
the initiation of the contact line motion, but we have not
investigated this point. The typical fluid velocity, which
is dependent on both flow rate and stream width, is on
the order of 20 cm/s in the neck regions and as little as a
third that in the wide regions. Using the thickness b of
the cell as a typical length scale, and the jet velocity as a
velocity scale, the Reynolds number is typically
500—1000, depending on the flow rate.

IV. COMPLEX SPATIOTEMPORAL REGIME

The complex nature of the time-dependent regime is il-
lustrated in Fig. 6. Here, the stream width [actually
wo —w(x, t), with wo a constant] is shown as a function
of x and t. The necks appear as peaks drifting down-
stream at a characteristic velocity. Some additional
features of the long-time behavior in the time-dependent
regime may be better appreciated in Figs. 7(a) and 7(b).
These are intensity-coded plots of w(x, t) at two different
Q values; Fig. 7(a) represents a state of the system very
close to Q,+, while Fig. 7(b) was obtained at higher Q. In
these figures, the intensity is proportional to w(x, t), so
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3

I

2.

C

has a visible hump near 0.8 Hz corresponding to the
mean drift rate past the observation point.

Figure 9 shows the same quantities at higher Q, far
above the transitions. The characteristic frequency is
higher (because the fronts move more quickly), and the

dark bands represent necks and bright bands represent
wide regions. The necks may be seen to stop and remain
at rest for some time (vertical lines), after which they be-
gin to move again. Furthermore, they sometimes stick
until other necks arrive, giving rise to coalescence of seg-
ments.

Some insight into the statistics of the time-dependent
regimes can be gained by observing the local behavior of
the width, tu(xo, t). In Fig. 8(a) we show the time evolu-
tion of the local stream width just above Q,+. W(t) oscil-
lates irregularly between two quite-we11-defined values
that correspond to the width of the wide and narrow re-
gions, respectively. This main oscillation has an average
period of about 1.2 s that is related to the length of the
segments and the drift velocity of the necks. More time
is spent at the larger width, a consequence of the fact that
the wide regions are longer than the necks. The non-
periodic nature of the time dependence is clearly seen in
the power spectrum [Fig. 8(b)], which is broadband but

:2

3p—

60—

9 0—

0 60

Position (cm)

FIG. 6. Three dimensional plot of wo-m(x, t) as a function of
position and time at a=14', and Q =0.50 cm /s. The necks ap-
pear as propagating bumps.

FIG. 7. Intensity-coded plot of m(x, t). (a) Stick-slip regime
at a=14', and Q =0.50 cm'/s; (b) higher flow rate, Q =0.80
cm /s.

FIG. 5. Consecutive images in the time-dependent regime at a=14', and Q =0.86 cm'/s. The images are separated by —' s. The

region shown is 13 cm long, and the Quid is Aowing from bottom to top, as indicated by the arrow.
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motion is somewhat more regular since the pinning is less
prominent. Figure 10 pertains to the state reached after
decveasing Q to a value just above Q, . In this region the
mean frequency is significantly lower and the peak is
broader, as the pinning process occurs much more fre-

0.6 I I

E0.4 (

x 0.2-

FIG. 8. Local temporal behavior just above the onset of front
motion Q, (at 0.62 cm /s), with the inclination set at a=19'.
(a) Time series. (b) Power spectrum.

FIG. 10. Local temporal behavior at Q =0.44 cm'/s, just
above (low rate Q, at which time dependence ceases upon de-

creasing Q. (a) Time series of the local width w(xo, t) (b).
Power spectrum.

quently.
The basic pinning phenomenon can be illustrated by

measuring the dependence on Q of the mean interval r
between passage times of necks past a fixed position x.
This relationship is shown in Fig. 11. The strong increase
in r close to Q, is caused by the interfacial pinning. The
time interval appears to diverge at the threshold.
Through a power-law exponent of approximately —

—,
' can

be computed for the divergence, the exponent is impre-
cise due to uncertainty in Q, .

An alternate method of describing the pinning dynam-
ics is to follow the motion of the leading and trailing
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FIG. 9. Local temporal behavior at a higher Row rate
(Q = 1.15 cm'/s). (a) Time series of the local width ui(xo, t) (b).
Pow er spectrum.

FIG. 11. (a) Average time interval between passage times of
successive necks past a fixed point x vs Q at a = 19': squares, de-
creasing Q; triangles, increasing Q.
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However, a stability analysis is required to actually
determine the threshold and most unstab1e wavelength

We attempted to measure A., as a function of the
mean stream width, but the scatter was too 1arge to re-
veal a meaningful relationship. Some preliminary efforts
at a stability analysis of this phenomenon have been
made. '
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FIG. 12. (a) Front position as a function of time. a=14',
Q =0.39 cm /s. (b) Probability distribution of front velocities.

fronts separating a wide segment from the adjacent
necks. An example of the trajectory of a front in the re-
gion just above Q, is shown in Fig. 12(a). The pinning
process is quite evident. The probability distribution of
front velocities is shown in Fig. 12(b). It shows a peak
near u =0 (corresponding to the pinning), and a broad
distribution above that. This behavior implies that the
front motion does not occur at a single predominant ve-
locity, but instead varies with time.

V. DISCUSSION AND CONCLUSION

A. Width modulations

We find that uniform streams confined between. two
parallel plates are unstable above a certain Row rate Q„
and have presented evidence that this behavior occurs
when the contact angle is multivalued at zero velocity. A
width-modulated stationary state arises above the insta-
bility threshold, with an average wavelength that de-
creases as the inclination n of the plates increases.

The existence of the width-modulation instability may
possibly be understood by considering the fact that the
local contact angle is dependent on the local pressure
drop Ap across the interface according to the relationship

O=cos bh
2y

The local pressure in turn is affected by the gravitational,
viscous, and dynamic pressure drops within the stream.
If these become sufficiently large, the critical angle 0, for
motion of the contact line may be exceeded, causing the
interface to translate in a direction transverse to the
stream, and thereby changing the local interfacial width.

Above a higher (and hysteretic) transition, a complex
spatiotemporal regime appears in which the water-air-
solid contact line becomes time dependent. We charac-
terized the spatiotemporal dynamics above this transition
in several different ways. The most striking observation
is the repetitive but nonperiodic pinning of the fronts for
times that appear to diverge near the lower threshold

Q, . The stick-slip dynamics of the front motion, once
the fronts have formed, may possibly be understood ap-
proximately by a simple model in which the pressure at
each front is described by the sum of the gravitational
and viscous pressure drops in the various segments. As
the stream is traversed in the downstream direction, the

pressure increases in the wide segments due to gravity,
but drops in the necks due to the domi. nance of viscosity
in those regions. As a result, the local pressure varies,
and exceeds the threshold pressure required for contact
line motion only in certain locations. The various fronts
interact, because their locations determine the lengths of
the narrow segments, which affects the viscous pressure
drops. One unrealistic feature of such a model is that it
ignores any possible connection between the process that
creates the fronts in the first place and the dynamics of
their motion.

It may be interesting to compare the statistical behav-
ior of this system with that of the other systems men-
tioned in Sec. I. Is the dynamical behavior of the fronts
analogous to the stick-slip dynamics of the blocks in the
simplified earthquark models of Ref. 9? In both cases,
there is a threshold condition for forward motion in a
chain of objects that interact with each other. Both sys-
tems show broadband temporal dynamics. There are also
differences; the blocks in the earthquake models are con-
served, whereas the fronts are not. The statistical quanti-
ties studied in the two cases are also somewhat different.
Carlson and Langer focus on the distribution of magni-
tudes of events, as defined by the number of blocks that
move. In the stream experiments, this quantity would be
hard to define, since the size of the system is sufficient to
include only a small number of fronts, and the present ex-
periments have not been done close enough to Q, to pro-
duce clearly isolated localized events. It would be
worthwhile in future experiments to work very close to
Q, . In addition, if the two systems are similar, we would
expect the slipping events in the earthquake model to be-
come more nearly periodic as the pulling rate is in-
creased. It would be interesting to know whether this is
the case.
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