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Abstract. The results of measurements of the velocity fluctuations of a thin column of water streaming
down a wire show that the dynamics of this process is turbulent at high injection flux and is characterized by
a Kolmogorov like spectrum for the energy density. This density E(k), proportional to the power spectrum
of the longitudinal velocity, scales as k=% with 8 = 1.66 + 0.05 reminiscent of Kolmogorov turbulence in
three-dimensions. It is suggested that this system can be modeled as a quasi one-dimensional compressible
system where the compressibility stems from the instability of the column to thickness fluctuations.

PACS. 47.20.Ma Interfacial instability — 47.27.-i Turbulent flows, convection, and heat transfer
— 47.40.-x Compressible flows; shock and detonation phenomena

Introduction

Interest in the study of turbulence in dimensions lower
than three stems from the fact that the interplay between
coherent structures in the flow and the small scale fluc-
tuations can be better understood. The three-dimensional
case seems to be the most complex. The two-dimensional
case is supposedly easier and somewhat better understood,
but the one-dimensional case is believed to be the most
promising since the coherent structures, shocks in this
case, are well understood and their interaction with the
fluctuating background is tractable [1-4].

In an attempt to produce low dimensional turbulence
in the laboratory, we chose to study the streaming of a
thin column of water down a wire. Herein, we report the
results of measurements of the velocity fluctuations of this
column. Despite the large amount of work concerning the
stability of a liquid column, to our knowledge, there have
been no experiments in which the velocity fluctuations
were measured. The water column, confined to run down
a wire in our case, is smooth near the entrance but exhibits
large fluctuations of its thickness downstream and visual
observations show that the fluid patches stream down at
different velocities making the flow look turbulent. The re-
sults reported here show that at high injection flux, in the
rough film regime seen downstream from the entrance, the
amplitude of the power spectrum of the longitudinal ve-
locity fluctuations is at least an order of magnitude larger
than the amplitude of the transverse velocity spectrum.
The longitudinal spectrum obeys a scaling law as a func-
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tion of the frequency. By invoking the Taylor frozen tur-
bulence assumption, the measurements indicate that the
one-dimensional energy density spectrum, E(k), (propor-
tional to the power spectrum of the longitudinal velocity
(along the wire)), where k is the wave number in the lon-
gitudinal direction, scales as k~° with 3 values of about
1.66 £ 0.05. This is very close to the Kolmogorov expo-
nent (8 = 5/3) predicted long ago for three-dimensional
turbulence. However, it is highly unlikely that this system
can sustain fully developed three-dimensional (3d) turbu-
lence since in our case the fluid is confined to run down a
wire and the diameter of the column remains small (less
than 0.1 cm). Velocity fluctuations perpendicular to the
wire are heavily damped because of friction against the
wire, also the fluctuations of the transverse velocity of the
column are small compared to the longitudinal velocity
fluctuations. The result is closer to what has been found
recently for the one-dimensional Burgers equation driven
with a particular noise [1,2]. This analogy is further mo-
tivated by the results of measurements of the probability
density function (pdf) of velocity increments as well as the
variation of the moments of these increments as a func-
tion of spatial separation. These moments starting with
the third moment vary linearly as a function of the sep-
aration while the second moment shows a weaker depen-
dence in agreement with recent simulations and theories
[1,2]. Also, the shape of the pdf revealed a strong asymetry
between the positive increments and the negative ones. In
particular, the positive part of the pdf can be well ap-
proximated by an exponential function while the negative
part can be well approximated by a power law depen-
dence in close analogy with recent simulations and theories
[1,3]. It is suggested that the system studied here can
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be modeled as a compressible one-dimensional (1d) fluid
in a first approximation. The relevent equations governing
this effective 1d problem are given.

Experimental

Our experimental setup is simple and consists of a mi-
cropump with variable flow rate that pumps water from
a reservoir to the top of the wire. A flexible tube of small
diameter (0.2 cm) brought this water to the top of the
wire. The water emanating from the tube was brought
to touch the top of the wire suspended to a small hook.
This water forms a thin film around the wire and streams
down at speeds controlled by the injection flow rate. The
total diameter of the column near the entrance is about
0.1 cm. In order to have a smooth film of water around the
wire near the entrance and therby minimizing noise due
to the injection of the fluid, a little detergent was added
to the water to improve the wetting of the wire. Careful
adjustements of the angle between the tube and the wire
were also necessary to have a smooth entrance. When no
surfactant is added to the water we found it difficult to
make the film at the entrance very smooth. We added a
few weight percent of detergent to the water for the exper-
iments reported here and checked that small variations of
the quantity of detergent did not affect the results mea-
surably in the rough film regime as long as the film at
the entrance is kept relatively smooth. For the results re-
ported here, the wire was made of nylon (fishing wire with
a diameter of 0.04 cm and a length of 150 cm). The flow
rate, controlled by the variable speed micropump, could
be varied from less than 0.1 ml/s to 1 ml/s. For higher flow
rates the column was difficult to stabilize as drops start
to detach from it. At the highest flow rate used (1 ml/s),
the average velocity of the flowing film is estimated to be
200 cm/s for a total column diameter of 0.1 cm.

The film of water streaming down the wire is known to
be unstable with respect to undulations of the film thick-
ness. Further down the wire the column of water breaks
up into droplets. At flow rates less than 0.1 ml/s the flow
is in the form of drops that stream down in an almost
periodic fashion as in a dripping faucet. As the flux is in-
creased above 0.1 ml/s, a smooth thin film forms at the
entrance, but is unstable to drop formation further down
the wire. Between the smooth film regime near the en-
trance and the drop regime far away from the entrance, a
rough film regime is seen where the column exhibits large
thickness fluctuations. This rough film region can be seen
from distances of about 20 cm from the entrance down to
distances of 70 cm and more for the high flow rates. The
point where the rough film breaks up into drops depends
on the flow rate; the higher the flux the further is the point
of break up.

An optical fiber velocimeter was used to measure the
velocity fluctuations. Such a velocimeter has been devel-
oped recently and used to study velocity fluctuations in
turbulent soap films [5]. The method permits one to detect
velocity fluctuations both in the longitudinal and trans-
verse directions almost simultaneously making it very suit-
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able for the measurement of these fluctuations in sys-
tems with reduced spatial dimension. The principle of the
method is simple and relies on the measurement of the
deflection of a short and very thin optical fiber the tip
of which penetrates the flow. The deflection of the fiber
is proportional to the fluid velocity. In the experiment
considered here, the optical fiber is set right against the
streaming column of water, without touching the wire but
in contact with the flowing water. The optical fiber, cou-
pled to a HeNe laser, has a tip from which a light beam is
emited. The fluctuations in position of this tip are mea-
sured using a position detector capable of detecting the
deflections of the fiber both in the longitudinal and trans-
verse direction. The output of the detector is read by a
computer equiped with an AD converter. The time trace
of the position fluctuations of the fiber tip was measured
and its power spectrum was calculated. It is necessary
to recall that the optical fiber, which plays the role of a
mechanical vibration detector, can be used only up to fre-
quencies below its natural resonance frequency [5], which
was about 800 Hz in this experiment. This frequency de-
pends on the diameter of the fiber and its length. These
were fixed in such a way as to have a good signal to noise
ratio and a relatively high resonance: we used a length of
about 0.8 cm (an order of magnitude larger than the ra-
dius of the column to minimize the effect of the variation
of the column radius) and a diameter of 60 micrometers
(an order of magnitude less than the radius of the column
to minimize the perturbation of the flow by the fiber).

The power spectrum of the time trace of the position
fluctuations of the fiber tip or equivalently the velocity
fluctuations is shown in Figures 1 and 2 for low and high
flow rates respectively. These measurements are taken at a
fixed distance of 50 cm from the entrance and for different
flow rates. At this location and for flow rates less than
0.2 ml/s one can still observe drop like disturbances. At
higher flow rates, the drops start to coalesce to form larger
patches until a rough film forms for flow rates of 0.25 ml/s
and higher.

For small flow rates (Fig. 1a), the longitudinal veloc-
ity spectrum, S,.(f) = (v,(f)vi(f)) (where z is in the
longitudinal direction, v,(f) is the Fourier transform of
the longitudinal velocity and v%(f) is its complex conju-
gate, f is the frequency, and the brackets denote time or
ensemble averaging), decays rapidly above frequencies of
about 100 Hz and seems to have a few characteristic fre-
quencies as evidenced by some broad peaks. As the flow
rate is increased above a flow rate of 0.1 ml/s, the spec-
trum becomes broad-band and the peaks disappear as can
be seen for a flow rate of 0.2 ml/s in Figure la. For the
low flow rates (less than 0.2 ml/s) and for intermediate
flow rates (less than 0.4 ml/s) there is no obvious scal-
ing. As the flow rate is increased a small region of the
spectrum starts to show scaling (flow rate 0.4 ml/s); this
frequency region widens as the flow rate increases and
above flow rate 0.4 ml/s scaling is observed for most of
the frequency range covered. At high flow rates (Fig. 2a),
the longitudinal velocity spectra show a scaling law as a
function of the frequency. This scaling law, valid for a
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Fig. 1. a) Longitudinal velocity spectra S..(f) = (v2(f)v:i(f)) (where z is in the longitudinal direction, v (f) is the Fourier
transform of the longitudinal velocity, v;(f) is its complex conjugate, and f is the frequency) for low flow rates: 0.02 (open
triangles), 0.05 (dots), 0.20 (open diamonds), and 0.3 (filled triangles) ml/s. The spectra are multiplied by 10°. b) Transverse
velocity spectra Sy-(f) = (v2(f)vi(f)) (where r is in the radial or transverse direction, v, (f) is the Fourier transform of the

transverse velocity, and vy (f) is its complex conjugate) for the same flow rates: 0.02 (open triangles), 0.05 (dots), 0.20 (open

diamonds), and 0.3 (filled triangles) ml/s. The spectra are multiplied by 10°.

little more than a decade, persists for all flow rates above
a certain value (flow rate 0.4 ml/s). Power law fits to the
data gave exponents between —1.6 and —1.7. In Figure 3,
examples of such power law fits to the spectra are shown
(flow rates 0.8 and 0.9 ml/s); the exponents measured are
—1.66 and —1.63 respectively. This scaling law can be seen
for frequencies between about 30 Hz and 500 Hz. At low
frequencies the amplitude decreases and there seems to
be a broad peak in the spectrum at frequencies of about
20 Hz. Above 500 Hz, the effect of the resonance of the

fiber comes into play. This resonance as mentioned above
was fixed at about 800 Hz.

The transverse velocity spectrum, S,..(f) =
(vr(f)vX(f)) (where r is in the radial or transverse
direction, v,(f) is the Fourier transform of the transverse
velocity, and v¥(f) is its complex conjugate), also shows
a few peaks at low flow rates as seen in Figure 1b.
This spectrum becomes broad band at frequencies below
100 Hz for higher injection rates (Fig. 2b). A broad

peak appears at about 200 Hz. The amplitude of the
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Fig. 2. a) Longitudinal velocity spectra for high flow rates: 0.40 (open triangles), 0.50 (dots), 0.80 (open cirles), and 0.90 (open
diamonds) ml/s. The spectra are multiplied by 10°. b) Transverse velocity spectra for the same flow rates: 0.40 (open triangles),
0.50 (dots), 0.80 (open cirles), and 0.90 (open diamonds) ml/s. The spectra are multiplied by 10°.

transverse velocity spectrum is seen to be at least an order
of magnitude below the amplitude of the longitudinal
spectrum. At high flow rates the transverse fluctuations
are then much smaller than the longitudinal ones. These
transverse fluctuations are most probably due to the
thickness fluctuations of the film and may be a measure
of the rate of change of the film thickness. The spectra at
high flow rates show a small range where scaling can be
discerned with an exponent between —1 and —1.4 as seen
in Figure 3 where examples of power law fits are shown
(flow rates of 0.8 and 0.9 ml/s). However, since the range
is small this scaling may not be significant.

Since the optical fiber may perturb the flow and since
its deflection may be sensitive to the thickness fluctua-
tions of the column, we have carried out additional mea-
surements using a commercial Laser Doppler Velocimeter
(DISA 55). Laser Doppler Velocimetry (LDV) is a stan-
dard technique for the measurement of velocity and de-
scriptions of its principles can be found in several refer-
ences. LDV is a non intrusive optical method which mea-
sures the velocity of seed particles in the fluid as they
stream past a system of optical fringes obtained at the
intersection of two coherent laser beams with the same
polarization. The measuring volume was set very close to
the wire with the fringes planes perpendicular to the flow
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Fig. 4. Comparison between LDV spectra and Fiber Velocime-
ter spectra in the smooth film regime and the rough film
regime. The two upper spectra are taken at a distance of 50 cm
from the entrance at a flow rate of 0.9 ml/s (LDV spectrum:
open circles, fiber velocimeter spectrum filled diamonds). The
two lower spectra are for small flow rates at 8 cm from the
entrance; filled diamonds: fiber spectrum for a flow rate of
0.12 ml/s, open diamonds: LDV spectrum for a flow rate of
0.15 ml/s. The spectra have been shifted vertically from each
other for better presentation.

direction to measure the longitudinal velocity. This veloc-
ity signal was sampled at a frequency of 1000 Hz which
was systematically smaller than the count rate provided
by the LDV which was controlled in part by the seeding
density of the fluid. This count rate was systematically
larger than 2000 counts per second and ranged between
2000 and 5000. The time trace thus obtained is Fourier
transformed to obtain the power spectrum of the longitu-
dinal velocity fluctuations. Before doing the measurements
we checked that the effect of refraction of the beams by
the free surface of the column did not affect the measure-
ments. Since our LDV is equipped with a Bragg cell for
frequency shifting, the fringes move at a velocity fixed

—1.32 (0.8 ml/s) and —1.22 (0.9 ml/s) for the

1000 transverse spectra.

by the frequency shift and the fringe spacing. When the
LDV system is used on an immobile object, one measures
this velocity. Measurements of this velocity from the wire
without the column and with the column of water (with
no seed particles) streaming down show that this velocity
is unchanged by the presence of the column. This indi-
cates that the fringe pattern and the fringe spacing is not
distorted by refraction from the free surface assuring us
that such effects are negligeable.

Figure 4 shows an example of a comparison between
spectra of the longitudinal velocity measured by the LDV
technique and spectra of the longitudinal fluctuations of
the fiber position. The two upper spectra are taken in the
rough film regime at a distance of 50 cm from the entrance
for a flow rate of 0.9 ml/s. The two lower spectra are taken
near the entrance for a small flow rate in the smooth film
regime. Note that the spectra are quite similar except at
low frequencies (below about 10 Hz) which may be due to
mechanical vibrations of the experimental set up. Also the
velocity spectrum for the high flow rate (measured using
LDV) flattens at frequencies above 200 Hz, but this may
be due to the low quality of the signal at high frequencies.
Overall, however, the spectra convey the same informa-
tion. For the low flow rate near the entrance where the
film is smooth, the spectrum is flat for the high frequen-
cies and shows a small but broad peak at around 20 Hz. In
the rough film regime for the high flow rate away from the
entrance, the same scaling of the velocity power spectrum
is observed for frequencies above 20 Hz.

The scaling observed for the high flow rates at a lo-
cation of 50 cm from the entrance can be seen at other
locations down the column. Figure 5 shows the depen-
dence of the power spectrum of the longitudinal velocity
on the distance from the entrance. The spectra are taken
for a fixed flow rate of 0.65 ml/s at different distances
from the entrance. The spectra very close to the entrance
show a broad peak for frequencies below 100 Hz and little
high frequency dynamics. As the distance is increased the
spectrum broadens and starts to show scaling at distances
greater than 22 cm. This scaling behavior can be seen
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from distances of about 25 cm to 75 cm; this is basically
the rough film region of the flow down the wire. Further
down where the rough film starts to break up into drops,
the dependence on frequency becomes steeper at higher
frequencies and the spectrum flattens at low frequencies
starting at about 90 Hz as can be seen for a distance of
85 cm from the entrance.

These measurements at different locations down the
column are typical of flow rates above 0.4 ml/s and show
that in the rough film regime the longitudinal velocity
scaling is quite robust. This scaling does not exist far away
from the entrance where the rough film starts to break into
drops nor in the smooth film regime close to the entrance
where the velocity fluctuations and the column thickness
fluctuations are not fully developed. The scaling of the
velocity is seen for flow rates above about 0.4 ml/s and at
locations between 25 and 75 cm from the entrance.

The results obtained in this experiment did not de-
pend on the diameter of the wire as two other diameters
were used: 0.03 cm and 0.08 cm. The diameter of the wire
changes the threshold flow rate for scaling as this flow rate
increases as the diameter of the wire increases. We have
also used metallic wires instead of nylon wires with no
change in the obtained results. An important parameter
in this experiment was the noise very near the entrance:
if the film at the entrance is not smooth the spectra can
change considerably as the column shows some asymetry
and has a tendency to drop formation. This effect was
minimized as much as possible by adding detergent to the
water as mentioned above which limited us in the study
of the effect of surface tension as we could not vary it
considerably (by adding more or less surfactant to the
water) without making the entrance noisy. Tests using as
little detergent as possible (in the limit where the film at
the entrance is relatively smooth) showed similar behavior
for the velocity spectra in the rough film regime however.
Also, while small variations of the viscosity did not change
the scaling results we found that when the viscosity is in-

circles 85 cm. The spectra have been shifted vertically
from each other for better presentation.

creased noticeably (by adding glycerol to the water) drop
formation occured more readily even close to the entrance.

In addition to these spectral measurements, we carried
out a series of measurements of the moments of velocity
increments dv(r) = v(z + r) — v(z) for the longitudinal
component of the velocity in the rough film regime. These
increments were calculated from a time series of the veloc-
ity as measured using the fiber velocimeter. For this series
of measurements the resonance of the fiber was pushed
to above 1000 Hz. From the time series one can calculate
the velocity differences across a temporal increment 0t as
dv(dt) = v(t)—v(t+4t); this increment can be transformed
into a velocity difference across a scale r where r is related
to dt by the frozen turbulence assumption as r = Vt,
where V' is the mean flow velocity (about 200 cm/s for
the results presented).

Figure 6 shows the probability density function (pdf)
of these velocity increments for two separations within the
inertial range (where the —5/3 scaling is observed): Figure
6a is for a separation of 0.4 cm while Figure 6b is for a
separation of 0.6 cm. Note that this pdf which is plotted in
a semilogarithmic plot shows a strong asymetry between
the negative and positive parts of the increments. As it
can be seen from the graphs, the positive velocity incre-
ments show a rapid decrease and an exponential tail for
the pdf at large velocity increments; while as seen from
Figures 7a and b, the negative velocity increments are
characterized by a power law tail. A steep decrease is seen
for the large velocity increments. Next, we show in Fig-
ure 8, the variation of various moments of the absolute
value of these increments as a function of the sepration
r. Note that all moments starting from the third moment
show roughly the same slope on the log-log plot. This slope
is consistent with an exponent of 1 for all these high order
moments. However, the second moment shows a smaller
slope of about 0.5. All the moments show a weaker depen-
dence at distances r greater than 2 cm corresponding to a
temporal increment of 10 ms as can be seen in Figure 8.
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Fig. 6. Probability density function of velocity increments for
a spatial separation of 0.4 cm (a) and 0.6 cm (b). The temporal
separation is in ms which can be converted to a spatial separa-
tion 7 through the frozen turbulence assumption as: r = Vdt
where V' (200 cm/s) is the mean velocity of the flow.

Discussion

In order to make contact with theory, it is usually neces-
sary in turbulence studies to invoke a hypothesis due to
Taylor as invoked above which permits one to transform a
frequency (or time scale) to a length scale. This is known
as the Taylor frozen turbulence assumption which states
that the eddies are being swept across the point of obser-
vation without suffering much change in their structure.
In practice this assumption is used to calculate a length
scale from a time scale in the following way: k/27m = f/V
where V is the mean flow speed, f is the frequency, and
k is a wave number in the direction of the flow. Assuming
that this assumption is not violated in such problems of
reduced dimensionality, one can transform the temporal
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Fig. 7. Negative part of the probability distribution function
of velocity increments for the same scales as Figure 6, namely
0.4 cm (a) and 0.6 cm (b).

information into a spatial information. The length scales
covered in this experiment would then range from a few
millimeters to several centimeters. More precisely, for the
high flow rates in the scaling regime, the mean velocity
of the flow being about 200 cm/s, a frequency of 500 Hz
corresponds to a scale of 0.4 cm and a frequency of 10 Hz
corresponds to a scale of 20 cm. Note that the smallest
scale resolved is larger than both column radius and fiber
diameter. Using this assumption, the one-dimensional en-
ergy density spectrum E(k) ~ S,,(k = 2nf/V) shows
a scaling law reminiscent of Kolmogorov turbulence. The
exponent measured is very close to the Kolmogorov spec-
trum predicted long ago for three-dimensional turbulence
for which E(k) scales as k~°/3. In the experiment pre-
sented here, it is highly improbable that the turbulence
is fully developed and three dimensional. The thickness
of the film of water is small and velocity fluctuations in
the radial direction (perpendicular to the wire) are highly
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up to the sixth moment. Notice that moments starting with
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while the second moment has a slope close to 0.5.

damped. Also, the turbulence would be very anisotropic
and there is no reason to expect a Kolmogorov like scal-
ing in such a case. In addition to this, the moments of
velocity differences as well as their pdf’s show a behav-
ior very different from three-dimensional results. A Kol-
mogorov scaling is expected, regardless of the spatial di-
mension (in two and three dimensions, isotropy of the flow
is also necessary), as long as the energy flux is constant for
a certain range of scales. This has been shown recently in
a study of the 1d Burgers equation, driven with a partic-
ular noise, which finds that the system displays a scaling
for the energy density spectrum similar to the Kolmogorov
scaling for three-dimensional turbulence [1,2]. These stud-
ies have also found strong anomalies for velocity incre-
ments. In particular it was found that the high order mo-
ments of velocity increments show a strong deviation from
Kolmogorov scaling. In particular, these moments varied
linearly with the separation r for all moments starting
from the third moment, while the second moment followed
a dependence close to a Kolmogorov scaling (i.e. it var-
ied as r?/ 3). Our observations agree with these findings
although the second moment has a weaker dependence
in our case; we find roughly 0.5 instead of 2/3. Another
intriguing similarity comes from the shape of the pdf of
these velocity increments, namely an exponential part for
positive increments and a power law part for the negative
increments was seen in numerical simulations [1] as well as
in exact calculations [3]. Our observations and measure-
ments are in qualitative agreement with these preditions.

Considering the data reported here, it is reasonable to
model our system (in the rough film regime) as a one-
dimensional “compressible” fluid. In order to justify the
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one dimensionality of the system used in this experiment,
it is necessary to assume that the column of water keeps
its axial symetry making fluctuations in the angular direc-
tion negligeable (this component is very difficult to mea-
sure with our methods and was therefore not studied).
Also, since the thickness of the film is small, less than
0.05 cm, velocity fluctuations in the radial direction are
strongly damped because of friction against the wire. In
this sense, the most important dynamics is in the longi-
tudinal direction. Also, experimentally it was found that
the transverse velocity fluctuations are much smaller than
the longitudinal velocity fluctuations. The Navier Stokes
equation governing the flow can then be approximated by
its one-dimensional equivalent for the longitudinal compo-
nent. In this approximation the fluid can be considered as
a compressible fluid in one-dimension since the thickness
of the column changes; the density of the fluid is propor-
tional to the cross-section of the column: p, = wp(h?—1r2)
where p, is the one-dimensional density, p is the density
of water in this case, h is the fluctuating radius of the col-
umn, and 7, the radius of the wire. The conservation of
mass can be written as: dpy,/dt + d/dz(vpp) = 0.

The one-dimensional Navier Stokes equation governing
the longitudinal component of the velocity v,, which for
simplicity we denote as v, can be written in a similar way
as was done for modeling the buildup and formation of
necks by detaching drops of viscous fluids [6]:

dv/dt +vdv/dz = T/p(hg dh/dz + d*h/dz®)
+vd*v/dz? + Fy, +g.

Fy, (= vd?v/dr?) is a term taking into account the friction
due to the wire (with v the kinematic viscosity of water
and r is in the radial direction) and depends critically on
the shape of the velocity profile in the flowing film. This
term provides a general damping of the dynamics and acts
to inhibit velocity fluctuations perpendicular to the wire.
Despite this damping term large velocity fluctuations and
a transition to turbulence is still seen. An estimate of the
ratio of the inertial forces to this viscous damping term
gives a number of about 1000 at the highest velocities used
(for this estimate we use a mean velocity of 200 cm/s, a
length of 0.05 cm for a typical column radius and the kine-
matic viscosity of water). This is the three-dimensional
Reynolds number for the experiment. The number is small
for fully developed 3d turbulence to exist but large enough
to allow the inertial forces to have an important role in
the dynamics. hg is the average radius of the column, T
is the surface tension of the water-air interface and the
term proportional to this tension takes into account the
fluctuations of the thickness of the column. This term is
an approximation for small undulations [7]. However since
in this case the undulations can be large compared to the
mean thickness of the column, higher order terms should
be taken into account as was done in the study of detach-
ing drops [6]. The second term on the right hand side is
the usual friction term due to the fluid viscosity. g is the
gravitational acceleration.

This system of equations reduces the problem to a one-
dimensional one: a compressible fluid in one dimension.
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The compressibility stems from the instability of the col-
umn to thickness variations and it is clear from these equa-
tions that the fluctuations in the thickness of the column
are coupled to the fluctuations of the velocity. The inter-
play between the instabilty of the column to undulations
and the velocity must be an important turbulence generat-
ing mechanism giving rise to the chaotic behavior observed
for the velocity. This problem is the one-dimensional ana-
logue of film flow down flat surfaces for which much exper-
imental and theoretical work has been devoted since the
pioneering work of P.L. Kapitza and S.P. Kapitza (see Ref.
[8] for a review). Some similarities exist between the two
systems: the instability is convective and a turbulent re-
gion is observed downstream for high flow rates. A major
difference between the two systems comes from the intrin-
sic instability of the column to drop formation as opposed
to the stability of a flat film flowing down a surface.

Conclusion

We have presented measurements of the velocity fluc-
tuations of a thin column of water streaming down a
wire. This column is smooth near the entrance, becomes
unstable further down stream, where a rough film
regime is observed, and breaks up into drops farther
away. The results show that in the rough film regime
the fluctuations of the longitudinal velocity are much
more important than fluctuations in the transverse
velocity. The power spectrum of the longitudinal velocity
shows a scaling law as a function of the frequency at
high velocities. Using the frozen turbulence assump-
tion, we find that the energy density spectrum obeys
a scaling law similar to the Kolmogorov —5/3 law for
three-dimensional turbulence. It is argued that the system
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can be modeled as a one-dimensional compressible fluid
where the compressibilty stems from the instability of the
column to thickness fluctuations. While at this point, the
origin of the scaling law we observe experimentally is not
clear, it remains a possibility that in the rough film regime
the thickness fluctuations of the column are acting as a
source of noise in analogy with recent numerical and the-
oretical work on the stochastic Burgers equation [1-3]. A
crucial issue remains unsolved, namely why the term tak-
ing the fluctuations of the column thickness into account
should act as a source of spatially correlated noise.

The authors are grateful to D. Bonn for a critical reading of
the manuscript, and to M. Adda-Bedia, J. Meunier, and V.
Hakim for discussions.
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