Imaging of Intermittency in
Ripple-Wave Turbulence
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The dynamics of a fluid surface filled with high-amplitude ripples were studied with a
technique (diffusing light photography) that resclves the height at all locations instan-
taneously. Even when nonlinearities are strong enough to generate a (Kolmogorov)
cascade from long wavelength (where energy is input) to shorter wavelength, the re-
sulting turbulent state contains large coherent spatial structures. The appearance of
these structures in a thermal equilibrium state (with the same average energy) would be

highly improbable.

An attempt to distill into one question
the issue that has intricued scientists
about the turbulent motion of fluids is,
How does fully developed turbulence dif-
fer from thermal noise with the same en-
ergy! (1). To address this issue, we used
diffusing light images of a strongly rippled
surface to quantify the competition be-
tween structure formation and randomiza-
tion of energy in far-off equilibrium fluid
motion that must be contained in a uni-
fied theory of turbulence.

Thermal equilibrium differs from turbu-
lence in that thermal equilibrium is global
whereas the spectrum of turbulence has
end points. Turbulence is driven by an
external source of energy that enters at
long wavelengths and then, through non-
linear interactions, cascades through an
inertial region of shorter wavelengths un-
til the energy reaches a wavelength that is
so small that viscosity dominates the mo-
tion (2-4).

In the steady state, the spectrum of en-
ergy in thermal equilibrium and in the in-
ertial range of turbulence are both power
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laws in the wavenumber k. For example, the
equilibrium distribution of thermal energy
for capillary waves per unit area of surface
per tange of wavenumber is

u(k) = (ks T)k (1)

which expresses the equipartition of ener-
gy (kg is Boltzmann’s constant and T is
temperature). In comparison the steady-
state wave turbulent distribution of ripple
energy driven by a source of power per
unit area ¢ is

u(k) = q"X(po) " (2)

where p is the fluid density and o is the
surface tension (5-7). [For vortex turbu-
lence as analyzed by Kolmogorov, u(k) ~
p'Bg*k=35 where ¢ is now the power
input per unit of volume by the tides into
the stirring of the seas (3, 4, 8, 9).]

The challenges posed by turbulence are
much deeper than the need to explain the
different values for the exponent of k in
the equilibrium (Eq. 1) and far-from-equi-
librium (Eq. 2) steady states. The distinct
physical aspects of turbulence are to be
found in the fluctuations around the
steady state. Because motion is character-
ized by phase as well as amplitude, the
spectra (Egs. 1 and 2) do not uniquely
determine the state of fluid motion to
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which they apply. In thermal equilibrium
the phases randomize so precisely that
fluctuations are exponentially suppressed.
The probability that a measurement of
energy at wavenumber k finds a power
different from the average (Eq. 1) is pro-
portional to the exponent of the differ-
ence and so follows a Gaussian distribu-
tion (in amplitude), with the result that
large fluctuations are highly improbable.
In turbulence, large fluctuations are not
exponentially suppressed (4, 10, 1), and
the broad-band power spectrum (Eq. 2)
masks the spontancous, intermittent ap-
pearance of large, coherent structures.
Diffusing light photography (DLP) pro-
vides a means to image the spatial struc-
ture of intermittency in ripple-wave tur-
bulence. Such a structure is displayed in
Fig. 1, which is a plot of the local rate of
dissipation of mechanical energy into heat
within the turbulent range of motion for
capillary waves. In the turbulent regime,
the fluid motion is concentrated into areas
of high amplitude thar substantially ex-
ceed the root-mean-square (rms) value.
Furthermore, these regions of high dissi-
pation are organized into large structures.
In DLP, the instantancous height {(x,
y) of a fluid surface with large variations in
height and curvarure can be measured (7).
The fluid is illuminated from below with a
10-ps flash of light thar diffuses through
the water as a result of multiple scattering
from a suspension of l-pm polystyrene
spheres whose concentration (0.04%) is

large enough to render the water milky but
small enough not to affect the viscosity.
The light intensity that exits the upper
surface depends on the local depth: Less
light penetrates deeper surfaces. Applica-
tion of the calibration curve in Fig. 2A
(inset), pixel by pixel, to a charge-coupled
device (CCD) camera photo of the upper
surface (Fig. 3A) leads to a rendering of
the surface height (Fig. 3B).

Key to the usefulness of this technique
is the elimination of ray crossings that
occur when light is refracted by a surface
of varying slope. For example, a light front
that approaches a peak in the fluid-
air inrerface from below will be refracted
toward that peak and cross other rays
just above the interface. These caustics
prevent the use of shadowgraphs (12) for
measuring {(x, y) accurately. Faraday (13)
was the first to notice that the addition
of milk to water eliminated caustics and
rendered a smoothly varying pattern of
transmitted light. Figure 4 shows a cross
section of an image of a sine wave mold
made from a solution of water, polyballs,
and gelatin. The circles represent the
reconstructed surface obrained with DLP.
For this surface, rays from a horizontal
light front (shadowgraph) would cross 2
mm above the maxima. The diffusing-
light rendition is faithful even though
the slopes vary from +1 to — 1. For surface
waves, the slope is the Mach number,
which in our experiments reached maxi-
mum values comparable to those that

Fig. 1. Experimental data for the rate of dissipation of turbulent ripple motion into heat as a function
of location on the surface. Energy is injected into capillary wave motionat 25 Hz (k = 6.4 em~", A =
0.98 cm) through parametric excitation. The motion obeys the applicable Kolmogorov power spec-
trum in the wavenumber range 15 cm™" < k << 60 cm~ . From the instantaneocusly measured surface
height, the contribution to the local rate of dissipation in a subrange Ak (here 42.4 cm—' < k < 46.5
cm~ " so A = 1.4 mm) is obtained by digital filtering and then plotted in dimensionless form. The
displayed region is 7.56 cm by 7.56 cm. Blue regions correspond to the rms value of dissipation and
red regions correspond to over 20 times this value. Large, organized structures are readily apparent.
In general, adjoining subranges of k, from the same image, have different structures.
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characterize this mold.

Also shown in Fig. 4 is the three-quar-
ter width of a laser beam as a function of
distance traveled in the polyball suspen-
sion. The laser is depicred here as incident
from above. The light will propagate a
transport mean free path, [¥, before diffu-
sion causes the beam to spread. A higher
concentration of scatterers leads tw a
smaller I*. The diffusing light technique
works when [* is comparable to or greater
than £ but less than the overall depth, L,
of the fluid (L = I* > [; for surfaces with
a large radius of curvature the technique
can work even when ¥ < ). In our
experiments, the container of fluid is illu-
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Fig. 2. (A} The frequency spectrum of ripple
turbulence. The region in which the data were
filtered to obtain the graph (B) is indicated. (A,
inset) A typical calibration curve for transmission,
T, of light through water with a suspension of
neutrally buoyant polystyrene spheres (index of
refraction of 1.6, concentration 0.04%). The
depths, L, span the experimental range. For this
concentration, a light ray travels about 0.5 mm
before Mie scattering from a polyball. Because
the scattering angle is small (about 20° on aver-
age), the ray must underge more than 10 scat-
tering events in order to be turned through
a large angle. Transmission through the “milky”
water is approximately given by T = 2/ /(L + £/%)
(22). (B) The distribution of structures’ in
turbulence. The number of pixels with a common
side required to cover those regions where
the dissipation exceeds 5 rms for 10 photos
of turbulence. The light-shaded histogram de-
notes randomized phases. The dark-shaded
histogram denotes actual data. (Inset) The dis-
tribution of heights for a real (dashed line) and
phase-randomized photo. The randomized
data, but not the physical state, fit well to a
Gaussian distribution.
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minated uniformly from below and a cam-
era is focused onto the surface to record
the transmitted light. The light reaching
an individual pixel on the CCD comes
from inside the cone (Fig. 4). If I* is too
small, the beam spreads so rapidly that
light collected from one point is affected
by the overall surface shape and the meth-
od fails to yield a useful image.

The power spectrum [u(k)] of the tur-
bulent state, obtained from the spatial

Fig. 3. Diffusing light
photography and analy-
sis of turbulent capillary
waves, (A) Display of an
actual photo obtained
with a Princeton Instru-
ments CCD with 65,000
gray scales and 1024 by
1024 pixels binned into
512 by 512 super-pix-
els. The displayed area
(7.56 cm by 7.56 cm)
spans 256 by 256 su-

Fourier transform of £ (Fig. 3A), is found
to be isotropic and broad band in the
range 15 em™' < k < 60 cm~'. The
exponent (—2.2 %= Q.1) is close to that
given in Eq. 2 (7, 14). Use of the ripple
dispersion law, w? = (o/p)k’, implies that
the range of frequencies, w/27r, for which
this motion is turbulent is 76 Hz < f <
630 Hz, as we find from the temporal
Fourier transform of {(t) of the motion in
a 200-pm region of the surface (Fig. 2A).

per-pixels. (B) Render-
ing of the surface height
as a function of location,
{lx, ¥}, on the plane of
the undisturbed sur-
face. The rms amplitude
of motion is 1.5 mm. (C)
The dissipation function
(Eq. 3) of (A) filtered to
retain only those com-
ponents in the subrange
Ak (the data have also
been median fillered).
Those squares of 16 su-

per-pixels that exceed 80 rms are blackened to exhibit structure in turbulence. The width of

these structures is approximately the wavelength spanned by the subrange Ak. This is a

different image from that used for Fig. 1. (D) Comparison with {C) where, in addition to filtering, the
phases of the various Fourier components have been randomized. Although the power spectrum is

completely unaffected, the area of structures as well as the regions of low amplitude are greatly

diminished.

Fig. 4. Experimental criteria for
DLP. Qur measurement of [* is
overlaid on a calibrated image of a
sinuscidal mold. Shown is the width
of a He-Ne laser beam (633 nm)
propagating into the liquid (squares
denote a 0.04% solution and trian-
gles denote a 0.12% solution). The
indicated beam width contains
75% of the light. For the 0.04% so-
lution, the beam propagates ballis-
tically for a distance equal to the
transport mean free path (| * =~ 0.75
cm) before spreading. For a 0.04%
solution, light propagates into the
bulk of the medium without inter-
acting with other surface locations.
In this instance the calibration curve

Amplitude (cm)

Position {cm)

in Fig. 2 can be used 1o obtain an accurate rendering of the mold from a photo of the transmitted
light. For a 0.12% solution the beam probes nearby points on the surface, and sc when its cali-
bration curve is applied to a cross section of the mold, the rendered height is wrong at the peaks
{(put not the troughs) by 25%. For a 0.3% polyball suspension, the peaks are overestimated by a

factor of 2.
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To elucidate structure in the turbulent
state, images such as that in Fig. 3A are
digitally filtered in a fixed range of wave-
numbers (in this instance, 42.4 cm™! <
k < 46.5 cm™") that lie entirely within
the region of broad-band motion (the cor-
responding frequency range 373 ro 429 Hz
is indicated in Fig. 2ZA). Then, the local
rate of dissipation, E, of wave energy into
heat by molecular viscosity is plotted in
dimensionless form (Fig. 1) as

ENifov = (W V) (3)

where v is the kinemartic viscosity and
Ay is the wavelength at which energy is
injected.

Quantifying structure within turbulence
requires algorithms sensitive to the local
response. Such algorithms are more akin to
the JET Cluster routines (15) of high-ener-
gy experimental physics than various global
correlation functions. In this vein, we mea-
sure the size of intermittent structures by
first blackening those units of 16 pixels
where the average dissipation exceeds the
rms value by a factor of 5 (Fig. 3C). This is
compared to a computer-simulated noise
image where the spectrum has been pre-
served but the phases have been random-
ized (Fig. 3D). These data show that turbu-
lent motion within a narrow range of wave-
lengths is characterized by large fluctuarions
(16). This is demonstrated by the presence
of organized high-amplitude structures as
well as large regions where the motion is
remarkably quiescent. The spectrum of the
Kolmogorov cascade (which is a global cor-
relation) expresses a remarkable balance of
these disparate motions.

Figure 2B (inset) shows the distribution
of amplitudes of the two images, from
which we derive the local dissipation (Fig.
3, C and D). Although their standard
deviation (rms power) is the same, lack of
random phasing in the physically realized
broad-band turbulent state accounts for its
non-Gaussian form and also for the broad
distribution of localized structures (Fig.
2B). There exists no theory for this key
characteristic of turbulent motion (17).

Our  observation of intermittency
stands in contrast with the conclusions
based on computer simulations (18) that
ripple turbulence is well described by a
deterministic Boltzmann type of kinetic
equation. We propose that the shortage of
modes that can be dealt with in a comput-
er calculation accounts for the differing
conclusions. The parameter of merit for
the extent to which a system displays tur-
bulence (7) is the ratio of the rate 1/7 of
nonlinear interactions to the spacing be-
tween the lowest lying modes wg. For
computer calculations with 256 by 256
modes this ratio is about 1, whereas for the

1611



15 em by 15 em resonator used in our
experiments, the ratio is about 10,000
(19). It has been emphasized that as 7
decreases (so that the system becomes
more turbulent), the effects of intermirt-
tency should become more pronounced
(20, 21). It is unclear whether the nature
of the observed structures will change at
higher levels of energy throughput or as
viscous interactions with the boundaries
are modified. An improved system for the
study of ripple turbulence is the surface of
a levitated sphere of fluid. In this instance,
waves scatter only from each other and
not a boundary.
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