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abstract

Parasitic capillary ripples generated on the forward face of the
gravity-capillary waves are investigated experimentally. Using the optical
technique, the slope angle of the wave is measured with sufficient space
and time resolution to characterize the small ripple fluctuations. The
ripple generation and its steepness is considered from the point of
dominant wave asymmetry. The unsteady motion of ripples is analyzed
by the two-points optical measurements. Dominant wave has the same
phase speed with ripple on average, however the relative distance to the
dominant wave fluctuates which can't be negligible comparing with the
ripple wavelength. That is, the non-linear interactions with the dominant
wave assumed to be essential.

1. Introduction

On the forward face of relatively short
gravity waves, capillary waves, usually called
parasitic capillary ripples, are formed(see
Fig.1). This seems to be a common
phenomena occurring at the surface of
wind-driven bodies of water. In this paper, the
gravity-capillary waves and the parasitic
capillary ripples are called dominant wave
and ripples, respectively, for convenience.
Almost dominant wave has 3 ' 10cm
wavelength, while the capillary wavelengths
range from the order of 0.1 ' 1cm. Such a
small waves were difficult to measure

accurately, thus we have thought so far the
capillary ripples move stationary with respect
to the dominant waves. This is also the most
important assumption of the theoretical
model presented by Longuet-Higgins[1].
However, the recent numerical simulation
didn't support the above assumption. They
suggested the nonlinear oscillation was the
key factor of parasitic capillary ripples[2].

With using the new optical technique of
measuring the angle of wave slope, we
consider how the capillary ripples develop,
move, and decrease toward the downstream.
This method has the sensitive frequency
response up to 30kHz and the space



resolution is about less than 0.2mm, which
are enough condition for capturing the small
ripples. Although several attempts were
made for this kind of measurement^], we
think, the significant progress was made in
our experiments. The local wave slope is
measured at two different positions
simultaneously. After computing the phase
velocity by the time lag between two points,
we analyze how the ripples move relative to
the dominant wave. We also pay attention to
the shape of the dominant waves. Because
the significant difference between upstream
and down stream wave slope was observed
in the experiments. This crest asymmetry
may have some important effect on the ripple
generation or the ripple steepness. Thus, the
dominant wave slope is investigated
systematically from the wave generator, and
the relation with the ripples is discussed.

We have found that the capillary ripples
are not stationary, but they are changing the
relative distance from the dominant waves.
And also, the ripple's growth rate is affected
by the dominant wave motion. This
interaction is essentially a non-linear process,
and the boundary layer effect under the
free-surface can't be negligible. We will
report this phenomenology based on the
experimental data processing.

2. Experimental Conditions

Figure 2 shows the experimental setup.
The test section is an open channel made of
acrylic resin. It is 1500 mm in length, 150 mm
in depth and 100 mm in width. Water is fed to
an upstream reservoir to obtain a flow in the
channel. The water velocity at the free
surface is about 25 mm/s, and is higher than
the average velocity over the channel
cross-section since the water discharges
over the top of a wake at the downstream
end of the channel. Waves are generated by
a rotating cylinder partially submerged into
the water flow. The cylinder is 16 mm in
diameter and driven by a stepping motor to
rotate around a 6-mm off-centered axis. The

cylinder rotating speed in the present
experiments ranges from 4 to 6 Hz.

A 1-mW helium-neon 632.8 nm laser
beam is shot vertically on a horizontal water
surface. The beam waist at the water surface
is less than 0.2 mm. The beam is refracted at
the water surface when it is inclined and
passes through the water, the duct bottom
wall and air before reaching the sensor
surface. The relation between the slope
angle ~x and the laser spot displacement

L on the sensor surface is,
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The sensor (Hamamatsu Photonics, S1881)
measures the two-dimensional displacement
of a light spot on a planar pn-type photodiode
surface. Two pairs of anodes are attached
along the perimeter of a square-shaped
(22mm ~ 22mm) sensitive area of the
photodiode. Because photodiode has a
uniform surface resistance, the ratio between
the photocurrents from each pair of opposed
anodes is a function of the spot displacement
and is insensitive to the light spot strength.
The photocurrent signals are amplified and
processed by a special circuit (Hamamatsu
Photonics, c4674) to obtain output signals
which are proportional to the spot
displacements in x and y directions. The
sensor itself has a maximum response
frequency of 300kHz, although the frequency
range is limited by the signal processing
circuit to 33kHz for the current use. The
capability of this optical method in measuring
high-frequency waves (several kHz in
dominant frequency) have been confirmed
by Ito et al.[9].

The circuit output signals are sampled by
the 12 bit A/D converter at a rate of 5kHz.
The cylinder-rotating angle is detected by a
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photo sensor and is also recorded. The
measurements are carried out- with two
sensors which can be moved in the stream
wise and span wise directions, together with
the laser unit, on a precision traversing
device. The distance between the two
sensors is L = 52mm. Data are taken at
every 10mm from the wave generator.

By using the wave velocity Ug, we can

relate the measured slope angle to the time
rate of level change at a fixed point by

d~ d~ rr d~ „ ...
— = —->Ug , — = tan x, (1)
dt dx dx

if we assume that the wave profile is frozen.
Then, we can derive the surface
displacement ~(x) as

" ( * )= t&n\>Ugdt , (2)

where the wave velocity Ug is given by the

following methods in section 3.2.

3. Results and Discussions

The typical example of the gravity-capillary
wave are shown in Fig. 3(a), where the
parasitic capillary waves are generated on
the forward face (see also Fig.1). Its
amplitude is about 1.5mm and the wave
length is 70mm for the first ripple in this
condition (cylinder rotation number 6Hz).
Figure 3(b) shows the power spectrum of
angle "x , in which the first sharp peak

corresponds to the dominant wave frequency
caused by the rotating cylinder. The peak
frequency does not change from the cylinder.
Its amplitude slightly decreases, that is, the
wave is attenuating. On the other hand, there
is a bump around 80Hz, which seems to be
the contribution from ripples. The ripple
frequency doesn't have so clear peak as the
dominant waves. We assume that the ripple
shape is not unique and varying temporally.
In other words, its motion is not steady
relative to the dominant wave.

We have two main purposes in this
analysis. One is to characterize the shape of
the dominant waves putting on the ripples.

The other is the unsteady motion of them.

3.1 Crest Asymmetry and Ripple
Generation

During our experiments, the significant
difference between upstream and down
stream wave slope was observed. This crest
asymmetry for gravity-capillary waves are
thought to be the most important condition
with relation to the ripple generation. The
gravity-capillary wave and parasitic ripples
are illustrated in Fig.4(a), in which the slope
is defined as similar to that of Jiang et al.[4].
The slope S° is the maximum slope on the
backward face of the primary wave crest,
and S° represents the slope at the steepest
point before the trough of the first ripple. The
ripple crests are denoted by i = 1,2,3,L , n ,
where n is the total number of ripples. For
each ripple crest, the maximum slopes on
the forward face and the backward face are
represented by S'+ and Sl, respectively. As
the slope angles are measured directly in the
experiments, these values are easily
determined. The steepness of each ripple is
defined as

i = 1,2,3,L ,n. (3)

The maximum ripple steepness " r is
defined as the largest " ' , which is usually
the first one on the forward face, i.e. " r = " ; .
The degree of crest asymmetry is
represented by \sl/s° , a ratio between the

forward and backward crest slopes. There is
a qualitative correlation between increasing
ripple steepness " r and increasing crest
asymmetry at moderate wave steepness.

The distance within 100mm from the
wave generator, two-dimensional symmetric
waves are generated. This symmetry is
decreasing downstream and gradually the
ripples appear on the forward face. The
maximum ripple steepness wr is plotted
against the wave steepness ka, k is a
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wave number and a is an amplitude. Also
the previous experimental and numerical
results[5-8] are indicated with our data. The
ripple steepness decrease according to slight
change of ka. This decreasing trend shows
that unsteady ripples are very sensitive to the
underlying crest asymmetry. In our data,
0.1 ka 0.2, dominant wave has a large
steepness. So the unsteadiness of the
ripples are also sensitive to the dominant
wave. The correlation between measured
maximum ripple steepness and the degree of
crest asymmetry is plotted in Fig. 4(c) with
other experimental and numerical results. If
the crest asymmetry is represented well by
S°/S° which is the ratio between the

forward and backward crest slopes, there is
a qualitative correlation between increasing
ripple steepness and crest asymmetry.

We have to notice the following point. The
results presented above in Fig. 4 are
macroscopic features for dominant waves
and ripples. Because the ripples has the
unsteady motion, their shape varies
instantaneously. Also, we assume that the
dominant wave has different shape
according to the ripple motion. We focus on
this problem in the next step, and the energy
transfer between ripples and the dominant
waves will be discussed.

3.2 Unsteady Motions of Ripples

The slope angles as a function of time are
measured by PSD at different two positions
from the cylinder. These are indicated
schematically in Fig. 5. We first define the
characteristic time scale for dominant and
ripples, respectively. The large character r,,
T2 represent the time rag between the
successive dominant waves and the ripples.
Also the small one is the gap between the
dominant wave and ripples for each wave.
The distance of two PSD is L , then the
phase speed for dominant wave Ug and

ripples Ur are computed by the following

relation,

u -
r~

(4)

where the bracket { ) is the ensemble

average. The fluctuation of these phase
speed are obtained by the following relation,

L , (5)

(6)Wf
The phase velocity is plotted in Fig. 6(a) as a
function of the distance x in which the
dominant wave has almost the same mean
velocity with the ripples. Thus, the ripples are
located keeping the fixed position relative to
the dominant wave in an average sense.
They are about 400[mm/sJ at *=200mm,
and decrease to 350[mm/s] by jt=400[mm].
Behind x =400[mm] downstream, they
slightly increase. About the velocity
fluctuation (see Fig. 6(b)), ripples have the
larger velocity than the dominant one,
ur>ug. So the ripples seem to have the

unsteady motions. This is directly understood
by analyzing the statistics of random variable
fj and t2. It is the gaps size defined in Fig. 5.
The average is the same for these values,
(ty) = (t2), which is consistent with Ug =Ur.
The variance defined by

) . - 1 . 2 (7)

is plotted in Fig. 7. At the position
*=400[mm], the ratio —/{*,) 0.12. This is

not a small value. The probability density
function of tx is computed and it is shown in
the Fig. 8. The horizontal axis is normalized
by its average and standard deviation. These
are close to the Gaussian profile and they
are independent of the distance from the
cylinder.

4. Summary

The parasitic capillary ripples emerging on
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the forward face of larger gravity and
capillary waves have been measured by
using a laser refraction technique. With
sufficient space-time scale resolution, the
ripple unsteady motion and the relation to the
dominant wave steepness are analyzed. The
obtained results are summarized as follows.

(1) The parasitic capillary ripples are
generated when the dominant wave
steepness ka is larger than 0.2. The ripple
steepness w

r changes rapidly for
decreasing ka . The crest asymmetry is
sensitive to the ripple steepness and there is
a qualitative correlation between increasing
" r and the increasing crest asymmetry.

(2) The relative distance between the
dominant waves and the parasitic ripples
defined by t, is constant on average. Also
this is consistent with that the dominant
waves have the same phase speed with
ripples. They propagate downstream
keeping some relative distance. On the other
hand, the fluctuation of *,. can't be negligible,

its standard deviation is almost 25 % of the
ripple wave length and it obeys Gaussian
distribution. So the ripples have the unsteady
motion caused by the non-linear interaction
with the dominant wave.
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Fig.1 Typical gravity-capillary waves and the parasitic-capillary ripples.
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Fig.2 (a)Schematic view of experimental apparatus
(b)Measurement setup for free surface slope angle
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Fig.5 Definition of the typical time scale at two points measurements.
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