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Abstract

The dynamical evolution of ripples generated in a wave channel has been investigated using image acquisition techn
We focus on the evolution with time of ripple geometry. A particular attention has been paid on the method used
determination of ripple length in the transient stage. Due to the observation of numerous defects in ripple pattern
their formation, a statistical approach has been chosen. Histograms of ripple lengths distribution are processed usi
transform and most probable lengths are estimated. The different stages of ripple formation are characterized by h
with typical shapes. For some particular conditions, a temporary stable rolling-grain ripple stage can be observed, cha
by a constant most probable length for a short time interval and a constant or slowly increasing steepness. A linear de
between the length of rolling-grain ripples and the boundary layer Reynolds number is found. In the moderate flow conditio
investigated, ripple dynamics is controlled by both, the mobilitynumber and the Reynolds number.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Due to the connection to sand transport by surface waves in near-shore regions, extensive works have been dev
study of ripples produced on movable beds by pure oscillatory flows. Anearly experimental work conducted by Bagnold
gives a first description of the two main classes of ripples which may be observed when destabilizing a flat sandy be
oscillating flow. Ones are referred to asrolling-grain ripples, created by the rolling back and forth of the grains, forming sm
triangular heaps spaced by stretches of flat bed. The others are calledvortex ripples due to flow separation at the lee sides of
ripples responsible for vortex structures generation.

In spite of the large literature focused on ripples, this research subject is stillof interest because of the partial understand
of the complex physical processes involved in ripple formation under oscillatoryconditions. The present work deals with ripple
morphodynamics with an original experimental methodology in order to approach ripples study in a different way. The d
stages of ripple formation are investigated from the beginning of sediments motion to vortex ripples.

Of course, over the years, some interesting results have already been obtained, particularly in the domain of vortex
their equilibrium stage which are the ones observed in nature. The morphological parameters widelyinvestigated are the lengt
and steepness of vortex ripples because they are required for the elaboration of predictive methods for sediment trans
of the studies refer to controlled laboratory small-scale experiments performed in various facilities: oscillating trays, os
flow tunnels, wave channels; with different “sediments”: sand, plastic, glass. Many experimental results are summa
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clearly demonstrated in the different installations tested. Nevertheless, a substantial scatter between the different s
is noted. Part of this discrepancy can be explained by the influence of the flow Reynolds number. Even for mode
conditions, the wavelength scaled bya, the fluid-orbit amplitude at the edge of the boundary layer is not simply a con
value but is a function of both mobility and Reynolds numbers (Faraci et al. [3]). Other factors can explain partly the observed
differences. First, in most of the experimental studies reported, no specific instrumentation is used to determine the di
of the ripples and their estimation is mostly a local measure in spite of irregularities in ripple patterns. Furthermore, it
pointing out that the final state of vortex ripple patterns remains dynamical and that locally, the wavelength can be
influenced by the development of long-time instabilities (Voropayev et al. [4]). At last, except in some recent studies, the tim
necessary for the ripples to reach their mature state is often estimated subjectively.

Rolling grain ripples are of minor direct practical interest because they have never been observed in field. Howe
an interesting case of forced dynamical system. If we refer to recent studies conducted under very controlled exper
one-dimensional annular geometries, rolling-grain ripples always destabilize (Scherer [5], Stegner et al. [6]). Furthermore, the
is a global comprehension of the process leading to ripple formation under oscillatoryflow conditions. The interested reader c
look at the papers of Sleath [7] or Kaneko et al. [8]. It is found that ripple growth is due to steady streaming induced by R
stresses in the Stokes layer. Two different theoretical approaches are proposed to study rolling-grain-ripples. In the first one
rolling-grain-ripplesare considered as an hydrodynamic instability. Then, the geometrical configuration of initial ripples can be
determined by a weakly nonlinearstability analysis (Blondeaux [9], Vittori and Blondeaux [10]).The extension of this work
to investigate wave-current ripples was recently proposed (Blondeaux et al. [11]). The introduced dimensionless ind
parameters are the Froude numberFD and two Reynolds numbersRD andRδ based respectively on the mean sediment diam
and Stokes layer thickness. The second approach is a granular approach (Andersen [12]). In a particle model elab
the formation of rolling-grain ripples, an equation of motion is written for each ripple considered as a particle inte
with its neighbours. Even though a lot of theoretical works are devoted to ripple formation, the experimental invest
reporting rolling-grain ripple characteristics (Manohar [13], Sleath [7], Blondeaux et al. [14], Blondeaux et al. [11], Rou
et al. [15]) are still very few to validate theoretical works and the results are dispersed. This may be partly due to the d
to study experimentally this transient state. Furthermore, according to Rousseaux et al., the selection of the initial length
one-dimensional ripples can be studied only for weak forcing cases with a careful initial preparation of the bed.

The application of more sophisticated experimental techniques and processing data turns out very useful to ext
accurately the geometrical characteristics of ripples and to provide information on the dynamical evolution of the
bed profiles. An acoustic method is utilized in field by Hanes [16] to measure ripple dimensions. Representations o
distributions in the form of histograms are then adopted because the ripples are not perfectly uniform and periodic
exhibit simultaneously two scales of bed form lengths. Another experimental methodology based on the image proc
video recordings from a “slice” of cross-sectional rippled sand beds lighted by a laser sheet is used by Faraci et al
wave tank. In this work, it is clearly pointed out that the evolution with time of the height and length of individual ripple
significantly differ.

Consequently, the evaluation of mean morphological parameters on short fields does not seem to be sufficient to u
the complex mechanisms involved in ripples formation. Additional information are needed to investigate accuratel
patterns exhibiting irregularities and local defects. In this paper, the morphodynamics of ripples formed by a gravity wave i
a channel is addressed. In this specific bidimensional geometry, pattern defects are numerous and participate in ripp
This has motivated the development of an analysis technique based on the statistical analysis of extended bidimension
After a presentation of the installation used, the techniques employed are described (Section 2). Both top views on la
and side views on a line are performed giving complementary information. The image processing developed for the tw
is explained. Section 3 is devoted to the description of qualitative observations and particularly to the analysis of the
the histograms of lengths distributions associated with different typical stages of ripple formation. Section 4 is dedicat
results and interpretations. Finally, the main conclusions are given in Section 5.

2. Experimental set-up and investigating techniques

2.1. Experimental set-up

The experiments were conducted in a wave flume at Le Havre University. The test section is 10 m long, 0.49 m w
0.5 m high. A general view of the channel is shown on Fig. 1.

The desired oscillatory motion is created by a piston-type wavemaker situated at one end of the channel. At the oth
inclined beach made of porous filters is used to absorbe the energy of waves. A particular attention has been drawn
the quality of the monochromatic waves generated. Then, an original technique developed by Brossard et al. [17] based on th
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Fig. 1. General view of the channel and instrumentation.

analysis of the signal issued from two moving resistive level probes is used. We access to the parameters of the fre
(periodT , wave heightH ) and to the wave reflection coefficient with a great accuracy.

Some preliminar tests conducted with ramps used to bound a limited test bed (3 m-long) show that the quality of the fr
surface is affected by the experimental set-up. Then, it was chosen to fully cover the 10-m-long test section of the
sediments on a 2.5 cm thickness. Finally, the measured reflection coefficient during the tests is less than 6%.

The fluid motion in the test section is controlled by the simultaneous measurement of the horizontal and vertical com
of velocity using a two-component Laser Doppler Velocimeter at one-ripple wavelength above the bed. The maximum h
velocity measured at this height gives a convenient estimation of the maximum velocity outside the wall boundary la
measured values are very near (less than 5%) to the ones estimated by the 2nd order Stokes model.

2.2. The top view

A pencil camera (Panasonic, GP-KS162HDE) equipped with a lens of short focal length (3 mm) is immersed u
free surface. This instrumentation provides a large top view visualisation of the ripple pattern that is acquired continu
practice, the camera is situated sufficiently far from the movable bed to be sure of its minor influence on bed ripple fo
The orientation of the camera is chosen in order to cross the maximum number of ripples. Then, the horizontalx-axis of the
collected images is parallel to the propagating wave direction and the verticaly-axis refers to the cross-section direction. O
the images presented below, the waves propagate from left to right. The dimension of the observed domain is 280 mm
220 mm wide. The spatial resolution for this view is equal to 0.49 mm/pixel. A small distortion of the edges of the imag
due to the short focal length is observed but no correction was required because the image is partially cropped bef
processed.

The light intensity distribution of each line composing the images collected from this view is sampled in 256 values di
in grey levels. It can be noted that the measured intensity is not proportional to the elevation of the ripples but is a fun
their slopes.

An image processing has been developed to provide accurate local information in the ripple patterns and colla
information plotting the distribution of ripple wavelengths. The technique used is the complexdemodulation. It has bee
accomplished through the use of Hilbert Transform.

The first step of the signal processing developed with MATLAB v 5.0 software consists in reducing the number of
512 points/line, by cropping the image, to perform a one dimensional spatial Fourier transform on each line of the image
to a FFT algorithm. The negative spatial frequencies obtained in the spectral domain are redundant with the positive
consequently convey no more information. In a second step, these values are then set to zero and a band-pass fil
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Fig. 2. Calibration of the image processing usedfor top views. (a) Test image; (b) phase signalφ(x) on a chosen horizontal line; (c) spati
derivative of the phase∂φ/∂x on the same line.

to each image is applied. The latter consists in eliminating both, the large scale inhomogeneity in light illumination (due t
the relative large size of the domain) and some small-scale noise (due to particle suspensions, for example). Afterw
complex demodulation is accomplished by processing the inverse Fourier transform of the truncated signals. Hence
signalI (x, y) (the image) is replaced by its complex equivalent expressionI (x, y) as follows:

I (x, y) = ∣
∣I (x, y)

∣
∣ exp iφ(x, y),

where|I (x, y)| andφ(x, y) represent respectively the amplitude and phase of the complex signal.
The main information is contained in the phase signal. The process consists in locating the sudden phase jumps fr+π to

−π associated with the detection of ripples. Forming the spatial derivative of the phase along thex-axis provides an easy wa
to estimate accurately the local wavelength. A threshold is fixed to locate the ripple positions and thus, the distance
neighbouring ripples can be easily calculated. Finally, the distribution of wavelengths in the image is plotted in the for
histogram, after a compilation of the data on all the lines.

The technique is illustrated on an example in Fig. 2. We show a test image built on a unique wavelength (a) used to
the technique, the phase signal on a line (b) and the associated spatial derivative (c). The calibration of the techniqu
perfect pattern” gives a Dirac peak at the correct wavelength. This result reveals that the Hilbert transform is insensit
finite length of the image. On the other hand, the direct analysis of the spectrum issued from the same image is cha
by an enlarged peak.

Furthermore, a correction is necessary to validate the obtained wavelengths. It is clear that for a fixed length, the m
number this length can be measured is conditioned by the size of the observation field. This number is not a constant
with the inverse of the ripple length. Therefore, it is required to weight, for each length, the number of ripples detected by
maximum number of ripples that could be detected in the investigated field for the considered length. Further on, a s
representation is plotted by normalizing the lengths distribution. If the length distribution is considered as a quasi co
function, the histograms can be analyzed in terms of probability distribution function of wavelengths in the observed fie
the histogram, we extract a mean wavelengthL̄ and a most probable wavelengthLp. Other data can be determined to g
additional information on the lengths distribution (root mean square of the distribution, half-width, higher orders mom
for example) but they are not reported in this paper.

As was mentioned above, the resolution of the technique is fixed to 0.49 mm/pixel. But, the accuracy of the techniqu
is difficult to estimate. In particular, in this study, the accuracy cannot be estimated by the standard deviation of the
distribution since ripple patterns considered herein are not perfectly regular and consequently introduce an enlargem
histograms.

2.3. The side-view

A thin vertical light sheet is generated in the middle section of the channel by a focused laser beam pointing a cy
lens. The sediments are illuminated and the intersection of the laser plane with the bed produces a line∼ 200 mm long which
follows the morphology of the movable bed. The latter line viewed from the side of the flume is video recorded with a Pa
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video camera. A preliminary calibration of the images is performed. This operation is achieved by focusing on one known object
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positioned in the laser plane section where ripples are observed, and recording the obtained image to calculate the
This latter one is estimated to 0.17 mm/pixel, that is to say of the order of the grain diameter.

Similarly to the top view, the acquired images of the bedform are processed at the end of each test. Although an a
detection of ripple morphology could seem at once to be the better solution to process the large amount of collected
manual analysis was preferred. This choice is due to suspended particles which may be illuminated identically to partic
bed and then should lead to an erroneous ripple detection. Therefore, a manual determination of the wavelengths a
of the ripples on selected frames chosen both at the same period phase and at chosen instants to follow the time e
performed. An averaged value of the side view wavelengthLs and heighth over∼ 10 ripples is calculated. The observed ripp
are irregular. Then it is chosen to estimate the mean steepnessh/Ls over the ten ripples observed by averaging the steepne
of the individual ripples observed.

2.4. Test conditions

The dimensions of the channel make difficult the generation of large amplitude waves and consequently, heavy pa
hard to move. Then, the experiments were conducted with light plastic particles of relative densityd equal to 1.35 and a mea
grain diameterD of 0.17 mm.

The static angle of internal friction for the dry sediment has been determined with a shear box. A 32.5◦ is found for the
plastic sediment. The angle of repose is correctly approximated by the same value if dry sediment is involved. For th
water saturated sediments, the angle of repose is affected by water’s buoyancy forces and water pressure in the pore
the expected value of this latter angle may be smaller. Furthermore, in this case, the relationship between the two abo
may be less evident.

Table 1 shows the experimental conditions for the tests. Sixteen experiments were carried out for two different wa
h∗. Included in Table 1 are the values of the dimensionless parameters used to study the global dynamics of the rip
mobility numberψ = (aω)2/(s − 1)gD varies in the range 2 to 13. The skin friction Shields parameterθ = 0.5fwψ is defined
with Jonsson [18] formulae for the skin friction factorfw and the flow Reynolds numberR is given bya2ω/ν. In these formulae
s stands for the specific gravity,ω is the frequency anda denotes the fluid-orbital amplitude at the edge of the boundary la

The water temperature was measured regularly and used to calculate accurately the fluid kinematic viscosityν.
Each test begins after an initial preparation of the non-cohesive bed consisting in flattering it.This important preliminary

task is performed by both, rolling a grid over the bed to “break” the ripples of the preceding test and dragging severa
levelled screen. A two-hour measurement period is investigated for each test. Reminding the range of wave periods c
herein, we have chosen to study the first 6000 excitation periods. It is expected to exceed, for each test condition, the num
of cycles required to reach an equilibrium ripple geometry.

The video recording procedure defers for the two views. For the top view, the images are collected continuously for
duration. Then, the recording is stopped and an additional ten minutes record is performed at the completion of the test on
hour later.

Table 1
Experimental conditions of the tests and dimensionless parameters

Test n◦ T (s) H (m) h∗ (m) a (m) Ψ θ R

1 0.8 0.031 0.27 0.0054 3.2 0.205 237
2 0.8 0.045 0.27 0.0080 6.8 0.305 498
3 1.1 0.023 0.27 0.0087 4.3 0.207 441
4 1.1 0.036 0.27 0.0134 10.2 0.313 1063
5 1.1 0.044 0.27 0.0161 14.7 0.372 1565
6 1.4 0.023 0.27 0.0123 5.3 0.196 738
7 1.4 0.032 0.27 0.0169 10.0 0.272 1360
8 1.4 0.026 0.27 0.0136 6.5 0.216 900
9 0.8 0.049 0.35 0.0050 2.7 0.187 214

10 0.75 0.068 0.35 0.0062 4.3 0.231 354
11 1.1 0.035 0.35 0.0098 5.5 0.220 622
12 1.1 0.046 0.35 0.0125 8.9 0.280 1015
13 1.1 0.054 0.35 0.0151 12.9 0.333 1505
14 1.33 0.028 0.35 0.0110 4.7 0.182 665
15 1.33 0.035 0.35 0.0142 7.8 0.237 1087
16 1.33 0.045 0.35 0.0180 12.7 0.303 1764
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Fig. 3. Examples of top views at different stages of ripple development with time (Test 2). (a) First excitation cycles; (b) rolling-grain ripp
state; (c) intermediate state; (d) vortex ripples.

For the side view, the sample scheme is divided in three parts: (1) a 10 min continuous acquisition from rest; (2) anothe
10 min record, 50 min later and (3) a last 10 min record at the end of the run. The two views are synchronized by us
controlled by the motion of the wave maker that can be observed in the field of the cameras.

3. Qualitative observations

Different observations of ripples formation have previously been described by Lofquist [19], Traykovski et al. [2
O’Donoghue et al. [21] in both field and laboratory two-dimensional experiments. Furthermore, the process exhib
similarities with the one described in a one-dimensional annular geometry installation (Stegner et al. [6]). In present study, t
processing technique is used to get more information on vortex ripple formation. The scenario of vortex ripples form
broadly similar from a test to the other. It will be illustrated by test 2.

The tests begin from rest with a flat bed. The paddle oscillationsare then initiated with an amplitude displacement contro
to produce a sufficient motion to generate ripples. A few seconds later, individual superficial grains begin to move b
forth to form a complicated network of short fragments of three-dimensional ripples. Fig. 3(a) provides an example
view observed during the first time-instants of ripples formation, revealing the non-organized nature of the ripples patt
image contrast is not very good because of the low height of ripples. The associated distribution of ripple lengths (F
is characterized by an enlarged peak ofweak amplitude lenghtened bya long train exhibiting a large variety of long length
scales. In these conditions, the comparison ofL̄ and Lp gives a mean value larger than the most probable one(Lp < L̄).
Furthermore, in a one-dimensional geometry, it was pointed out by Rousseaux et al. [15] that the observation of t
wavelength for rolling-grain-ripples is only possible for very weak amplitude motions. In present two-dimensional ge
the process leading to the first ripples formation is not a selective process for the wavelength even for the lower valu
mobility parameter tested. Consequently, the estimation of the initial wavelength for the rolling-grain-ripples is never p
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Fig. 4. Histograms of lengths distributions associated to the top views from Fig. 3. Short black lines and dotted lines denote respecti
most probable length and the meanlength of the distributions.

A few seconds later, many annihilations of defects are observed and reconnections of 3D ripples lead to the form
a two-dimensional organized pattern with ripples align with a mean direction perpendicular to the generated wave. T
of the histogram (Fig. 4(b)) differs significantly from the former. It is more symetric, not very sharp because of many
and characterized by a mean length slightly higher or of the same order than the most probable one (Lp � L̄). The observed
pattern corresponds to a pattern that we identify as an organizedrolling-grain ripples (Fig. 3(b)) state. However, this regim
is only observed when the amplitude motion is weak enough. If wewait enough longer, these ripples destabilize and evolv
spontaneously in height, shape and length to emerge finally in the form ofvortex ripples (Fig. 3(d)). It can be seen from th
histogram (Fig. 4(d)) that lengths have beenshifted towards longer values. The distribution still remains large, demonstrating
that a final state without defects and irregularities is never reached. However, it can benoticed that the distribution of lengths
is typically characterized by a mean value nearly equal to its most probable one (Lp ≈ L̄). An intermediate state is represent
on Fig. 3(c). A deformation of the associated histogram (Fig. 4(c)) is noted, due to an increase of the number of lowe
detected in the image(Lp > L̄). The histogram shape shows that a reconnecting process of the ripples takes place. H
ripple coarsening process is different from the one described in one-dimensional geometries because of the impo
played by 3D defects in the pattern dynamics.

4. Results

4.1. Ripple growth evolution with time

Before examining further the ripple length evolution with time, a preliminary study is aimed at comparing the three d
estimation methods for the wavelength in order to select, in our sense, the most representative one. The three
wavelengths are the side wavelengthLs , the mean wavelength̄L and the most probable oneLp .
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Fig. 5. Wavelength ripple versus the number of excitation cycles. Black point: mean wavelengthL̄; white point: most probable wavelengthLp ,
P, Q: Test 9;!, ": Test 6;1, 2: Test 2.

Since tested ripple patterns are never completely regular, the estimation of a mean wavelength from the side view i
accurate because of the short length of the observed line. Therefore, a statistical determination on a wide two-dimensional fi
may provide a better estimation. Thus, the time evolutions of both the mean wavelengthL̄ and the most probable waveleng
Lp are plotted on Fig. 5 for three different mobility numbers. The thousands first excitation cycles are represented w
representation of the typical accuracy fixed to the resolution on this view.

The results show a rather good agreement for long excitation durations but exhibit substancial differences during the ini
stage of ripple formation. The observed convergence between the two estimations suggests that, in the processe
organized vortex ripple pattern develops whose mean length is no more noticeably affected by defects. Furthermore, i
demonstrated that the observed field is large enough to verify the conservation of the mean length for long times. O
there are still persistent defects, but their density becomes both low and nearly constant when the ripple pattern dynamics slow
down. The quasi-equilibrium length reached is notedLeq.

At the early stage, the evolution curves for the two lengths can significantly differ. It is seen that the mean length
rather regularly while the most probable one exhibits a progression by steps. It demonstrates the interesting result th
present wavelengthLp can remain constant for a short time interval in an evolving pattern characterized by a mean length wh
varies continuously. As illustrated in the previous section, a detailed examination of Fig. 5 indicates that, at the beginning, the
mean ripple length tends to be greater than the most probable one due to the discontinuous distribution of 3D rippl
wavelengths on the bed. Then, when processing the Hilbert transform on the lines of these images, long wavelengt
measured when the short fragments of 3D ripples are not crossed. Later, this trend reverses due to the contribution of
low length defects in the generated 2D ripples. The ripple dislocations contribute to the increase of the wavelengt
pattern. The number of cycles for the inversion to occur seems to be a function of the mobility number.

Hence, due to the sensitivity ofL̄ to defects involved in ripple patterns during the transient stage, the estimation of the
by the most probable one will be chosen to study further ripple dynamics.

For studying the global evolution of the ripple wavelength with time, a representation ofLp normalized by its equilibrium
value Leq is plotted in Fig. 6 as a function of a non-dimensional timet/τ for all the tests. As proposed by Voropayev
al. [4], the typical timeτ is given byτ = c/ωψ1/2 wherec is a constant used to fit the data by the following exponential
LP /Leq= 1− exp−t/τ . Identically to Voropayev, the best fit for our data is obtained forc = 2500. In the present study, on
one type of sediment is considered. Then, the reduced gravity force remains constant in all the tests and theψ variation is only
due to the fluid velocity amplitudeU0 variation. Therefore, an increase ofU0 involves an increase ofψ and consequently, i
is responsible for a decrease in the duration of the formation period. The general trend of ripple growth evolution w
may be roughly captured by an exponential law but the agreement is not as good as in Voropayev study performed on
waves. Some features cannot be taken into account by the latter law. First, the scatter of the data for short times is
existence, in certain cases, of time intervals characterized bya constancy of the most probable wavelength in the pattern.
time domain is studied further in next paragraph. Second, for a fixed dimensionless time, the ripple most present leng
to be affected by the Reynolds number: ripple length increases when increasing the Reynolds number. It was previous
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Fig. 6. Normalized representation of ripple lengthLp/Leq plotted versus a dimensionless timet/τ for the 16 tests. Dotted line shows th
exponential law.

Fig. 7. Development of ripple lengthLp/a with time for the first 700 excitation cycles.1: Test 2;E: Test 3;!: Test 6;P: Test 9; x: Test 15.
The final measured lengths are represented by dotted lines.

out that the equilibrium state of vortex ripples under moderate flow conditions (Faraci et al. [3]) was influenced by both th
Froude and Reynolds numbers. Here, it is demonstrated that the dependence on these two parameters is also ma
dynamical stage of ripple formation. The number of cycles necessary to reacha stable dynamical equilibrium of the movab
bed is notedneq. It is estimated by 3τ , leading to 95% of the equilibrium length reached. In the range 3 to 15 for the mo
numbers considered herein, it givesneq in the range∼ 700 cycles for the lowerψ values and∼ 300 cycles for the higher one
A comparison between present results and previous data (Lofquist [18], Faraci et al. [3], Voropayev et al. [4], O’Dono
al. [20], Stegner et al. [6]) shows that the time scale estimation for vortex ripple formation can vary significantly from
to the other. Reported recent results lead to either comparable estimations of the ripple formation durations [4] or larger on
[6,20]. Thus, in an annular channel (1D geometry), for weak oscillation (ψ ∼ 3), 10–14 days may be needed to reach a fi
state [6]! In the light of this result, a further examination of the lowest mobility number test performed (test 9) reveals
equilibrium ripple shape(h/Ls = 0.13) is not certainly reached after 2 hours. In addition, it is also worth pointing out that th
bed porosity is a sediment parameter which is ignored in the interpretation of our results in spite of its possible influ
ripple dynamics. Furthermore, the initial compaction of the bed may have a significant influence during theinitial stage of the
bottom time development. Consequently, the time establishment of equilibrium ripple patterns is also probably influe
this parameter. Finally, it is suggested that estimation of vortex ripple formation times are to be predicted with care.
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Fig. 8. Development of ripple steepnessh/Ls with time for the first 600 excitation cycles. Symbols are the same as in Fig. 7.

4.2. Rolling-grain ripples

In order to study the initial stage of ripple formation, the ripple lengthLp/a is plotted on Fig. 7 for five mobility numbers
as a function of a restricted number of excitation cycles, fixed to 700 cycles. The short dotted lines at the border of
denote theLeq measured values after∼ 6000 cycles. As was suggested above, the most probable wavelength encoun
the observation field is insensitive to minor changes in the pattern. Therefore, in certain test conditions, a remarkable
of the length at a given value can be detected. Provided that the associated ripple steepnessh/Ls remains small and that n
noticeable separation of the flow is observed, the constancy of thelength can be interpreted as the detection of a stable rol
grain-ripple stage for a short time interval. The longer steady states can last∼ 100–200 cycles for the lower mobility numbers.
This state is followed by a rapid increase of the most present length of the pattern, suggesting that the ripple formatio
becomes different. For the larger mobility number plotted(ψ = 7.8), the very initial stage of ripple formation is characteriz
by a steep increase ofLp/a without detection of a temporary stable rolling-grain ripple stage. In this case, the rolling gra
ripples develop into vortex ripples without reaching an obvious transient equilibrium state. Then, the absence of tempora
stable rolling-grain ripple state is not only related to the irregularity of the waves (Faraci et al. [13]) but also clearly dep
the mobility number.

In Fig. 8, the ripple steepnessh/Ls is shown as function of the first 600 excitation cycles for the same five mobility num
shown in Fig. 7. The accuracy onh/Ls is not very good because of the addition of measurement errors on both the height an
the wavelength of ripples and because of the few number of ripples observed on this side view. Anyway, for the tw
mobility numbersplotted, a sudden change in the ripple growth rate is noted when ripple steepness reaches approximat
h/Ls = 0.1. This value coincides withthe empirical criterion proposed by Sleath [7] to classify rolling grain ripples and vortex
ripples. However, whenh/Ls < 0.1, the ripple steepness does not maintain at a constant value during a significant num
cycles, except for theψ = 2.7 case. Furthermore, it can also be verified that the constant stage for the ripple length o
in Fig. 7 is associated with low steepness ripples (h/Ls < 0.1). Finally, we characterize a temporary stable rolling-grain rip
state by both, a steepness nearly equal to 0.1, a constant most probable wavelength and a constant or weakly incre
ripple height. The absence of saturation of the height of rolling-grain ripples except for the lower mobility number sho
the spacing between ripples seems to be more stable than ripple height. A constant spacing between ridges can main
sediments pile up and raise up, increasing both the length and height of the triangular heaps of the ripples. This phe
lasts till a critical height is reached. Then, separation of the flow becomes dominant and both, the height and length of
increase.

A rough estimation ofnc defined as the number of excitation cycles necessary to reach the critical steepnes
(h/Ls = 0.1) has been performed. Before comparing thenc values for the different tests, it is worth bearing in mind t
the same experimental procedure has beenconducted before each test to re-flatten the bed. Then, the initial state of the b
remains broadly identical from one test to the other. A comparison with other data would be more doubtful. A repres
of nc is plotted on Fig. 9 as a function of the mobility number. The filled circles denote the cases where a “stable” rollin
ripples stage has been clearly observed (characterized by a stagewith constant wavelength) and the empty circles refer to
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Fig. 9. Number of excitation cycles necessary to reach the critical steepness value 0.1 as a function of mobility number.2 Observation of a rgr
stable stage for a short period;1 no detection of temporary stable rolling-grain-ripple state.

Fig. 10. Measured rgr wavelengthLrgr normalized by mean grain diameterD as a function ofRδ . On the same plot, data from [11] obtaine
for different ranges of ripple migration speedv. The dotted line shows the linear dependence between present data andRδ .

cases where no temporary stable rolling-grain ripple state has been found. It is pointed out that thenc value quickly decrease
when increasing the mobility number. Whenψ > 8, nc becomes lower than 100 excitation cycles and whenψ > 5.5, no stable
stage is observed. Therefore, the domain of rolling grain ripple existence is very restricted.

The geometric characteristics(Lrgr, h) of rolling-grain ripples are given in Table 2 together with the three dimension
parameters generally used to study the first stage of ripples:Rδ = U0δ/ν = (2R)0.5, RD = U0D/ν andFD = ψ0.5. It is worth
noticing that this part of work concerns only 9 tests. Here, only the tests exhibiting a “stable” rolling-grain stage are con
The rolling-grain ripple wavelengthLrgr is estimated from the top view by its most probable value during the stable ro
grain-ripple stage. Ripple heights are estimated forh/Ls = 0.1. A representation ofLrgr/D as a function of the boundar
layer Reynolds number is displayed on Fig. 10. In the domain of parameters tested, it is clearly shown that the wave
rolling-grain ripples depends linearly on the boundary layer Reynolds number. Furthermore, the measured lengths are
with Blondeaux et al. [11] data which were also performed in a wave channel with plastic particles having a median d
D equal to 0.35 mm and 0.54 mm. In this work, the wave conditions are chosen in order to generate a nonnegligib
drift on the bottom. The migration speedv of the ripples is measured together with the ripple length and height. The resu
Fig. 10 indicate that present data with no noticeable steady current separate data with positive drift from those with nega



706 A. Jarno-Druaux et al. / European Journal of Mechanics B/Fluids 23 (2004) 695–708

Table 2
Geometric dimensions of rolling-grain ripples (rgr) and dimensionless parameters
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Test n◦ Lrgr (mm) hrgr (mm) Rδ RD FD

1 5.96 0.38 21.8 7.5 1.8
2 8.42 0.58 31.6 10.6 2.6
3 7.44 0.55 29.7 8.6 2.1
4 / / 46.1 13.5 3.2
5 / / 55.9 16.5 3.8
6 10.3 0.79 38.4 10.2 2.3
7 / / 52.2 13.7 3.2
8 11 1 42.4 11.3 2.5
9 6.44 0.48 20.7 7.2 1.6

10 / / 26.3 9.2 2.1
11 / / 35.3 10.7 2.3
12 12 1.15 45.1 13.8 3.0
13 / / 54.9 17.0 3.6
14 10 0.97 36.5 10.3 2.2
15 / / 46.6 13.0 2.8
16 16.87 1.67 59.4 16.6 3.6

Fig. 11. Ripple length plotted as a function of mobility numberψ for different excitation cycles numbers and superimposed with Nielse
curve [22].

drift with a rather good agreement. A positive drift tends to increase ripple length while a negative one tends to decrea
ripple heights are given indicatively in Table 2 but no representation of these data is given due to the large uncertain
estimation of these low heights varying in the range from 2 to 6 pixels.

4.3. Correlation between ripple geometry dynamics and dimensionless parameters

For fully developed ripples, the non-dimensional wavelength is mainly a function of the mobility number. Therefore, this
parameter has been chosen at once to examine further ripple formation. The ripple lengthLp/a is shown in Fig. 11 as a functio
of the mobility number for different excitation cycles numbers distributed over the complete test. As can be seen, a s
of the length is rapidly reached for the higher mobility numbers tested. Furthermore, in spite of some dispersion in th
change in trend ofLp/a curve can be observed. The length tends to increase with the mobility number for the lower num
excitation cycles. On the contrary, for the longer excitation times (6000 cycles), the length decreases whenψ number increases
This noted change in trend is due to both the slow growth of ripples when the mobility number takes low values and to
values of the equilibrium length reached in these latter conditions. It is also worth pointing out that, as was suggested abo
the noticeable scatter of data may be explained by the significant influence of the Reynolds number on the ripple leng
the ripple formation stage.
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Fig. 12. Ripple steepness plotted versus Shields parameterθ for different excitation cycles numbers. Dotted line shows maximum equilibr
steepness [22].

The ripple steepnessh/Ls is plotted on Fig. 12 against the Shields parameterθ for different numbers of excitation cycle
(100, 270, 420 and 6000 cycles). Except for the two lower Shields values, the equilibrium steepness has been surely reac
before 6000 excitation cycles. Furthermore, the dependence on Shields parameter is clearly demonstrated in the
stage. On the other hand, at the equilibrium, the steepness remains constant in the Shields number range tested. It is
with Faraci et al. [3] results. According to Nielsen [22], for Shields parameters lower than 0.2, the slope of the equilibrium
ripples maintains at a maximum value with an angle close to the angle of repose of the sediment. The maximum ste
then given by 0.32tanφS . Present experimental results suggest that the constancy of the steepness may extend to Shie
exceeding 0.3. The angle of ripple is equal to 30◦ which is lower than the measured angle of repose for the dry sediment (3◦).
During the development of the ripple, the ripple steepness appears to exceed slightly its equilibrium value due to a pos
superficial liquefaction of the sediment layer.

5. Conclusion

An experimental investigation of ripple dynamics under waves has been carried outin a channel, in conditions of modera
mobility numbers(2 < ψ < 13). In the dynamical stage, many defects and irregularities are observed in ripple patterns. I
has motivated the choice to study the transient ripple stage with a statistical approach. Distribution of wavelengths
bidimensional top views of the ripple fields have been plotted. The technique used is the complex demodulation based o
application of Hilbert transform. The different stages of ripple formation are characterized by histogram of lengths dist
with typical shapes. The most probable wavelengthLp and the mean wavelength̄L are estimated and compared. It is sho
that their respective evolution with time differ significantly but finally, for long times, a convergence is found. The mean
evolves rather regularly while the most probable one exhibits a progression by steps due to a low sensitivity to local ch
the extended pattern. Furthermore, it is demonstrated that, in conditions of low mobility numbers, a more present wa
can remain constant for a short while in an evolving pattern characterized by a mean length which varies. This observed
particular state during the rolling-grain ripples stage. The developed technique provides an accurate tool to measure wavele
of temporary stable rolling-grain ripples. In these conditions, rolling-grain ripples are completely described by a consta
of Lp wavelength, a constant or weakly increasing ripple height and a steepness nearly equal to 0.1. The domain of p
where the existence of “stable rolling-grain ripples” is surely observed is very restricted. In the moderate range of R
number tested, the rolling-grain ripple length depends linearly on the boundary layer Reynolds number. The temporal evolu
of ripple length can be represented in a dimensionless form using a typical time built on the mobility number. The gene
follows an exponential law as previously found but some features are not captured. In the dynamical stage, it is dem
that ripple length depends on both the mobility number and the Reynolds number.

The ripple steepness depends on the Shields parameter in the dynamical stage when it does not depend on this p
the equilibrium stage for the Shields range tested.

Finally, present work points out the important role played by defects in the patterns during the dynamical stage le
the formation of equilibrium vortex ripple patterns. Further works should be directed towards the study of their influence.
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