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Abstract: In this paper, the findings of an experimental analysis aimed at investigating the flow
generated by waves propagating over a fixed rippled bed within a wave flume are reported. The
bottom of the wave flume was constituted by horizontal part followed by a 1:10 sloping beach.
Bedforms were generated in a previous campaign performed with loose sand, and then hardened
by means of thin layers of concrete. The flow was acquired through a Vectrino Profiler along two
different ripples, one located in the horizontal part of the bed and the second over the sloping beach.
It was observed that, on the horizontal bed, near the bottom, ripple lee side triggered the appearance
of an onshore directed steady streaming, whereas ripple stoss side gave rise to an offshore directed
steady streaming. On the sloping bed, a strong return current appears at all positions, interacting with
the rippled bottom. The turbulence is non-negligible within the investigated water depth, particularly
when velocities were onshore directed, due to flow asymmetry. Turbulence caused a considerable
flow stirring which, above a non-cohesive bed, could lift the sediment up in the water column and
give rise to a strong sediment transport.
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1. Introduction

In coastal regions, waves propagating over a slope may become skewed, with sharp crests and flat
troughs, and asymmetric, with steep fronts and gentle rear faces. Because of these wave characteristics,
the time dependent velocity in the boundary layer becomes both skewed and asymmetric. Skewness
consists in a difference between the two peaks of the velocity during the wave cycle. Asymmetry
consists in a difference between the time derivative of the velocity during the two half cycle, thus it is
referred as acceleration skewness [1].

Skewed and asymmetric waves strongly impact on the near bed hydrodynamics, generating
asymmetry in bed shear stress and, in turn, in sediment flux in the two flow half-cycles, thus playing
a crucial role in the wave-driven net sediment transport. Effects of velocity skewness on boundary
layer flow and sediment transport have been studied, among others, by Ribberink and Al-Salem [2],
who observed that the net sediment transport during the cycle is onshore directed while the average
velocity is offshore directed. O’Donoghue and Wright [3] found that velocity skewness increases
the onshore sediment transport but it generates also an offshore directed transport of fine sediments.
A detailed experimental study on the hydrodynamics of acceleration-skewed oscillatory boundary
layers on a rough wall was carried out by Van der A et al. [4]. They showed that the acceleration
skewness leads to an asymmetry of the wall shear stress in the two half-cycles and to the appearance
of a steady streaming opposite to the largest acceleration. Such mean velocity may also impact
on the transport of fine sediments, which can be easily brought far away from the bottom [5].
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Scandura et al. [6] studied acceleration skewed flows by means of a direct numerical simulation of
the Navier–Stokes equations confirming the existence of an asymmetry between the peaks of the
wall shear stress in the two half-cycles. They also observed low and high turbulent speed streaks of
fluid, responsible for the deviations of the wall shear stress from the laminar values, and a strong
deviation of the probability density function of the wall shear stress fluctuations from the normal
distribution. In [7], the previous study was extended to include the statistics of the velocity in the
boundary layer, through experimental and numerical investigations. It was observed that close to the
wall both skewness and flatness are large while at elevations above those corresponding to the local
maximum of the streamwise velocity, the skewness is small and the flatness close to 3 as it occurs for
a normal distribution.

In the presence of sandy beds, the interaction of asymmetrical and/or skewed waves with the
bottom can lead to the appearance of bedforms that may exhibit a degree of asymmetry and this in
turn may affect the flow [8].

Due to their relevance for coastal hydro-morphodynamics, a large number of studies investigated
ripple formation and evolution (e.g., [9,10]). Most of the works however were aimed at predicting
their characteristics under sinusoidal oscillatory flows (e.g., [11,12]), while few studies exist on the
effects of flow asymmetry on the bed response. Sekiguchi and Sunamura [13] examined the threshold
condition for ripple formation under asymmetrical oscillatory flow and found that an increase in
bed perturbation decreases the influence of velocity asymmetry on ripple initiation. Testik et al. [14]
studied equilibrium profiles of asymmetrical sand ripples that form under nonlinear shoaling waves
and found that the equilibrium asymmetric sand ripple profiles can be considered as self-similar.
Asymmetric bedforms were studied theoretically by Blondeaux et al. [15] through a weakly nonlinear
stability analysis. They found that, depending on wave and sediment characteristics, a flat sandy
bottom subjected to an oscillatory flow may lead to asymmetric ripples with the onshore flank of the
ripples steeper than the offshore flank. More recently, Petrotta et al. [16] experimentally analyzed the
morphodynamic evolution of a sloping sandy bottom starting from a flat bottom condition until the
appearance of large amplitude ripples. They observed that, when equilibrium is reached, the ripples
show an asymmetrical profile with steeper onshore flanks and gently sloping offshore faces, similar
to what was previously found by [15]. However, along the sloping bed, they observed that ripples
migrate offshore with a velocity that decreases in time, caused by a net suspended offshore sediment
flux. Petrotta et al. [16] attempted to relate migration velocity to asymmetrical flow measured on the
sloping bed; however, due to the high sediment suspension close to the bed and the relevant bed
mobility, an accurate and reliable flow map could not be recovered. To obtain a reliable map of the
flow field, thus filling the gap left by the previous experimental investigation [16], the present work
aimed at analyzing the near bed flow generated by waves propagating onto fixed asymmetrical ripples
on a sloping bed. In general, a detailed analysis of the flow field in asymmetrical/skewed conditions,
such as those that generate on a sloping bed due to shoaling effects, could be useful to shed new light
on the near-bed hydrodynamic behavior as well as its repercussions onto sediment transport and
related processes. In the present experiments, the near-bed hydrodynamics on a horizontal bed was
also acquired to better highlight the differences with sloping bed conditions.

The paper is organized as follows. First, the experimental setup and measurements are presented,
and then the experiments are described and analyzed, with particular emphasis on convergence, phase
analysis and spatial flow reconstruction. The paper ends with some conclusions.

2. Experimental Set Up

Experiments were performed within the wave flume at the Hydraulics Laboratory of Messina
University (Italy). The 18 m long flume has a cross section 0.40 m × 0.80 m, glass walls, and a flat
stainless steel bottom (Figure 1).
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Figure 1. Experimental set up adopted in the present experimental campaign. P1 and P2 indicate the
location of the two ripples subject to hydrodynamic measurements, respectively on the flat and the
sloping bed; G1–G5 indicate the wave gauge positions along the flume. The x-axis of the reference
system points in the wave propagation direction while the z-axis points upwards.

A flap type wavemaker, driven by a pneumatic system and is electronically controlled, generates
both regular and random waves characterized by wave heights up to 0.12 m and wave periods between
0.5 and 2 s.

Some creased pipe pieces mattresses are placed at the back of the wavemaker to absorb any
spurious reflection caused by the flap motion. More details on the facility can be found for example in
the works of Liu and Faraci [17], Faraci et al. [18] and Faraci [19].

Starting from a distance of 8 m from the wavemaker and for the remaining 7 m length of the
flume, the bottom was covered with a layer 0.2 m thick of uniform sand, with a median grain size
d50 = 0.25 mm. The last 3.5 m of wave flume were covered by a 1:10 sloping beach.

The rippled bed was generated by a monochromatic wave characterized by a height H = 0.08 m
and a period T = 1 s propagating on the layer of sand. The equilibrium condition was reached after
the propagation of about 1800 waves (see Figure 2a). Repeatability of bedform formation was checked
in a previous work [16]; it was found that the bedform characteristics are well described as a function
of the flow mobility number. Later, the flume was dried and the bed was solidified covering the wet
sand with two layers of concrete (Figure 2b), carefully sifted in order not to alter the sand grain size
and the ripple profiles.

Once the concrete had hardened, two pretty cylindrical ripples, in the following referred to as P1

and P2, were selected for the hydrodynamic measurements described in the following. The first one
was placed 1.5 m from the beginning of the horizontal sandy bottom (ripple P1 in Figure 1), whereas
the second one was placed 2.45 m forward, i.e., 1.1 m ahead of the beginning of the slope (ripple
P2 in Figure 1). Ripple P1 length λ was equal to 4.2 cm and the height η was 0.6 cm, whereas ripple
P2 length was equal to 6.1 cm and its height was 0.9 cm. Ripple P1 was symmetrical while ripple
P2 exhibited a small degree of asymmetry, showing a steeper offshore flank. Generally speaking,
each ripple shows some degree of randomness in its profile, even though ripple heights and lengths
are pretty constant. Because of this characteristic, numerical simulations of the flow field over such
a natural shaped bed should be performed including several wavelength in the computational domain.
This requirement might lead to high computational costs, which must be carefully evaluated before
attempting a numerical study of the flow field.

In the present experiments, nine equally spaced measuring locations (L1–L9) were considered
along each of the two ripples P1 and P2 (see Figure 2c). A local vertical reference was used, with the
zero always located on the fixed rippled bed trough.
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Figure 2. The rippled bed: (a) picture of the bed at the equilibrium condition; (b) picture of the fixed
bed after the sieving process; and (c) ripples P1 (flat bed) and P2 (sloping bed). L1–L9 indicate the
positions of the nine vertical measuring locations at ripples P1 and P2, λ being the ripple wavelength.

3. Measurements

3.1. Water Surface Elevation

Five resistive wave gauges allowed the measurements of wave characteristics throughout the
wave flume. The first gauge (G1) was placed 3.25 m off the wavemaker to measure fully developed
waves, the three gauges G2, G3, and G4 were located on the horizontal sand layer and spaced properly
to allow the application of the Mansard and Funke [20] method to measure the wave reflection along
the flume. Measurements showed that wave reflection along the flume was generally between 15%
and 20% of the incident wave. In the largest wave periods, reflection grew up to 30%. The gauge G5

was placed on the sloping beach, where the waves shoal.

3.2. Hydrodynamics

Velocity profiles were acquired by means of a Vectrino Profiler (Nortek As.) at the nine measuring
locations (L1–L9) along the ripples P1 and P2, as mentioned above.

Profiles were obtained by vertically overlapping the velocity profiles of two adjacent measurement
stations by the amount ∆z = 1 cm. This was necessary to remove data collected outside the region
between approximately 43 and 61 mm below the transceiver, which, according to Thomas et al. [21],
were marked as not sufficiently reliable.

Velocities were measured throughout the water column, i.e., from the bottom up to about 4 cm
below the wave through, at P1, and up to an elevation of about 10 cm at P2 positions. Measurements
started three minutes after the wavemeaker launch in order to reach a stable flow condition. Then, the
flow field at each position was acquired for 2 min. This operation took about 20 min on the sloping
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bed, where the water depth was 0.145 m, and forty minutes on the horizontal plane, where the water
depth was 0.245 m. At the end, the wavemaker was stopped.

In one of the tests, Vectrino Profiler acquired data for 10 min at each measuring station in order to
check the velocity statistics convergence. In this case, the Vectrino Profiler started measuring on sync
with the wavemaker launch. In this case, since the velocity acquisition started from still water, the
transient condition had to be filtered out during the signal processing, thus data collected throughout
the first 3 min were not analyzed. During all the other tests, the wavemaker was not stopped and
started, thus no transient conditions were formed.

The reliability of the measured velocities is related to two parameters, namely Correlation (COR)
and Signal to Noise Ratio (SNR). COR is a measure of signal quality in percent, while SNR expresses the
signal amplitude relative to the instrument noise level, in dB. Two acceptance thresholds were adopted,
according to Van Der A et al. [22], Yoon and Cox [23]: COR ≥ 90 and SNR ≥ 30 near the weak spot, i.e.,
from 50 mm to 65 mm below the transceiver, and SNR ≥ 20 elsewhere. Non-reliable data were then
replaced by a linear interpolation. Finally, data were despiked by means of the Goring and Nikora [24]
method. To improve data integrity some talc powder was dispersed close to the probe head to increase
the number of scatters in the sampling volume. Moreover, in one of the performed tests, the cell size
parameter was initially set equal to 1 mm and then to 2 mm. However, comparing the two obtained
profiles, results were pretty similar, thus a cell size equal to 1 mm was adopted for the the other tests.

A zero up-crossing method was adopted to split the cleaned signal and to calculate the ensemble
averaged velocities. Zeros were identified within the velocity signal except during a long lasting test
where zeros were determined from the elevation measured by the resistive wave gauge closest to
the Vectrino, i.e., G4. Finally, a matrix containing in each column a velocity fluctuation throughout
a period and in each row a phase was arranged. Periods longer than 1.03T or shorter than 0.97T, where
T is the reference period (generally 2–5%), were rejected.

4. Experiments

The experimental campaign consisted of the nine tests, named T1–T9 (see Table 1). Velocities
measured along the two ripples P1 and P2, placed, respectively, on the horizontal bed and on the
sloping bed, were analyzed in order to gain insights on the effect of the sloping bed.

During the experiments the water depth d was kept fixed and equal to 0.245 m over ripple P1

(d = 0.145 m at P2).
The main hydrodynamics parameters considered in the present experimental campaign are

as follows.

• The semi-orbital amplitude of the fluid particles outside the boundary layer:

A =
U∞

ω
(1)

• The wave induced velocity just above the bottom boundary layer:

U∞ =
Hω

2sinh(kd)
(2)

• The wavenumber:
k =

2π

L
(3)

In the above equations, H indicates the wave height, L is the wavelength, ω is the angular
frequency equal to 2π/T, and T is the wave period, as mentioned above. Ripple height η and
wavelength λ were not included as they were fixed in the present experimental campaign, their values
were reported at the end of Section 2.
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In Table 1, a summary of the experimental conditions and of the main hydrodynamics parameters
is reported. In particular, the first column indicates the test name, the second and third columns report
the wave characteristics, namely the wave height H measured by the gauge G1 and period T, finally
Columns 4 and 5 report the value of the semi-orbital amplitude while Columns 6 and 7 report the
values of the flow Reynolds number, measured at both P1 and P2, computed as:

Re =
U∞ A

ν
(4)

ν being the kinematic viscosity of water.

Table 1. Experimental conditions and main Hydrodynamics parameters.

Test Name H [cm] T [s] A [cm] Re
P1 P2 P1 P2

T1 2.54 1.26 1.27 1.82 808 1655
T2 8.13 1.01 2.78 4.34 4825 11,692
T3 6.27 0.84 1.42 2.48 1504 4611
T4 4.36 1.26 2.19 3.15 2381 4948
T5 8.70 1.01 2.98 4.64 5525 13,389
T6 9.05 0.84 2.05 3.58 3133 9607
T7 13.05 0.84 2.95 5.17 6515 19,977
T8 8.67 1.01 2.97 4.62 5487 13,297
T9 5.86 1.26 2.94 4.23 4302 8939

5. Analysis of the Experimental Results

The hydrodynamics induced by waves propagating over a fixed rippled bed is discussed in the
present section where the velocities measured throughout T1–T9 tests are shown.

As mentioned above, for each experiment, the duration of acquisition was 2 min except for test
T9. In this test, the duration of acquisition was increased to 10 min in order to check the convergence
of the velocity statistics.

In the following, period averaged quantities are indicated by the overbar ¯ , while phase averaged
quantities by < >.

5.1. Velocity Profiles and Statistics

Figure 3 shows the velocity measured by the third cell from the top of the control volume of the
Vectrino Profiler during T9 test at the location L2, x/λ = 1/8 from ripple crest (see Figure 2c) at an
elevation of about 2.5 cm (z/d = 0.10).

Figure 3a shows the velocity acquired after 3 min from the launch of the wavemaker for a time
span equal to one period. The four beams of the Vectrino Profiler measured the velocity components
U, V, W1 and W2 along the direction of wave propagation x, the transverse direction y and the vertical
direction z, respectively. Throughout the experimental campaign, the velocity was analyzed and the
phase averaged velocities shown in Figure 3b were obtained. It is worth pointing out that, as expected,
no reliable difference among the two vertical velocities W1 and W2 measured along the z direction was
detected, thus in the rest of the paper only the W1 component is plotted and referred to as W.

Figure 3c reports the velocity acquired within an analogous time span along the sloping bed and
Figure 3d the phase averaged velocity. At P2, wave shape become skewed and asymmetric and this,
in turn, affects the velocity. Thus (as shown in Figure 3c,d), velocity becomes asymmetric at P2, with
sharp crests and broad troughs. Moreover, the negative half wavelength is wider than the positive one
giving rise to a velocity skewness. Note that the position along the ripple profile and the elevation
from the bed are the same in both cases.
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Figure 3. T9 test (H = 0.06 m, T = 1.26 s), velocities measured at location L2, at the elevation z/d = 0.10:
(a) Vectrino Profiler velocity just after the transient condition at P1; (b) phase averaged velocity at P1;
(c) Vectrino Profiler velocity at P2; and (d) phase averaged velocity at P2.

As mentioned above, during experiment T9, the acquisition time was set to 10 min, which was
longer with respect to the other experiments in order to analyze the convergence of the period averaged
velocity as the number of flow cycles increases (see Figures 4–6). The first 3 min of the measured
velocity were thrown out and not further examined as affected by the flow transient. Thus, each plot
illustrates by means of different markers the statistics 1, 3, 5, and 7 min after the beginning of the time
interval considered in the analysis.

The convergence of the period averaged velocity profiles measured during T9 test both above
the horizontal bed (ripple P1) and the sloping bed (ripple P2) was analyzed. Figures 4 and 5 show,
respectively, the velocity component U in the direction of the wave propagation x and the velocity
component W in the vertical direction z. Velocities were measured at nine equally spaced locations
along both ripples, as represented in Figure 2c. Nevertheless, for the sake of brevity, only the two
locations L2 (x/λ = 1/8), along the offshore flank, and L8 (x/λ = 7/8), along the onshore flank,
were reported.
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Figure 4. T9 test (H = 5.86 m, T = 1.26 s), period averaged U velocity profiles in the x direction
evaluated on the basis of measurement with durations ranging from 1 to 7 min: (a) P1, L2; (b) P2, L2;
(c) P1, L8; and (d) P2, L8 (see Figure 2c).

Period averaged velocities quickly reach a stable condition. Indeed, velocity profiles measured
after 3, 5 and 7 min clearly overlap. Only profiles at 1 min slight differ from the others, particularly at
low velocities. Thus, as mentioned above, the period averaged velocity was computed using at least
2 min.

Outer flow velocities (z/d > 0.05) in the direction of the wave propagation x are slightly negative
(U < −1 cm/s) at both P1, L2 and P1, L8 (Figure 4a,c). It can be observed that because of the undertow
the mean velocity is mostly negative at P1 both at L2 and L8. However, near to the wall a boundary
layer is present in which at P1 the velocity is onshore directed at L2 while at L8 it is offshore directed.
In determining the mean velocity direction in the boundary layer, there are two main mechanisms
interacting with each other in a complex way. The first mechanism is due to the spatial variability
induced by the waves, which generates a streaming in the same direction of wave propagation [25].
The second mechanism is due to the asymmetry of the turbulence during the two half cycles, which
under skewed or asymmetric waves produces a steady streaming in the offshore direction [26].

Along the sloping bed at z/d > 0.05, the undertow current is larger than that on the plane
bed (P1). Such a return current extended to the horizontal bed and caused the period averaged outer
flow velocities to become negative, as previously observed.



Water 2019, 11, 1618 9 of 20

-2 -1 0 1 2

W [cm/s]

0

0.1

0.2

0.3

0.4
z
/d

1 min

3 min

5 min

7 min

__

(a)

-2 -1 0 1 2

W [cm/s]

0

0.1

0.2

0.3

0.4

0.5

z
/d

1 min

3 min

5 min

7 min

__

(b)

-2 -1 0 1 2

W [cm/s]

0

0.1

0.2

0.3

0.4

z
/d

1 min

3 min

5 min

7 min

__

(c)

-2 -1 0 1 2

W [cm/s]

0

0.1

0.2

0.3

0.4

0.5

z
/d

1 min

3 min

5 min

7 min

__

(d)

Figure 5. T9 test (H = 5.86 m, T = 1.26 s), period averaged W velocity profiles in the z direction
evaluated on the basis of measurement with durations ranging from 1 to 7 min: (a) P1, L2; (b) P2, L2;
(c) P1, L8; and (b) P2, L8 (see Figure 2c).

Figure 6 shows the standard deviation S, skewness sk and kurtosis k of the horizontal velocity
profiles at both positions P1 and P2 for the L2 measuring station.

Given Ui the observed velocity and < U > its phase averaged value, considering that the acquired
velocities are equispaced in time, the aforementioned statistics could be expressed as:

S =

√
1

n− 1

n

∑
i=1

(Ui− < U >)2 (5)

sk =

1
n

n
∑

i=1
(Ui− < U >)3

(√
1
n

n
∑

i=1
(Ui− < U >)2

)3 (6)

k =

1
n

n
∑

i=1
(Ui− < U >)4

(
1
n

n
∑

i=1
(Ui− < U >)2

)2 (7)

n being the number of data in the series. In the present work, all the aforementioned statistics
were evaluated for each phase and then they were period-averaged. The standard deviation converged
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to a stable value in less than 3 min almost throughout the investigated water depth both along the
horizontal bed (Figure 6a) and on the sloping bed (Figure 6b). At both positions, the standard deviation
of the outer flow velocities was pretty constant between z/d = 0.35 and z/d = 0.1 where velocities
started to increase due to the undertow. Near the bed, S increases because of turbulent fluctuations.
measured above the ripple stoss flank.
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Figure 6. T9 test (H = 5.86 m, T = 1.26 s), velocity statistics profiles convergence: (a) standard deviation
at P1, L2; (b) standard deviation at P2, L2; (c) skewness at P1, L2; (d) skewness at P2, L2; (e) kurtosis at
P1, L2; and (f) kurtosis at P2, L2.

In the central part of the profiles, the standard deviation at P1 was smaller than at P2 where
the orbital velocity increased due to the wave asymmetry. However, the steady offshore directed
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currents increased wave skewness, thus the negative half-period became considerably longer than
the positive one and, in turn, the period averaged velocity U became negative. Since the negative
half-period was considerably longer than the positive one, the dispersion of the velocities from their
mean value decreased.

Both skewness and kurtosis required 5 min to reach a stable condition. The depth averaged value
of the skewness profiles was about zero along the horizontal bed (Figure 6c) and about −0.1 along
the sloping bed (Figure 6d). This occurrence confirms that the velocity is symmetrically distributed
at P1, whereas it became asymmetric at P2. There, the velocity distribution has a long negative tail,
throughout the water depth, whereas at P1 this phenomenon occurs only above z/d > 0.3.

Figure 6e shows that the kurtosis varies between 3 and 3.5, thus it take values of k close to
those of a normal distribution. At P1, a value of 3 was observed at the bottom and at z/d ∼ 0.2.
Elsewhere, kurtosis was higher, thus higher velocities (in modulus) were reached more frequently due
to the asymmetrical and skewed nature of the flow along the water column. At P2, the skewed and
asymmetric wave produced the increase of the high velocities recurrence throughout the water depth;
thus, kurtosis was almost constantly equal to 3.3 (see Figure 6f). Furthermore, few peaks appeared
within kurtosis profiles.

5.2. Phase Analysis of Velocities and Turbulent Characteristics

The phase averaged statistics were evaluated at nine equally spaced locations, but, for the sake
of brevity, only profiles at the aforementioned L2 and L8 locations are here reported. Figures 7 and 8
show the phase averaged velocity U and W profiles above the two ripples P1 and P2, respectively.

Figures 9 and 10 show the phase averaged turbulent kinetic energy tke = (u′2 + v′2 + w′2)/2 and
the phase averaged Reynolds stress u′v′ profiles above the two ripple flanks, being u′, v′ and w′ the
turbulent velocities, respectively, along x, y and z. Turbulent fluctuations were measured along the
two ripples P1 and P2 during the experiment T9. Sixty-four equally spaced phases per period were
identified but only six phases were sketched, namely 1/2 π, π, 3π/2 and 2π, together with the phases
where the depth-averaged velocity reached its maximum and its minimum. The period-averaged avg
profile is also plotted.
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Water 2019, 11, 1618 12 of 20

-6 -4 -2 2 4 60

<W> [cm/s]

0

0.1

0.2

0.3

0.4
z/

d

(c)

-6 -4 -2 2 4 60

<W> [cm/s]

0

0.1

0.2

0.3

0.4

z/
d

(d)

Figure 7. T9 test (H = 5.86 m, T = 1.26 s), velocity phase analysis at P1: (a) U velocity profile
at L2; max = 17/32π, min = 47/32π; (b) U velocity profile at L8; max = 16/32π, min = 46/32π;
(c) W velocity profile at L2; max = 13/32π, min = 49/32π; and (d) W velocity profile at L8; max =
14/32π, min = 49/32π.
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Figure 8. T9 test (H = 5.86 m, T = 1.26 s), velocity phase analysis at P2: (a) U velocity profile
at L2; max = 13/32π, min = 40/32π; (b) U velocity profile at L8; max = 13/32π, min = 38/32π;
(c) W velocity profile at L2; max = 13/32π, min = 34/32π; and (d) W velocity profile at L8; max =
16/32π, min = 37/32π.

The velocity profiles of U and W are rather symmetrical above the horizontal bed both at L2 and
at L8. Looking at P1 profiles, Figure 7a–d, it could be observed that the modulus of the velocity at
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1/2 π phase is similar to the modulus of the velocity at 3/2 π phase in the central part of the water
column. More important differences arise close to the bed, where, due to the constraints imposed
by the ripple flanks, < U > overshooting at L2 at the phase 1/2 π is similar to the one at L8 at the
phase 3/2 π, and, analogously, near bottom flow at L2 at the phase 3/2 π is similar the one at L8 at the
phase 1/2 π. In the upper part of the water column, the absolute values of the minimum velocities are
slightly higher than maximum ones due to the presence of the undertow.
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Figure 9. T9 test (H = 5.86 m, T = 1.26 s), turbulence phase analysis: (a) tke profile at P1, L2; (b) tke
profile at P1, L8; (c) Reynolds stress profile at P1, L2; and (d) Reynolds stress profile at P1, L8.
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Figure 10. T9 test (H = 5.86 m, T = 1.26 s), turbulence phase analysis: (a) tke profile at P2, L2; (b) tke
profile at P2, L8; (c) Reynolds stress profile at P2, L2; and (d) Reynolds stress profile at P2, L8.

Moreover, the < U > phase-averaged velocity reaches its maximum at 1/2 π phase (Figure 7b)
or slightly after (Figure 7a) and its minimum slight before 3/2 π phase. The < W > phase-averaged
velocity reaches its maximum slight before 1/2π phase and its minimum slight after 3/2 π phase
(Figure 7c,d). The vertical component of the velocity is slightly more asymmetrical than the horizontal
component, as can be detected by looking the < W > velocities measured at 0 and at π phases.
However, except that near the bottom where ripple shape made flow asymmetric, both < U > and
< W > velocity profiles are negligible at 0 phase and smaller than 1 cm/s at π phase throughout the
water depth.

At the bottom (z/d < 0.1), < U > velocity profiles at π phase exhibit a positive overshoot above
ripple offshore side and a negative overshoot above ripple onshore side. Near the bottom, the upward
directed < W > velocities may cause the sediment lifting up to regions far from the rippled bed.
Moreover, these velocities approach to zero at the bottom due to the no slip boundary condition.

According to the continuity principle, the onshore directed velocities decreased moving along
the ripple lee flank, and increased moving along the ripple stoss flank. Thus, velocities at phase
1/2 π were bigger at L8 than at L2; analogously, velocities at phase 3/2 π were bigger at L2 than at L8

(Figure 7a,b).
Above the sloping bed (Figure 8a–d), < U > and < W > velocity profiles were skewed at both

locations L2 and L8. The highest positive depth averaged < U > velocities were early reached, i.e., at
13/32 π phase, at both locations (Figure 8a,b). In addition, the highest negative phase averaged < U >

velocities were reached, respectively, at 40/32 π and at 38/32 π. The vertical velocity component at L2

showed the maximum at 13/32 π and the minimum at 34/32 π (Figure 8c); only above the onshore
ripple flank, the maximum phase averaged velocity was reached exactly at 1/2 π, while the minimum
occurred at 37/32 π (Figure 8d).

As a consequence of the asymmetry, the positive half period of the ensemble averaged velocity
lasts for a shorter time than the negative half period throughout the water depth. Indeed, at P2 both
< U > and < W > velocity profiles were considerably negative at π phase, (Figure 8a–d). At L2 near
the bed, < W > is upward directed both during the positive and the negative half cycles (Figure 8d).
As expected, the wave asymmetry triggered by the sloping bed, made the onshore directed < U >

component bigger in modulus at the phase of the maximum depth averaged velocity than the one at
the phase of the minimum depth averaged velocity. Higher velocities in the positive half cycle cause
stronger turbulent fluctuations than in the negative half cycle.

The turbulent kinetic energy varied from 0 to 0.2 cm2/s2 above the offshore flank (L2 location) of
both ripples (Figures 9a and 10a). Turbulence was negligible at the bottom due to the no-slip condition,
and then it increased due to the vorticity generated by the rippled bed. Moving away from the bottom,
turbulence decreased. More in detail, at P1, turbulence reached values close to zero moving upward
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starting from z/d = 0.1; at P2, the flow was more turbulent due to the wave breaking, which occurred
just up ahead in the channel and to the larger fluid velocity. Thus, turbulent kinetic energy profiles
exhibit a positive gradient at z/d = 0.55. Turbulence generated by wave breaking can also explain why
in P2 there was a greater difference between the tke profiles in different phases than in P1. Furthermore,
at both positions, tke reached its maximum when the flow was onshore directed, i.e., at 11/32 π and at
7/32 π, respectively. The asymmetry of the turbulence intensity is responsible for the generation of
offshore steady streaming [26].

The Reynolds stresses measured at both positions P1 and P2 (L2 location) are reported in
Figures 9c and 10c, respectively. Above the horizontal bed, Reynolds stresses at the bottom varied from
−0.5 to 1.4 cm2/s2. As expected, the phase averaged Reynolds stress was negative when the velocity
gradient was positive and vice versa. At distances from the bottom larger than 3 cm approximately
(z/d > 0.1), u′v′ became negligible at P1. Instead, at the sloping bed Reynolds stresses varied from −1
to 0.4 cm2/s2 and did not approach zero throughout the investigated water depth. Such phenomenon
occurred because of the higher velocities caused by the decreasing of the water depth.

Looking at both tke and Reynolds stress profiles, it is easy to see that the sloping bed did not cause
an increase of the near bed turbulence. The turbulent kinetic energy together with the Reynolds stress
measured at location L8 do not show considerable differences with respect to the offshore ripple flank
L2 at both P1 and P2 ripples. Along the sloping bed, turbulence extended throughout the water depth,
thus producing a considerable flow stirring. Such a phenomenon could explain the ripple offshore
migration observed during the moveable bed campaign [16]. Indeed, because of the flow stirring a lot
of sediments are raised far from the bottom. Then, because of the undertow, an offshore sediment
transport was generated, which was higher than the onshore directed transport at the bottom and
caused the measured offshore ripple migration.

Figure 11 shows the mass transport velocity, which is proportional to H2T/(L · d) (see [27]),
measured above the ripple trough (location L5). A good alignment of both the data above the horizontal
bed P1 and above the sloping bed P2 is observed on the straight line of equation:

H2T
Ld

= 0.0187 | Ū | +0.0019 (8)
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Figure 11. Mass transport velocity at location L5.

5.3. Spatial Analysis

Figures 12 and 13 show the velocity field between two adjacent ripple crests, measured throughout
experiment T9. Both < U > and < W > velocity components are here considered. Positive, onshore
flow is directed to the right. The stoss slope of the ripple is the onshore slope (i.e., the right side of
the image) and the lee slope is the offshore slope. Following Van der Werf et al. [28], eight phases per
period are plotted in Figures 12a–h and 13a–h:
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• (a) Phase 0: This phase is close to the off-onshore flow reversal, thus the free-stream velocities
were close to zero.

• (b) Phase 1/4 π: Free stream is accelerating onshore, thus velocities are onshore directed
throughout the water column. Ripple shape affected near bed velocities. More in detail, moving
from the ripple offshore crest to the ripple trough (locations from L2 to L5) near bed velocities
decreased, whereas, moving from the ripple trough to the ripple onshore crest (locations from L6

to L9) near bed velocities increased. At the sloping bed, this phenomenon can be distinguished
only above the ripple stoss side.

• (c) Phase 1/2 π: The horizontal component of the free stream velocity is close to its onshore
maximum. More specifically, at P2 maximum horizontal velocities occurred few instants before
phase 1/2 π due to the wave asymmetry. At both positions, the highest velocities were measured
at about 1–2 cm from the bottom where a velocity overshooting occurred. The vertical component
of the velocity often showed its maximum from 2/32π to 3/32π before 1/2 π.

• (d) Phase 3/4 π: Free-stream velocity is decelerating. At P2, due to the velocity skewness, velocity
profiles were close to the flow reversal.

• (e) Phase π: This phase is close to on-offshore flow reversal. At P1, the free-stream velocity was
weak, except near the bottom where the velocities exhibit a considerable overshooting, which was
directed to the ripple trough above both flanks. The return current makes the velocity profiles at
P2 offshore directed at all the inspected locations.

• (f) Phase 5/4 π: The free stream is accelerating offshore. The offshore directed velocities decreased
moving from the ripple P2 onshore crest (from x/λ = 7/8 at P1) to the ripple trough and increased
moving from the ripple trough to the ripple offshore crest.

• (g) Phase 3/2 π: The free stream velocity is close to its offshore maximum. More specifically,
it occurred few instants before for the U component and few instants after for the W component.
At P2, both components reached the minimum before, at about 38/32 π.

• (h) Phase 7/4 π: Offshore free-stream velocity started decelerating.

Before closing this section, we highlight that several studies provided information on the flow field
over a rippled bed, as already mentioned in the Introduction. Among them, it is worth mentioning
those of Van der Werf et al. [28], Stachurska and Staroszczyk [29] and Marin [30]. However both
hydrodynamic and morphological parameters that characterize these experiments are strongly different
among each other and also compared to the present investigation. For example, in the work of
Van der Werf et al. [28], the Reynolds numbers are more that one order of magnitude higher than
present data. Marin [30] used an artificial ripple profile characterized by wavelength smaller than
the present one by an order of magnitude. None of the previous studies, however, dealt with sloping
bed.Stachurska and Staroszczyk [29] considered a sloping bed but the ripple shape differs from the
present one. Moreover, the analyzed data focus on different aspects, more oriented to the sediment
motion rather than flow field. Future effort will be devoted to simulate numerically similar flow field
using the present results as a benchmark for testing numerical models and deepen the knowledge on
near bed hydrodynamics.
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Figure 12. T9 test (H = 5.86 m, T = 1.26 s), velocity field along ripple P1 at eight phases: (a) 0; (b) 1/4 π;
(c) 1/2 π; (d) 3/4 π; (e) π; (f) 5/4 π; (g) 3/2 π; and (h) 7/4 π.
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Figure 13. T9 test (H = 5.86 m, T = 1.26 s), velocity field along ripple P2 at eight phases: (a) 0; (b) 1/4 π;
(c) 1/2 π; (d) 3/4 π; (e) π; (f) 5/4 π; (g) 3/2 π; and (h) 7/4 π.

6. Conclusions

An experimental investigation was carried out to analyze the hydrodynamics induced by
sea waves propagating over a sloping rippled beach. Two ripples were considered: the first one
located above the horizontal bed and the second one located above the sloping bed. Bedforms were
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preliminarily fixed by a thin layer of concrete and inhibited to migrate, thus allowing detailed velocity
measurements along two ripples placed at the two locations mentioned above. Waves approaching to
the sloping bottom, became strongly asymmetrical, with flat, wide troughs and sharp crests.

Above the horizontal bed, ripples considerably affected the phase averaged velocity profiles.
Indeed, velocities measured far from the bottom, where the flow approaches the irrotational condition,
were close to zero at both 0 and π phases. Instead, near the bottom, ripple lee side triggered the
appearance of an onshore directed steady streaming, whereas ripple stoss side gave rise to an offshore
directed steady streaming. These two opposite fluxes of opposite sign thus produced symmetric
ripples which quickly reached an equilibrium position.

Instead, the sloping bed caused the appearance of a strong return current at all positions along
the ripples which made the flow turbulence non-negligible within the investigated water depth,
particularly when velocities were onshore directed. Turbulence caused a considerable flow stirring,
which, above a non-cohesive bed, could lift the sediment up in the water column. When the sediments
reached the region characterized by a strong undertow current, they were transported offshore. This is
the mechanism that caused the offshore migration of ripples observed during a previous campaign
with a sandy movable bed.

Finally, a mass transport velocity proportional to H2T was observed at both measuring positions.
Generally, a higher mass transport occurred above the sloping bed.
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