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ABSTRACT: Tidal flow often contains large-scale turbulent flow structures mainly caused by bathymetric variations or offshore
marine structures. Understanding how waves interact with these structures is crucial for ocean sciences, as they influence vertical
mixing, energy transfer, and dissipation. In this work, two flow configurations with current and waves are studied in a flume
tank using Particle Image Velocimetry measurements: waves propagate either following or opposing the current and interact
with convected flow structures. Compared to current-only cases, the mean velocity is slightly impacted, but the mean velocity
gradient increases for waves propagating with the current. Turbulent Kinetic Energy increases regardless of wave direction and
its production is also affected by the wave’s propagation direction. The integral length scale and flow Gaussianity are the most
affected flow parameters. For waves propagating against the current, the Probability Density Functions of fluctuating velocity
fields exhibit a bimodal representation, largely deviating from a Gaussian curve. Preliminary quadrant analysis reveals that waves
significantly influence flow organisation, especially when they propagate against the current. These observations are valuable for

applications such as defining tidal turbine farm areas, improving turbine performance estimation, and assessing structural fatigue.
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1. Introduction

The oceans are a major source of clean, renewable energy, particularly through the kinetic energy of tidal
streams and fast, steady winds. However, deploying tidal turbine farms requires prior research to characterize
the water column flow in tidal stream currents [1]. Similarly, offshore wind turbine structures must account
for flow variations within the water column, as tidal turbulent streams exert large, fluctuating forces on
support masts, foundations, and related infrastructures [2,3]. Beyond energy extraction, tidal environments
and marine anthropogenic activities significantly influence phytoplankton biomass, primary production, and
specific phytoplankton communities [4]. These changes, driven by both large and small-scale water motions and
flow dispersion, directly impact marine biodiversity [5]. Additionally, vertical mixing of energy and momentum
in the water column may affect climate models [6].

For these reasons, studying the vertical velocity profiles and turbulence distributions of tidal streams in the
water column is essential. These flows are inherently complex, shaped by irregular seabed bathymetry that
generates strong velocity fluctuations and large-scale boils [7]. Such energetic structures are convected within
the tidal stream and can ascend through the water column [8,9]. They represent critical hydrodynamic features,
influencing not only tidal turbine blade load fluctuations [10,11] and associated fatigue [12], but also the
dispersion of the primary production and living organisms [13]. These turbulent flows are further complicated
by wind-driven waves, which introduce oscillatory motions with horizontal and vertical velocity components
throughout the water column. According to the potential flow theory, waves inject energy to depths roughly
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equal to half their wavelength, interacting with topography and bathymetry to generate turbulence and locally
amplify velocity fluctuations. Waves may align with or oppose the current, creating mutual interactions, that
modify the complex turbulent flow [14].

Extensive research has examined the effect of wave-current interaction on the bottom boundary layer flow
in coastal areas [15,16]. Numerous numerical models have been developed, accounting for wave properties
such as direction, wavelength, wave height and frequency. These models enable the sediment mobility and
suspension processes to be studied [17]. Previous studies primarily focused on how wave-current interactions
alter the logarithmic velocity profile, while others explored their effects on linear shear profiles with constant
vorticity [16]. In high-potential tidal-stream regions, like the Alderney Race in the English Channel, the
vertical shear velocity profile follows a particular power law, scaled by a roughness coefficient [18], where
wave-induced modifications to the velocity profile are particularly significant [19].

Natural sources of turbulent flow fluctuations, such as bathymetric variations and wave environments,
span a wide range of scales and involve intricate hydrodynamic mechanisms. Yet, anthropogenic factors,
including tidal turbine farms, large floating structures [20], and offshore wind turbines support, also contribute
to flow instabilities. These obstacles introduce significant flow disturbances to the natural variability [21].
Consequently, tidal areas like the English Channel exhibit small and large-scale flow structures, often forming
in the wake of natural or anthropogenic obstacles (e.g., tidal turbines or support masts). In wavy environments,
eddy scales are primarily modulated by the frequency of superimposed waves acting either against [22] or
following [23] the current. The effects of the waves following current on the wake of a wall-mounted cylinder
bathymetric obstacle have been experimentally investigated [24]. In this previous work, the main wake
modifications were observed at the lowest wave frequency, particularly a local increase in kinetic energy.
The large-scale flow structures developing behind the same wall-mounted square cylinder obstacle have also
been analysed when waves propagate against the current [25,26]. In this case, it was found that while the mean
wake structure is globally conserved, the large-scale flow structures are instantaneously modified. This results
in a different turbulent kinetic energy distribution and magnitude compared to the wake flow without a wave.
Recent numerical simulations further reveal that waves following the current synchronise the vertical motion
of tip vortices developing behind tidal turbines, though the mean wake properties appear less affected [27].
While waves increase turbulent intensity and anisotropy in the turbine wake [28], their impact on mean flow
properties remains limited [29].

Quantifying the variability of large-scale flow structures in the water column is crucial for improving the
understanding and prediction of turbulent flow variabilities. These variabilities can significantly impact ocean
mixing, energy transfer, dissipation and dispersion of primary production and living organisms. To date, few
studies have specifically addressed these effects throughout the water column, rather than just beneath the
surface. Given the complexity of interactions between waves and a turbulent current, this study focuses on
a targeted set of flow configurations to understand these hydrodynamic phenomena better. While prior work
has emphasised negatively sheared flows [24], our objective is to experimentally investigate wave effects on
large-scale flow structures within a positively sheared current.

To address this specific question, this paper is structured as follows. Section 2 presents the experimental
setup and measurement methods. Section 3 is devoted to the analysis of the flow configuration obtained for
current alone, corresponding to the no wave case. Section 4 analyses wave characteristics as a function of
direction, after superimposing the current flow on waves propagating with or against it. Finally, Section 5
investigates the effects of waves on the wake flow dynamics, before giving a general conclusion.

2. Experimental Setup and Measurement Method

Experimental investigations are carried out in the wave and current flume tank of IFREMER at Boulogne-
sur-mer, France, shown in Figure 1 [30]. The water is recirculated by two 250 kW motors and two propellers
of 1 m in diameter, enabling 700 m? of fresh water to be set in motion. The resulting current speeds range
from 0.2m/s to 2m/s, in the testing area. This area is 18 m long by 4m wide and h = 2m deep. In the
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present study, the streamwise flow velocity is fixed to Uy, = 0.8 m/s. The turbulence intensity is relatively
low at 1.5%. This low level of turbulence is reached through the use of a flow straightener at the inlet of the
testing area.

U%
\
Flow straightener Testing area Propellers Motors

Figure 1. Schematic of the wave and current flume tank of IFREMER (blue rectangle). The testing area (red rectangle) is
18 m long by 4 m wide and 2m deep. The current velocities (grey arrows) range from 0.2m/s to 2m/s, with a turbulence
intensity of 1.5 %. Four large windows (yellow rectangle) enable the flow velocity to be observed and quantified.

To generate water surface waves, a wave generator (Figure 2) is used for flow velocities up to 1.0m/s. This
generator consists of eight independent displacement paddles, each 0.5 m wide and 0.5m deep, designed by
Edinburgh Designs [31]. Each paddle uses a displacement technique that allows perfect flat front piston action
while generating no back wave, as illustrated by the grey arrows showing the motions of the two parts, on the
schematic of Figure 2. The wavemaker can generate both regular and irregular waves with a frequency range
spanning from 0.25 Hz to 2 Hz, and a variable amplitude [32].
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Figure 2. Schematic of the piston wave generator from Edinburgh Designs [31] (left-hand side). The grey arrows
illustrate the displacements of the two parts of this paddle. The wavemaker of the IFREMER wave and current flume
tank (right-hand side) is constituted of eight paddles like this one.

At the opposite side of the tank, a damping beach is positioned to break the waves (Figure 3). This
damping beach is a parabolic porous plate, specifically designed for this flume tank and based on previous
works [33]. The wavemaker and damping beach span the entire tank width. They can be easily reversed
and positioned either upstream or downstream of the testing area. This allows for the generation of waves
propagating with or against the current of the flume tank, with a maximum velocity of 1.0m/s for both wave
directions. The angle between wave and current is consequently 0° with waves following the current, or 180°
with waves opposing the current. For the present study, this respectively corresponds to Case A or Case B
of Figure 4. The (z,y, z) cartesian coordinate system is used and it corresponds to the streamwise, transverse
and vertical directions respectively.
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Figure 3. At the opposite side of the wavemaker is the parabolic and porous damping beach, used for breaking the waves.
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Figure 4. Experimental setup for the A case (top) where the waves propagate with current and for the B case (bottom)
where the waves propagate against the current Uy, (black arrows). The PIV measurement plane (red rectangle) is roughly
located in the center of the test section of the tank and vertically aligned with the wave gauge C.

It’s important to note that this experimental setup is quite specific. The presence of the wavemaker or
damping beach about 10 m upstream from the measurement location generates a turbulent wake flow which
affects the measurements. The submergence depths of the wavemaker and damping beach are D, = 0.5m
and D, = 0.35m respectively (see Figures 2 and 3). As shown schematically in Figure 4, for each case (A or
B), these two obstacles generate some large-scale flow structures that slowly fall down into the water column
of the tank, carried away by the current. This setup allows for the study of the effects of the wave direction
on the development of these large-scale flow structures in the water column. The flow Reynolds number
is Re = Us,D/v = 3.4 x 10°, with D = 0.425m the mean submergence depth of both upstream obstacles
(wavemaker or damping beach) and v the kinematic viscosity of water.

To reproduce sea-wave conditions, a monochromatic wave frequency of 0.45Hz and an amplitude of
approximately 0.05m is imposed by the wavemaker to the flow velocity of Uy, = 0.8 m/s, with:

1. Case A (denoted Ayqre): Wave following the Current
2. Case B (denoted Bygye): Wave opposing the Current

These experimental parameters align with previous studies [26] and replicate sea conditions found in
the English Channel, particularly at sites of significant interest for marine renewable energy. These wave
characteristics roughly correspond to a 10s peak period with significant wave height of 2m, at a scale of 1:20
and a Froude number of 0.17 [34]. Associated with a tidal flow velocity of 3.5m/s, these marine conditions
correspond to a relatively severe in-situ wave and current combination. In both cases, the waves remain
largely two-dimensional, with very limited transverse (y) side effect. To state about the wave effects on the
water column flow, two additional configurations are considered with the wavemaker idle and the same flow
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velocity of Uy, = 0.8m/s. These two additional cases will be denoted A wave and Bhpo wave respectively in
the following (see Table 1).

Table 1. Detail of the four flow configurations considered in the present study. See Figure 4 for the detail of the
device located at the upstream (US) position from the testing area. When wavemaker is upstream, waves are generated
following the current. When wavemaker is downstream, waves are generated opposing the current. In the following, each
flow configuration will be referred to the label and symbol mentioned in this table.

Cases A Case: Wavemaker US B Case: Damping Beach US
Wavemaker Idle Active Idle Active
Wave direction no wave Following no wave Opposing
Label Ano wave Awave Bro wave Buave

Symbol O J v \/

2.1. Wave Surface Measurements

The wave properties (amplitude, wavelength, frequency) are measured using 3 wave probes: a Kenek servo-
type wave probe (model SHT3-30E) and 2 resistive wave probes. The dynamic Kenek wave probe is marked
with the letter A in Figure 4 and the two other probes are installed on positions B and C. The distances
between these points are [AB] = 52cm and [BC| = 70cm. The wave gauge C is vertically aligned with the
center of the Particle Image Velocimetry (PIV) measurement plane (red rectangle in Figure 4). A regular
calibration is required during the measurement campaign to keep the accuracy of these wave gauges lower or
equal to 3mm. Wave measurement acquisition is synchronised with the PIV system via a shared trigger.

2.2. Particle Image Velocimetry Measurements

Particle Image Velocimetry measurements are carried out in a vertical plane (z, z), as illustrated with the
red rectangle in Figure 4. This plane is roughly located at the streamwise center of the tank. In this area, the
turbulent wake developing behind either the wavemaker or the damping beach is fully developed in the water
column. It is also worth noting that the tank is sufficiently deep that the developing bottom boundary layer
does not interact with the obstacle wake flows.

The PIV sampling frequency is fpyy = 15Hz and N; = 2700 instantaneous velocities (u,w) are acquired
in the vertical (z,z)—plane of (N,, N,) = (41,79) points, with a spatial discretisation of 11.6 mm in each
direction. The sum of uncertainties concerning the PIV measurement is evaluated to 6.7 % [35], i.e., 0.054 m/s
for the flow velocity of Uy, = 0.8 m/s of this study. The z-axis origin is taken at the right position of the PIV
measurement plane. The z-axis origin is fixed at the bottom of the tank, and the PIV measurement plane is
centred in the vertical water depth, as depicted in Figure 4. Such a choice is due to help future investigations
of the interactions between the wave turbulent flow and a tidal turbine model or an offshore wind turbine
support structure.

The classical Reynolds decomposition is first applied to the instantaneous PIV velocity field as follows:

u(x, z,t) = Ulx,2) + (v, 2, 1) .
{w(x, z,t) = W(z,2) + w'(z, 2, 1) @

where an overbar indicates the time average operator and (u’,w’) corresponds to the instantaneous fluctuating
velocity field. In the present work, we do not attempt to separate the turbulent and the wave-induced
components. The main interest of this study lies in the characterisation of the velocity fluctuations in the
water column, in order to understand the wave effects on large-scale turbulent flow structures better. Before
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making comparisons between flows with and without waves, the main properties of both wake flows A, wave
and By, wave are investigated in the following section.

3. Global Flow Analysis of the Current without Wave

The analysis of the Ano wave and Bio wave flow configurations is conducted in this section. For each case,
the incoming flow interacts with the wavemaker (A case) or the damping beach (B case) and a turbulent wake
flow is then generated behind each obstacle.

As discussed in the introduction, the flow conditions in the water column significantly impact the performan-
ce and lifespan predictability of marine structures. These two parameters depend on several flow characteristics:
the mean velocity shear [36], the turbulence intensity [37,38], the large-scale flow structures and its associated
frequency passage [11,39], the integral length scale [12,40], and the flow Gaussianity [12,41]. Therefore,
accurately characterising these incoming flow characteristics is crucial for evaluating and quantifying their
effects. Subsequently, these different flow characteristics are successively determined, allowing for a comparison
of the wave effect in the next section.

Figure 5 displays the colormaps of the mean velocity components for both cases. The mean streamwise
velocity component exhibits a clear shear velocity profile along the vertical extent. Note that in the present
flow configurations, the velocity gradient is negative in the water column that differs from previous analyses
[26]. The velocity shear is more pronounced for the A case as the submergence depth of the idle wavemaker
is higher than the one of the damping beach. Furthermore, the shear velocity profile is mainly present for
z > 1.2m for the By, wave case while it covers the whole vertical extent of the PIV plane until z = 0.6 m. The
amplitude of W is of the same order of magnitude in both cases.

Figure 6 represents the colormap of the 3 Reynolds shear stresses w2, w? and Ww'. As expected, the
highest amplitudes of the stresses are observed for the A case, where the mean velocity exhibits a more
pronounced shear than in the B case. In this latter case, the main kinetic energy is located at the top part of
the measurement plane, corresponding to large-scale flow structures.
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Figure 5. Isosurface of the mean axial velocity U (left-hand side) and the mean vertical velocity W (right-hand
side) for both A and B flow cases with no wave.
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Figure 6. Isosurface of the Reynolds tensor components u/2 (top, left-hand side), w’? (top, right-hand side) and
w'w’ (bottom) for both A and B flow cases with no wave.

To investigate the turbulent wake flow organisation, a Fourier analysis is performed to examine the large-
scale periodic flow structures. First, the instantaneous fluctuating streamwise velocity component u/(¢, 2) is
extracted at each vertical position along the centre line located at xyp = —0.2m of the PIV measurement
plane. Next, the spectral analysis of the recorded (¢, z) signal is processed using the PSD function based on
Welch’s method [42] in Python [43] with a Hann window function. Figure 7 presents the PSD maps for both
flow cases. The presence of the wavemaker induces a wake flow exhibiting a spectral frequency peak around
f¢ = 0.12Hz in the water column, highlighted by the diamond markers. This corresponds to the Strouhal
number of S; = fyDy/Us = 0.07. Similarly, the wake of the damping beach, which has a submergence depth
of D, < Dy, shows a frequency peak around f, = 0.16 Hz (circle markers), also corresponding to a Strouhal
number of Sy = fuD4/Us = 0.07. This Strouhal value is in agreement with peak values associated with the
shedding frequency observed in previous dune flow simulations [44] and in the wake of a wall-mounted cylinder
[8]. Note that for the By, wave flow case, the large-scale periodic flow structures are only detectable in the
upper part of the measurement plane z > 1.3 m, as discussed previously following the mean flow analysis.
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Figure 7. PSD maps of the fluctuating streamwise u’ (top) and vertical w’ (bottom) velocity components along
the vertical line located at g = —0.2m for both flow cases with no wave. The grey dashed lines correspond to a
Strouhal number of 0.07 linked to the shedding frequencies downstream from the idle wavemaker (diamond markers, at
f =0.12Hz, for the A, wave case) or damping beach (circle markers, at f = 0.16 Hz, for the By, wave case).

To determine the statistical size of the energetic flow structures in each flow case, the integral length scale
L, associated with the streamwise velocity component is computed. At each point of the PIV measurement
plane, the procedure detailed previously [45] is followed. First, the integral time scale T,(z) is estimated
by integrating the autocorrelation of the fluctuating streamwise velocity signal u/(z) to a specified threshold
of 0.1. Then, the integral length scale is determined using the Taylor hypothesis under frozen turbulence:
Ly(2) = U(2)Tu(2), where U(z) is the local mean streamwise velocity component for each flow configuration.
Figure 8 displays the isosurface of L,(z) for both cases with no wave. For A, yave case, the large-scale
flow structures developing behind the wavemaker are clearly noticeable. These structures are observed in the
water column for z between 0.8 m and 1.1 m, with a size of approximately L, = 0.7m to 0.8 m. Conversely,
the integral length scales measured for the By, wave case are smaller. There is a noticeable increase around
z = 1.4m, with a corresponding size of about L, = 0.5m. These length scales are related to the large-scale
periodic flow structures detected in this area, as confirmed by the previous spectral analysis. On the bottom
part (z < 1.2m), the temporal correlation does not reveal any noticeable integral length scale (L, < 0.3m) as
the flow is uniform and of very low energetic content.
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Figure 8. Isosurface of the integral length scale for both A and B flow configurations with no wave.

Based on previous analyses, the main flow parameters remain relatively constant across the streamwise
extent of the measurement plane. To enhance the comparative analysis between wave and no-wave cases (see
Section 5), we now focus on measurements along the vertical centre line of the PIV plane, at xo = —0.2m. The
flow Gaussianity is investigated in the water column along this line by analysing the normalised Probability
Density Function (PDF) histograms of both fluctuating 4’ and w’ velocity components (Figure 9).
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Figure 9. Normalised PDF histograms of the fluctuating «’ velocity component (top) and w’ velocity component
(bottom) along the vertical line located at zp = —0.2m for both flow cases with no wave.

At the bottom part of the measurement plane, the flow is predominantly uniform and unaffected by
the passage of large-scale flow structures. Consequently, the fluctuating velocities exhibit a Gaussian-like
distribution. As we ascend the water column, the PDF distributions begin to deviate from Gaussian-like
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distribution due to the presence of large-scale flow structures. The PDF distributions become asymmetric
from z > 0.8m in the A, wave case and from z > 1.2m in the By, wave case. This observation aligns with
previous results and the vertical extent of the large-scale flow structures in the water column, observed in the
wake of wall mounted obstacles [12]. The largest fluctuations originate from the dominant large-scale energetic
flow structures.

In summary, the wake of the wavemaker (A, wave case) induces a velocity shear flow that spans the entire
vertical extent of the measurement plane for z € [0.6,1.6]. However, since the submergence depth of the
damping beach is shallower than that of the wavemaker, the velocity shear observed for the B, wave case is
only present for z > 1.2m, at the same streamwise location. In both flow cases, large-scale flow structures
are identified and associated with a low-frequency signature. These structures are more energetic and larger
for the A case compared to the B case. Consequently, for the A,, wave case, the local turbulence level in the
water column is greater than that observed for the B, wave case.

4. Analysis of the Surface Water Wave

For each wave and current case (Ayqgve and Byave), the wavemaker generates a regular sinusoidal wave with
a frequency of f,, = 0.45Hz. Figure 10 shows an extract of the time history of the wave elevation recorded
by the three wave gauges for both wave cases. From this time extract, it is clear that the B, case shows a
higher amplitude of surface elevation compared to the A,qpe case. Additionally, the noise level is higher for
the signals recorder for the A,qve case compared to the Bygve case. As mentioned in Section 2, the wavemaker
is more intrusive in the water column than the damping beach, with D, > D,. Consequently, close to the free
surface, the flow is more impacted by the presence of the wavemaker, and these higher flow perturbations more
impact the wave generation. Therefore, due to the surface distortion effects linked to the current perturbations
of the upstream wavemaker (Aqpe case) or damping beach (Byqe case), the wave amplitudes vary over time.
The wave reflection level is of the order of 10 % with no flow in the tank [32]. Assuming this reflection rate
remains similar when the flow velocity is Uy, = 0.8 m/s, the wave amplitudes are also influenced by this effect.
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Figure 10. Time evolution of the wave amplitude recorded by the 3 wave gauges (solid line) superimposed onto
sinusoidal signal at f,, = 0.45Hz (dashed line), for both wave cases.

The results presented in this paper are part of a larger dataset. Tests were repeated multiple times
within this dataset, always using the exact same flow configurations and for a constant 3-min acquisition
time. The only parameter that was changed was the position of the wave gauges in the tank, while the inter-
distances between the probes remained identical. Finally, all these acquisitions (25 runs for A,qe case and
15 runs for Bygve case) enable the average wave characteristics to be processed with high confidence using the
measurements from the three wave gauges.
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The data processing used to determine the wave amplitude and phase involves finding the best fit for each
wave gauge measurement. This is achieved using a least squares method, assuming the signals are pure sine
function of the form:

n(t) = Ay sin(wt + ¢) (2)

where w = 27 f,, and supposing 7(t) = 0. These sine functions are plotted on Figure 10 with dashed lines for
comparison with the recorded wave gauges (solid lines).

The wave amplitude is determined by the different values obtained for A,, from the sine functions calculated
for the three wave gauges across all tests. The wavelength ) is calculated using the phase ¢ of the three wave
gauges and their relative inter-distances, following the formula:

e &

with indices ¢ and j corresponding to the three wave gauges, and x their respective positions in the tank.
Wave amplitudes and wavelengths results are summarised in Table 2 for both wave-current configurations.
Additionally, Table 2 provides the corresponding standard deviations for the averaged values of A, and A
obtained from the overall acquisitions.

Table 2. Wave characteristics generated in the flume tank.

Case fw [Hz] Ay [mm)] A [m] h/X
Apave 0.45 4249 9.9£8.5 0.2
Byave 0.45 69 + 2 39+14 0.5

As observed on Figure 10, the wave amplitude is higher for the B case because the current faces the
wave propagation. On the contrary, for the A, case, the wave and current propagate in the same direction,
resulting in a smaller wave amplitude. The wavelength evolution is the opposite: the highest wavelengths are
measured for the A,qe case. This is because the wavelength increases when the current and waves are in the
same direction and decreases when they move in opposite ways, as classically observed [46].

The standard deviations given in Table 2 show relatively large values, especially for the wavelength A of the
Aypave case. As mentioned before, this is related to wave generation with the flow perturbation originating from
the wavemaker located upstream. Additionally, the inter-distances of the wave gauges, ranging from 0.5 m to
1.2m, are relatively low compared to the wavelength of approximately 10m. Since these inter-distances are
less than 10 % of the wavelength, the phase differences (¢; — ;) are also very small. Consequently, according
to Equation (3), this can explain large standard deviation of A.

Finally, these 2 wave and current cases have the same wave frequency and show an amplitude of roughly
the same order of magnitude. The only difference is the wave direction, which changes compared to the current
direction (following or opposing). This change in direction results in a different wave propagation velocity,
which in turn affects the wavelength. Both wave cases fall within the same wave classification of intermediate
water depth [47], with 0.05 < h/A < 0.5 and h = 2m the water depth.

Figure 11 shows the amplitudes of wave orbital velocities within the water column. These amplitudes are
derived from PIV measurements using a similar method to that employed for wave gauges. Specifically, a
best-fit sine function, determined through a least squares approach, is applied to the 2 components of the PIV
velocities. The amplitudes of these sine functions, noted u,-, and w,p, are then extracted for each vertical
position. Profiles obtained for the B case appear exponential, with significant variations versus the depth.
Conversely, Ayqve profiles are more constant with the depth, particularly for the axial velocity component
Uorp. These observations corroborate the wave classification established from characteristics showed in Table 2,
placing the Byae case at the limit between intermediate and deep water waves [47].
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Figure 11. Amplitudes of wave orbital velocities measured from PIV acquisitions, from the best-fit of each velocity

component using a least squares method, for both wave and current cases.

5. Effect of Waves on Wake Flow Dynamics

In the following section, the PIV velocity measurements are analysed along the vertical line at xg = —0.2m,
which is the center of the PIV measurement plane. This profile is chosen to quantify the mean velocity and
the main flow fluctuation characteristics. The section concludes with an analysis of the kinetic energy budget

and results from a quadrant method.

5.1. Mean Velocity Analysis in the Water Column

Figure 12 shows the vertical profiles of the mean velocity components U and W for each flow case. These
profiles are normalised with a reference velocity U, s, which is the spatial average of U over the vertical extent.
For both A cases (Ano wave; Awave), Ures is identical and equal to 0.76 m/s. For both B cases (Byo wave, Bwave),
Uyey is quasi-similar, with a very small difference of 1.5 % between them, and U,y = 0.81m/s. For A cases,
the velocity gradient increases in presence of waves, while it seems to remain similar for the B cases. By
extrapolating the mean velocity towards the water surface, the mean streamwise velocity decreases when waves
propagate with the current (Ay,que case). On the contrary, it is expected that U increases when waves propagate
against the current (Byge case), confirming previous studies on the effects of wave-current interactions on the
logarithmic boundary layer velocity profile [48,49] and on the vertical shear velocity profile [22]. However, the
presented results, which are limited to partial depth measurements, do not provide evidence for this.

The mean W profiles follow a similar tendency with or without waves. However, vertical oscillations are
clearly visible in the presence of waves, regardless of the wave direction. These oscillations can be attributed
to the vertical component of the orbital velocity of the waves propagating through the water column. They are
perceived here because the mean vertical velocity component of the current is of the same order of magnitude

as the mean amplitude of the vertical wave orbital velocity component.
Globally, the wave and current mean velocity profiles closely resemble those of turbulent flow without wave

components, though slight differences can be observed.
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Figure 12. Vertical profiles of the mean velocity component (U at the left-hand side and W at the right-hand side)

with waves (filled markers) and with no wave (empty markers) for both A and B flow cases, extracted along the line at
o = —0.2m.

5.2. Turbulence Statistics in the Water Column

Figure 13 presents vertical profiles of the Reynolds tensor components: ﬁ/ Ufe 2 W/ Ufe 7 and v/w'/ Ufe 2
Regardless of the wave direction (A or B case), the wave and current components consistently exhibit higher
amplitudes compared to those calculated in pure current cases, as previously observed [26]. This is because
waves inject kinetic energy into the water column, thereby increasing the turbulent kinetic energy in the
turbulent flow.

The vertical component, W/ Ufef, appears to be more influenced by waves than the horizontal one,
ﬁ/ Ufef, particularly when waves propagate against the current (Byqe case). Consequently, waves exert a
more pronounced influence on the vertical mixing associated with the velocity fluctuations w’. The associated
kinetic energy gradually increases towards the free surface, as waves contribute more energy to the current near
the surface. This results in larger turbulent intensities near the free surface, as the wave effect on turbulent
flows increases. The wave propagation within the water column is also evident in the shear Reynolds stress
component, u'w’/ Ufe s at the upper part of the water column, where the shear component is reduced near the
water surface. The momentum transport in the vertical direction is then locally modified by the wave forcing,
as demonstrated by the analysis of the turbulent kinetic energy production in Section 5.6. This finding aligns

with previous observations [50], when examining the interaction between waves and the flow of the bottom
boundary layer.



Marine Energy Research 2025, 2, 10020 14 of 23

1.6
O Anuwave ... 08 s ... §
®  Awave [ 4 Q [ 4 [}

1.4 Qe - SR SN ®
o @ o @ ®
o e o (J e
o @ o @ (Ol
0] 9 o @ (ol ]
Q9 (J o @ Qe

1.2 1 O @ 1 Q@ b O®

'E 9 @ ol J (¢ )

S o e S e @

. ) ol ] @

o_e joly ] o9
104 o-e _ ce _ @
: (o) J O ® < J
oe (o ] [ ]
o e o e (€
o e ce o®
o @ o e
04 o e I ce i le)
o @ oe oe
o @ (o} ] o J
Q @ ol J s J
o @ ce @
0.00 002  0.00 0.02 0.000 0.005 0.010
u? U2, w2/ U2 uw' [ U
1.6
1.4 - -
_ 1.2 - -
E
N
1.0 1 - -
08 1 Bnowave 1 1
Bwave
0.00 0.02  0.00 0.02 0.000 0.005 0.010
ﬁ/ Urzef W/z / Urzef u'w'/ Urzef

Figure 13. Vertical profiles of the normalised Reynolds stress components u/2/U? s (left-hand side), w2 /U2, s (center)
and the shear component v/w’/U?,; (right-hand side) for both A and B flow cases with waves (filled markers) and

with no wave (empty markers), extracted along the line at g = —0.2m.

5.8. Spectral Analysis in the Water Column

As previously done for current alone cases (see Section 3), the PSDs associated with u/(¢, z) and w'(t, 2)
are determined and represented as a function of frequency on horizontal axis and vertical position on vertical
axis, in Figure 14. The same procedure detailed in Section 3 is followed for each case. These figures can be
directly compared to Figure 7 for current alone cases, using a similar colormap. On these graphs, the wave
signature frequency (f,, = 0.45Hz) is clearly visible in the water column, with a higher amplitude in the upper
part. The square markers highlight this frequency.

For A cases, the low-frequency signature of the large-scale periodic structures differs slightly between
current alone and when waves propagate with the current. In the A, yave case (Figure 7), the main frequency
peak is observed at f = 0.12Hz for z > 1.2m, corresponding to a Strouhal number of 0.07 and highlighted by
diamond markers. For the Ayqpe case (Figure 14), the PSD of «’ similarly exhibits a main frequency peak at
f >~ 0.14Hz for z > 1.2m. Therefore, when waves propagate with the current, the low-frequency flow structures
are slightly impacted by an increase in the associated frequency passage due to the non-linear wave-current
interactions. In addition, several low-frequency peaks appear at f ~ 0.04 Hz around z ~ 1.5m and f ~ 0.08 Hz
at z ~ 1.1 m. These peaks differ from those observed in the current-only case. When analysing the PSD of the
w’ component, the A,que case exhibits multiple peaks between f ~ 0.14Hz and f,, = 0.45Hz. These peaks
are probably related to a combination of large-scale flow structures shedding frequency and wave frequency.

When waves propagate against the current (Byaye case), the PSD of v/ shows a main frequency peak at the
wave frequency f,, with decreasing amplitude as z decreases. Additionally, the low-frequency peak associated
with the large-scale flow structures developing behind the damping beach has a higher amplitude than the
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one observed in current-only case (B wave, Se€ Figure 7). This confirms that wave energy is injected into the
water column. Consequently, the large-scale periodic flow structures have higher energy and are detected over
a deeper distance in the water column.

z[m]
Suu [(M/s)?/HZ]

o
o
e

1072 107! 100 10t 1072 107! 10° 10!
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o
=
o
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o
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1072 107! 10° 10! 1072 107! 10° 10!
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Figure 14. PSD maps of the v’ (top) and w’ (bottom) velocity components along the vertical line at g = —0.2m, for
both A and B flow cases with waves. The grey dashed lines with diamonds and circles correspond to a Strouhal number
of 0.07 previously observed on Figure 7 (no wave cases). The grey dashed lines with square markers stand for the wave
frequency f,, = 0.45Hz.

5.4. Integral Length Scale Analysis in the Water Column

Figure 15 illustrates the vertical profile of the integral length scale calculated for each case. The determina-
tion follows the procedure outlined in Section 3. It is very interesting to observe that the presence of waves,
either with or against the current, significantly influences the integral length scale values.

For each case, the associated values are approximately 40 % smaller than those computed for the current-
only cases. These high values are related to the large-scale flow structures at z ~ 1.0m (Ano wave Case)
and z ~ 1.4m (B, wave case) respectively. This result directly stems from the instantaneous wave effect in
the water column, which generates a periodic oscillatory perturbation. Figure 15 (right-hand side) presents
the temporal correlation of the streamwise velocity component Ry, (o, 20,7) used to compute the integral
time scale:

/ n 7 ;
Ruu(-flf(), 2077_) — u (x07207 )u ([];‘07 207 + 7_) (4)

u'u'

with zp = 1.0m (A case) and zp = 1.4m (B case). These positions correspond to the area where large-scale flow
structures occur. The wave period (1/f,) signature is then clearly visible in the temporal correlation signal
related to wave cases. The wave action limits the temporal correlation of the velocity signal at each specific z
location, greatly reducing the temporal length scale and the integral streamwise scale. More specifically, these
results differ from previous ones dealing with a negatively vertical sheared current [24], where it was observed
that the integral length scales increase with waves, regardless of their direction. This is a consequence of the
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vertical mixing, which differs as a function of the incoming vertical shear current, while the vertical shear of

the wave velocity field remains the same regardless of the incoming flow (Section 5.6).
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Figure 15. Left-hand side: vertical profiles of the integral length scales, extracted along the line at g = —0.2m;

Right-hand side: time correlation of the axial velocity component R,, from the point [xg;zo]; for both A (top) and
B (bottom) flow cases with waves (filled markers) and with no wave (empty markers). zp = 1.0m for A cases and

zp = 1.4m for B cases.

5.5. Flow Gaussianity Analysis in the Water Column

To assess the Gaussianity of each flow configuration, the PDF histograms of both velocity fluctuating
components v’ and w’ are determined in the water column (Figure 16) and compared to previous results for
the current-only cases (Figure 9). The PDFs of the fluctuating velocity fields measured in the wave flow
configurations (Aygpe and Byape cases) significantly differ from those determined in the pure current cases.
In both cases, a quite similar pattern is observed in the PDF of ' component. The PDF distribution is
asymmetric throughout the water column, with alternating positive and negative values along the z direction,
particularly when waves propagate with the current. The wave properties directly influence this modulation.
The wave oscillations enhance and spread of the smaller-scale fluctuations. Similar observations can be made
for the PDF of the w’ component in the A4 case. Conversely, for the Byqpe case, the PDF of w’ exhibits a
bimodal distribution for z < 1 m and a negative fluctuation peak is predominantly present for z > 1m. This
bimodal representation has been previously observed in wave-against-tidal-current flow configuration [22].



Marine Energy Research 2025, 2, 10020 17 of 23

E s
N g
4
2
i | i 0
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
u’ [m/s]
10
1.4
8
_ 1.2 6 —
E =
N &
1.0 4 =
2
0.8

-0.3 -0.2 -0.1 0.0 0.1 0.2 -0.3 -0.2 -0.1 0.0 0.1 0.2
w' [m/s] w’ [m/s]

Figure 16. Normalised PDF histograms of the fluctuating streamwise u’ (top) and vertical w’ (bottom) velocity
components along the vertical line located at 2o = —0.2m for both A and B flow cases with waves.

5.6. TKE Budget Analysis in the Water Column

The following investigation focuses on the energy flux exchange by examining the dissipation of the mean
kinetic energy due to turbulent Reynolds stresses, also known as the production of turbulent kinetic energy.
This relates to the rate at which the kinetic energy of the mean axial flow is lost due to the production of the
Turbulent Kinetic Energy (TKE). Based on the TKE budget computed from 2D measurements, the production
term is reduced to the following expression [51,52]:

ou ——0w ——0u ow
P=- (u’u’—u+w’w’—w+u’w’—u+u’w’—w> (5)
s z z x

Figure 17 presents the vertical profile of turbulent dissipation —Wa—, which is the dominant term in both
A and B cases. The spatial derivatives are calculated using a second-order centred finite difference scheme.
Without waves, the production of TKE is maximal at the area corresponding to the passage of large-scale
flow structures [51]. This occurs at z > 1.0m for the A, wave case and at z > 1.4m for the By, yave Case,
as expected. The effect of the wave direction is clearly evident. For waves with current (A,que case), the
production increases at z > 1.0m, while for wave against current (Byguye case), a decrease is observed at
z > 1.4m. This is directly related to the increase in the velocity gradient observed previously (see Figure 12,
Auwave case) and the decrease in u/w’ while maintaining a similar velocity gradient (see Figure 13, Byave case).

For the present flow configuration, with a negative axial velocity gradient gu < 0, the vertical mixing and
associated kinetic energy production appear to be enhanced in presence of waves following the current. This
is directly related to the sign of the vertical gradient of the wave orbital velocity, which is of opposite sign of
the current one.
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z

A and B cases with waves (filled markers) and with no wave (empty markers).

5.7. Quadrant Analysis

A preliminary attempt to understand the physics of generating Reynolds shear stresses is made by
performing a quadrant analysis [53]. This analysis also enables the nature of the organised flow structures in
turbulent shear flows to be accessed [54]. The instantaneous contribution of velocity fluctuations v’ and w’ are
sorted into four quadrants, denoted (@1, @2, @3, Q4), related to sweep and/or ejection events. An illustration
of this is shown in Figure 18, based on velocity measurements in A and B cases. In these figures, the quadrant
analysis is conducted using instantaneous fluctuating velocities extracted at xy and at a depth corresponding to

20, where flow structures are present. Since the mean velocity vertical gradient gu is negative in each case, the
events in )1 and @3 are the main contributors to the Reynolds stresses. Conversely, in the presence of waves,
regardless of their direction, the strong vertical velocity fluctuations coming from the wave surface significantly
alter the nature of the organised flow structures. This effect is even more pronounced when waves propagate
against the current, where it is observed that events in each @) contribute almost equally to the Reynolds
stress. Figure 19 presents the vertical profile of the quadrant proportion in each case. The presence of waves
clearly impacts the instantaneous organisation of the flow by decreasing the events in ()7 and simultaneously
by increasing the events in (3 and @)4. This analysis needs to be further performed by using a method that
properly separates waves from turbulence to better emphasise the dynamics of the wave-turbulence interaction.
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Figure 18. uadrant analysis based on instantaneous fluctuating velocities (u’,w’), extracted at zg = —0.2m and
y b b

2o = 1.0m for A cases and zy = 1.4m for B cases.
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located at g, for A cases (top) and B cases (bottom).

6. Conclusions

A better understanding of wave interactions with turbulent flow in the water column is crucial for ocean
sciences. This is because the induced turbulent processes impact ocean vertical mixing and energy transfer,
which are of great interest not only for defining the future area for tidal energy converters but also for
characterising the hydrodynamic loads exerted on marine structures, such as offshore wind turbine foundations
and masts. The distribution of the vertical mean flow field and its associated turbulence is rarely uniform
in the water column. In tidal flow, large-scale flow structures are often present, mainly originated from the
bathymetry bed floor or anthropogenic actions. Therefore, this experimental work aims to study the wave
effects on these convected flow structures by comparing the complex and turbulent flow characteristics without
waves to those with waves following and opposing a positively sheared current. Based on wave gauges and PIV
measurements, several processing tools are used to extract the main parameters of the flow characteristics.
Results are summarised and discussed below.

e The mean velocity flow is slightly impacted by waves, although the mean axial velocity is more reduced
near the water surface when waves propagate with the current than against it. Additionally, the vertical
shear of the axial velocity is slightly modified. The mean vertical velocity shows some vertical oscillations
directly related to the fixed wave frequency.

e The Turbulent Kinetic Energy increases in the water column for current and wave cases, comparing to
current-only cases. This effect is more pronounced when waves propagate against the current. Without
waves, the largest values of the shear stress Reynolds tensor component, u/w’, occur at the depth correspond-
ing to the passage of the large-scale flow structures. However, with waves, these maximum values are
reduced, regardless of the wave’s direction.
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The PSD analysis highlights that the low frequency associated with the large-scale flow structures is slightly
altered in presence of waves. Furthermore, the energy content of these flow structures increases in the water
column, as previously noted. Additionally, these structures are detected over a greater vertical extent
compared to the turbulent current-only cases. However, further confirmation is needed by considering
other wave characteristics, such as various frequencies and amplitudes.

The integral time scale, also known as the integral axial scale, is one of the characteristics most affected
by the waves, regardless of their propagation direction. Waves significantly modify the instantaneous axial
velocity fluctuations, reducing the temporal coherence of the velocity field.

The presence of waves, either with or against the current, significantly alters the Probability Density
Functions of fluctuating velocity fields compared to the PDF's of current-only cases. More specifically, when
waves propagate against the current, a bimodal PDF representation is obtained, which greatly deviates

from a Gaussian representation.

The Turbulent Kinetic Energy production is modified as a function of the wave propagation direction. It
notably increases for waves following the current. This is because the vertical velocity gradients associated
with the current and the wave orbital velocity are of opposite sign.

A preliminary quadrant analysis has shown that waves significantly impact flow organisation, particularly
when waves propagate against the current.

In conclusion, the effects of wave on large-scale turbulent flow structures have been clearly demonstrated

in the water column. These effects primarily impact turbulence levels, integral time scales, flow Gaussianity,

and turbulence enhancement. Additionally, they are related to the vertical gradient of the current, which is

linked to the wave orbital velocities.

The present results enhance our understanding of wave-current interactions in the presence of large-scale

energetic structures. However, further studies are required to fully understand the relevant mechanisms of

nonlinear wave-current interactions. This includes conducting more test cases with various wave amplitudes

and frequencies, as well as exploring irregular waves. Furthermore, future works should focus on extracting the

wave field from raw velocity databases to provide a new perspective on the dynamics of wave-vortex interactions.
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