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Abstract :

Velocity measurements collected by an upward-looking acoustic Doppler current profiler were used to
provide the first study of ambient turbulence in Alderney Race. Turbulence metrics were estimated at mid-
depth during peak flooding and ebbing tidal conditions. The dissipation rate € and the integral lengthscale
(L) were estimated using two independent methods: the spectral method and the structure function
method. The spectral method provided € and (L) estimates with standard deviations twice lower than that
obtained from the structure function method. Removal of wave and Doppler noise-induced bias when
estimating the dissipation rate was shown to be a crucial step in turbulence characterization. It allowed
for a significant refining in (L) estimates derived from the spectral and structure function methods of 35
and 20 respectively. The integral lengthscale was found to be 2-3 times the local water depth. It is
considered that these findings could be valuable for current turbine designers, helping them optimizing
their designs as well as improving loading prediction through the lifetime of the machines.

Highlights

» The first study of ambient turbulence in Alderney Race is provided. » Two independent methods are
used to quantify turbulence metrics. » Removal of wave and Doppler noise-induced bias is a crucial step.
» The integral lengthscale was found to be 2-3 times the local water depth. » Unique dataset of
turbulence metrics computed at mid-depth are provided.
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1. Introduction

In order to limit the impacts of climate change, it becomes an obligation for all societies to properly and fully exploit,
the renewable energy resources at their disposal. Among them, the exploitation of tidal stream energy still lags behind
other renewable resources, such as wind or solar energy. The delayed development of tidal energy is mainly due to harsher
environmental conditions encountered by tidal-stream energy converters (TECs) such as salt induced corrosion, extreme
turbulence, strong currents, shear and hence the velocity profile shape [1, 2]. These environmental constraints affect the
physical integrity of TECs and raise many uncertainties with regard to the cost effectiveness of any project of tidal energy
conversion.

Whilst the characteristics of the mean flow (e.g., speed, direction, current magnitude asymmetry) are relatively simple
to measure (e.g., [3, 4, 5]), a lack of confidence in the characteristics of the turbulent components of the flow has sub-
sequently resulted in high levels of conservativeness being employed by turbine designers. Failures of early generations
tidal turbines have been identified to be, in part, a consequence of a poor understanding of hydrodynamic loading on tidal
turbines associated with turbulence [6, 7].

Fatigue life prediction is of prime importance when designing and operating a tidal turbine. It impacts the Levelized

Cost of Energy (LCoE) and in particular, drives operational and maintenance strategies. Furthermore, turbulence has been
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found to strongly increasing the magnitude of the power fluctuations generated by TEC [8] and thus, deteriorating the
quality of the electricity supply [9].

During the last decade, numerous studies were conducted to investigate turbulence and hydrodynamic interactions
between turbines and the flow. However, much of the research has been carried out numerically (e.g., [2, 10, 11]) or at
the laboratory scale under simplified and controlled conditions (e.g., [7, 12, 13]). Turbulence characterization in a real
flow is considered to be of prime importance for, (i), tidal energy site assessment and, (ii), improving the ability, and thus
the confidence, of shelf sea circulation models in reconstructing the flow dynamics. On the former, previous studies have
shown limited success in matching observed turbulence metrics to ocean flow solvers (e.g., [14]). A major issue here is the
wide range of length scales and time scales occuring in high Reynolds number flows, that make this problem non trivial.
Although, numerous reports of attempts made to quantify the structure of the flow and associated turbulence have been
recently reported (e.g., [3, 8, 15, 16, 17]), the turbulent features of the tidal flow are still poorly understood and described.
This is indicative of the inherent technical (i.e., sensor movement, limited sampling rate) and theoretical (simplifying
assumptions) difficulties occurring when acquiring and processing measurements of moving turbulent structures in first
currents [18] and especially in highly energetic tidal environments such as Alderney Race.

Acoustic Doppler current profilers (ADCPs) using four diverging beams, are commonly used for flow characterization
and TEC performance monitoring at tidal energy sites. Such instruments allow for the estimation of the turbulent kinetic
energy (TKE) dissipation rate using either spectral (e.g., [3, 8, 15]) or structure function methods (e.g., [3, 19, 20]).
Both independent methods require the identification of an inertial subrange, where the assumption of local isotropy holds
[21, 22].

To date, both methods have been applied to measurements performed at sites with small amplitude surface waves or
at depths where wave orbital velocities are negligible. However, at tidal energy sites exposed to swell, such as Alderney
Race, the velocity associated with the orbital motions may be observed in measurements, thus inducing a wave-induced
bias in the calculation of the dissipation rate. Recently, Scannell et al. [23] evidenced such a bias when applying the
structure function method to ADCP measurements collected in the Celtic Sea (northwestern Europe). To remove this bias,
the authors employed a modified structure function methodology which exploits the differing lengthscale dependencies of
the contributions to the structure function resulting from turbulent and wave orbital motions.

The study performed by Filipot et al. [16] pointed out that waves strongly affect the energy-spectra of velocity time
series collected by a four-beam RDI Workhorse sentinel 600 kHz ADCP installed at the Paimpol-Bréhat tidal energy
site, Northern Brittany, France. In this study, the authors proposed a wave-turbulence separation method based on the
wave-coherence assumption. However, the turbulent motions were found to be coherent over the vertical making the
wave-coherence assumption not valid, at least for the site of Pampol-Bréhat. An alternative approach was proposed,
relying on the estimation of the wave spectrum from the ADCP pressure data. It showed good ability in retrieving the
turbulent spectrum in environment combining wave and turbulence. However, this method does not allow retrieving the
turbulent spectrum for frequency higher than 0.16 Hz since this value is the pressure cut-off frequency of the ADCP used
in this study.

Alderney Race contains a significant tidal energy resource that if harnessed could provide electrical power to France
and the United Kingdom. Alderney Race is exposed to both strong tidal currents and waves and the flow is generally
altered by the irrotational wave kinematics, throughout the water column. Furthermore, a great deal of uncertainty is
apparent, as to the effect of waves to turbulence [14] and the measurement of turbulence at tidal energy sites (e.g., [24])
as well as wave-current misalignment [25].

To date, no attempt at characterizing turbulence in Alderney Race has been reported. This paper aims at filling this



gap by providing the first turbulence characterization at this highly tidal energy site. The focus is on ambient turbulence
(i.e., natural turbulence before the installation of TEC) and the objective is to provide characteristic design conditions for
tidal turbines. In this study both spectral and structure function method are used to quantify the dissipation rate €. An
attempt of removing the Doppler noise [15, 26, 27] and wave-induced bias in & estimates is proposed with the objective

of providing refined estimates of the turbulent lengthscales and timescales.

2. Data collection and methods

2.1. Site description and ADCPs deployment

Velocity measurements presented here were performed in the eastern (French) sector of Alderney Race located west
of the Cotentin Peninsula in Normandy, France (Fig. 1). The area of interest lies in a macrotidal environment with tidal
ranges reaching 7 m [28]. Tidal current velocity reaches 4.5 m/s at spring tide and 2.5 m/s at neap tide (Fig. 2). Tidal
variations of sea surface heights and currents are predominantly semi-diurnal and globally symmetric. Peak flood and ebb
tidal velocities occur at high and low water levels respectively with slack water at mid-tide, the tidal current dynamics is
thus referred to as progressive wave system. Tidal wave propagates northward during flood which lasts about 6 hours and
then changes to southward direction for the next 6 hours.

Two RDI Workhorse 600 kHz four-beam ADCPs, were deployed on the seafloor (31 m mean water depth) approxi-
mately 4 km offshore, west of the port of Goury (Fig. 1). The instruments were mounted on a specifically designed frame
having the following features: 3.3 m long, 2.5 m wide and 2 100 kg weight (Fig. 2). The ADCPs collected data over a
38-day period, from September 27 to November 03, 2017. The instruments were coupled, in a master-slave set-up and
were set to record alternately the along-beam velocities at the pinging rate of 2 Hz. This measurement scheme was chosen
in order to avoid any interference between the beams of the two sensors. Velocities were recorded with 1.3 m vertical
resolution (bin size), starting 2.2 m from the seafloor (the first bin). The average heading of the master ADCP was such
that the opposite beams 1 and 2 were oriented in the streamwise direction of the tidal current, whereas beams 3 and 4
pointed in the spanwise direction. The average attitude parameters (heading 6, pitch 8, and roll 6,) were found to be: 6
=109.3° + 0.3°, 6, = 2.65° £ 0.1° and 6, = 2.7° + 0.1°. The low standard deviations indicate that the frame remained
stable throughout the deployment.

For the purpose of this paper, only measurements collected by the master ADCP were used for the turbulence charac-
terization. Results obtained from the master-slave set-up will be fully exploited in a forthcoming study. This set-up allows

for the full estimation of the Reynolds stress tensor as well as an accurate evaluation of the production rate # [29].

2.2. Instruments performance and data quality

A three steps quality control process was performed on the ADCP measurements. The first step ensures that the signal
correlation associated with velocity measurements is within a coherent variation range. Velocity measurements associated
with a correlation lower than a threshold value are invalidated and removed. In the present study, this threshold was set to
120 counts for each beam and vertical bin [30].

The second step consists in removing the interference range due to sidelobe contamination. In upward-looking ADCP
deployment, the sea surface reflects the emitted acoustic signal much more strongly than the scatterers, thus, sidelobe
energy can travel the shorter path directly to the surface and thereby include the echo of the surface "velocity" with the
velocity measurements taken along the beams at any longer distance. This potential for interference strictly depends on

the beam angle. In our study, ADCP with a 20° beam angle were used. These instruments have the potential for sidelobe



contamination at the last 6% of the profile [30]. Therefore, data in vertical bins that were in the top 6% of the water
column or above the surface at each time step were removed. The resulting missing values were then interpolated using
a third degree polynomial fit around the gap. Filling of missing values was only done for gaps smaller than 10 points (5
seconds).

Finally, the Goring and Nikora detecting spikes method [31] was applied to velocity data sequences. This method
projects the velocity against its first and second derivative in order to construct an ellipsoid in three-dimensional phase

space. The points lying outside the ellipsoid, designated as spikes, are removed and interpolated by a polynomial fitted to

good data on either side of the spike event.

2.3. Analysis techniques and metrics used for turbulence characterization
2.3.1. Wave orbital velocities

The energy-spectra S /() of the sea surface elevation times series were extracted from the ADCP measurements using
WavesMon RDI software. Since WavesMon only handles power of 2 for the Fast Fourier transform (FFT), the number
of samples for each energy-spectrum was set to 4096 which corresponds to 2097 seconds (i.e., 34.95 minutes). This

time interval is a good compromise between variability of the tidal flow and noise reduction in the energy-spectra S /().
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Figure 1: Upper panel: Map of the central part of the English Channel. Lower panel: The eastern part of Alderney Race with bathymetry (m) given

in gray. Red cross denotes the location of the master and slave bottom-mounted ADCPs deployment site. Geographic names used in the text are also
shown.



Figure 2: Master (M) and Slave (S) ADCP mounted on the frame prior the deployment.

From the wave linear theory, S (f) can be transformed into the energy-spectrum S, (f) of the orbital velocities through

a transfer function:
sinh[ky(z + D)]|?

SulD) = | = GhtkD)

Sc(f) (D

where ky, is the radian wavenumber associated with waves, z the height above the seafloor and D the water depth so that z
= -D at the seabed.

Using S, (f), a direct estimation of the wave orbital velocities u,, throughout the water column is given by [32]:

27 0o wz
uy = — S, dkydd 2
v fo fo sinh2(kyD) " @

where w is the wave angular frequency and 6, the wave propagation direction.

2.3.2. The scale of turbulent motion
In 1922, Lewis Richardson states that turbulent agitation involves movement over a continuum of scales ranging from
the size of the flow to the scale of molecular dissipation [33]. The process is based on a cascade of energy resulting from
the fragmentation of the flow into structures of scales of decreasing size. Kolmogorov refined the picture of this turbulence
energy cascade and used it as a foundation of his work [21]. He distinguished three scale domains: (1); the turbulence-
production subrange, (2); the inertial subrange, and (3); the dissipation subrange. In the inertial subrange, the assumption
of local isotropy holds over a range of lengthscales associated with the velocity fluctuations and a range of lengthscales
associated with eddy' size. Note that the term "local isotropy" refers only to the small-scales turbulent motions. The
inertial subrange does not take into account the very large scale (the integral lengthscale, L), where the energy is injected
into the system by the external forces, nor does it include the very small scale (the Kolmogorov microscale, 17), where the
energy is dissipated into heat by viscosity. In this subrange, the energy-spectrum function S (k) of the velocity is dependent
on the only TKE dissipation rate & [22, 35]:
S(k) = ce? kP 3)

where C is the universal Kolmogorov constant (C ~ 1.5) and &, the radian wavenumber.

A second-order structure function Dy (x, r) at a location x can be defined such that [21, 22]:

Dy (x,r) = ([ufix + 1) — ()] )

! An eddy is to be understood as “a component of motion with a certain lengthscale, i.e. an arbitrary flow pattern characterized by size alone” [34].



where the angle brackets denote a temporal average. Dy (x, ) is the covariance of the difference in velocity fluctuations
u; between two points separated by a distance . According to Kolmogorov’s theory, there is a direct correspondence

between the form of S (k) and that of Dy (x, r) in the inertial subrange such that [21, 22]:
Dyi(x,r) = Coe**r*3 )

where C, =~ 2.0.

2.3.3. ADCP estimates of the turbulence metrics
The fluctuating velocity #; recorded by an ADCP along the ith beam is the sum of the true turbulent velocity u; and an
error n; associated with Doppler noise such that: &} = u; + n;. The error n; is regularly approximated as Gaussian white

noise [3, 15, 36, 37] with variance 0'%‘_ and with a constant spectral density N; given by [36]:

Ni= 2 (6)

where fy is the Nyquist frequency.

The velocity associated with the orbital motions may be observed by the ADCP, potentially affecting the energy-
spectrum function S (k) and the second-order structure function Dy (x, r). Thus, a wave-induced bias in the & estimates
is expected. To remove this bias, Scannell et al. [23] assumed that over a limited vertical distance around a reference
location, the variation in wave orbital velocity increases as ()3, This hypothesis suggests that the wave orbital motions
and turbulence do not interact and the associated velocity are simply additive. Hence, the second-order structure function

D(r) of the along-beam velocities can be given by the linear model:
Di(r) = ai + Bir®? + 3, (r*)’ (7)

where «; = 20'%,_, Bi = Czeiz/ 3 and v; is a coefficient containing the contribution to D;(r) as a result of the vertical gradient

in the speed of the wave orbital motion. The distance r, between two bins, was set to be positive and was limited by the

2/3

distance to the closest boundary. A least square regression of D;(r) versus r</> allows for the estimation of ¢; for each

(B 3
g = (C_z) (3

beam such that:

The four &; were then averaged to give the TKE dissipation rate gp estimated from the second-order structure function
method.
Another method allowing the estimation of the TKE dissipation rate is to use the energy spectra S (k) of the along-beam

velocities. Equation (3) is used to give:
Sr(k) = Ce**kP + 8, |cos(®)* + Nr 9)

where O is the angle between the wave propagation direction and the direction of the dominant tidal current. S and
N7 are the summed wavenumber energy spectra and Doppler noise levels respectively. Using Taylor’s assumption of the

frozen turbulence, those quantities are given by [36]:

Sr= (S, +8,+85+54) (10)
21



Ny = ;(Nl F Ny + Ny + Ny (11)
JT

Therefore, the TKE dissipation rate €5 from the energy spectra is given by:

J3/2

o5 = |C7'(S1 =S4, lc0s@)F = Nk (12)

where the overbar denotes an average over the inertial subrange and the S subscript allows for the method identification.
The determination of the TKE dissipation rate € from the structure function method or the spectral method allows the

quantification of the integral lengthscale (L) and the Kolmogorov microscale i such that:

o3
L= (13)
£
and s
)3
n= (—) (14)
&

where o, is the standard deviation to the mean flow speed u and v, the kinematic viscosity of water (v = 1.5 x 107°
m?s~!"). Eddies of size (L) have a characteristic timescale 7, whereas eddies smaller than the Kolmogorov microscale

rapidly dissipate their kinetic energy by viscosity in a time roughly equal to 7, such that [22]:

7, =L/u (15)

T, = \/g (16)

The integral timescale, 7, was used to identify the duration for which the largest eddies remain correlated wheareas the

and

Kolmogorov timescale, 7, was used to identify the longest time over which the microscale turbulence stays correlated
[18, 22, 38].

Turbulence intensity (/) is a common metric used throughout wind and tidal industry as well as other engineering
fields in order to quantify turbulence. In the present study, the three-dimensional turbulence intensity was evaluated. This
required the computation of the streamwise u, spanwise v and vertical w velocity. These velocities were obtained from
the product of the along-beam velocities with a transformation matrix given in [39]. The turbulence intensity (/) was

calculated such that:

J@i—o)+ @ -ty + @t -ot)] /3

u

I =

A7)

where o2, o3 and o7, are the variance of the mean velocity u, v and w respectively, and o7 , o

= and o are the variance

induced by Doppler noise when measuring velocities along each three spatial directions. These quantities were estimated
from the energy-spectra of the streamwise, spanwise and vertical velocity (Eq. 6).

For the purpose of this paper, the turbulence metrics presented above were computed at mid-depth, which is about 15
m above the seabed. This elevation corresponds to the hub height of the twin-rotor of the MCT Seagen-S 1.2 MW, 16
m diameter, deployed in Strangford Narrows, UK (www.simecatlantis.com). The analysis focuses on peak tidal current
velocity intervals. The time interval for averaging over these periods was chosen to be 10-min. This duration is long
enough to retain the longest timescales of coherent turbulent structures in the turbulent fluctuations and short enough to

remove any trend contamination from tidal currents in the turbulence time series. A total of seventy-two and seventy-three



10-min long intervals were analyzed during flood and ebb tide respectively.

3. Results

3.1. Temporal variability of mean current and wave parameters

Variation of the mean flow speed u is shown in Fig. 3. The mean and maximum velocity are found to be 2 m/s
and 4.3 m/s respectively. A characterization of the wave climatology of the site was performed. Wave parameters such
as the significant wave height H,, the peak period T, and the wave propagation direction were derived from ADCP
measurements recorded between 27 September and 03 November, 2017 using the energy-spectra S of the sea surface
elevation (section 2.3.1). Sea-states were globally moderate with a mean and maximum H; of 1.2 m and 4.5 m respectively
(Fig. 3b). Peak period ranged from 3.7 s to 14.5 s with a mean value of 7.8 s (Fig. 3c). Fig. 4 shows the wave rose of
the significant wave height and the mean wave propagation direction. Most dominant wave trains propagate from the
southwestern direction. The mean wave propagation direction was found to be 250° from North. This value was achieved
22% of the time. During flood tide, the dominant tidal current propagates northward (27° from North) whereas during
ebb tide, the dominant tidal current propagates southward (200° from North).

The horizontal component of the wave orbital velocity u,, (Eq. 2) was investigated. At mid-depth, the mean and
maximum wave orbital velocity were found to be 0.35 m/s and 1.15 m/s respectively (Fig. 3a). On average, u,, was found

to be within 17% of the mean flow speed.

3.2. Velocity spectra

Energy spectra S;(f) of the along-beam velocities were computed during periods of peak flood and ebb velocity at
three successive bins (from bin 10 to 12) and averaged to give the mean spectra at mid-depth. Hamming window intervals
of 120 points with 50% overlap were used to give 18 equivalent degrees of freedom for each estimate. Velocity spectra for

beam 1 are presented in Fig. 5 colored by mean flow conditions. Three distinct regions are considered: the low frequency
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Figure 3: Time series (30-min averaged) of the flow speed (black curve) and horizontal component of the wave orbital velocity (blue curve) obtained at
mid-depth (a). Time series of the significant wave height H and peak period 7', are given in (b) and (c) respectively. The gray regions show the storm
period: from October 19, 16:00 to October 22, 2017, 11:00.
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Figure 4: Wave rose of significant wave-height H; (color scale) and mean wave propagation direction (histograms) observed from 27 September to 03
November 2017. Occurrences of mean wave propagation directions are shown in percentage. Red and blue arrows show the direction of the streamwise
tidal velocity during flood and ebb tide respectively. The circled numbers correspond to the transducer faces for the diverging beams of the ADCP.
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Figure 5: Energy spectra of the mid-depth velocity obtained for the beam 1 of the ADCP during peak flooding (left panel) and ebbing (right panel) tidal
conditions. Color scale account for the flow speed at mid-depth. Black dashed lines show the classic spectral slope £~>/3.

subrange (f < 0.1 Hz), the inertial subrange (0.1 Hz < f < 0.8 Hz) and the high frequency subrange (f > 0.8 Hz).
These three regions were also exhibited when computing the velocity spectra for the beam 2, 3 and 4 (results not shown).
This allows for supporting the identification of the isotropic and anisotropic regions identified hereinafter since similar
frequency domains and shape of the velocity spectra were found for each beam.

At low frequencies (i.e., the turbulence-production subrange), the large energy-containing eddies are responsible for
the energy exchange between the mean flow and the turbulence. The slope of the velocity spectra, less steep than within the
inertial subrange, shows the large-scale anisotropy. At midfrequencies, an isotropic region of tridimensional turbulence

following the classic f=>/3

energy cascade is exhibited. There, the energy is cascading down from large (i.e., lower
frequencies) to small (i.e., higher frequencies) eddies. At high frequencies, the spectra are affected by the instrument
inherent Doppler noise which induces a constant spectral density N; for each ith beam. The four values of N; were
estimated and averaged to give N. Scatterplots of N as a function of flow speed during ebb and flood tide (Fig. 6, blue and
red circles) were fit by a quadratic function with a very strong coefficient of determination R? of 0.92 and 0.94 respectively.
This result demonstrates a clear dependency of N to the flow velocity squared. On average, N was found to be 5.4 x 1073

m?s~2Hz~! during ebb tide and 8.2 x 1073 m?s~2Hz~! during flood tide.

Peak wave frequency F, = 1/T,, observed during peak flooding and ebbing tidal conditions ranged from 0.05 Hz to



more than 0.12 Hz with a mean value of 0.08 Hz. This frequency range overlaps the turbulence-production subrange and
the inertial subrange. F', was found 80% of the time within the low frequency subrange (f < 0.1 Hz) whereas the other
20% were found in the inertial subrange. There, the mean wave-induced energy E varies in a wide range: from 8 X
1073 to 107! m?s~2Hz~! (Fig. 6). On average g was found to be 10.6 x 1073 m?>s~2Hz"! during ebb tide and 9.2 x 1073

2s>Hz~' during flood tide. Moreover, the mean ratio S, /N was found to be 2.4 and 1.7 during ebbing and flooding

m
tidal conditions respectively. The event S,, > N has an occurrence of 52% during ebb tide and 45% during flood tide and

it was only observed when the values of H; were higher than 2 m.

3.3. Structure function

The structure function D;(r) of the along-beam velocities was estimated. The r*/3

slope in the structure function was
found within the r range [1.3 m; 10.4 m] during flood tide and [1.3 m; 7.8 m] during ebb tide (Fig. 7). The upper limit,
Tmax»> Of these ranges was chosen to include as much of the inertial subrange as possible. Beyond r,x, D;(r) tends toward
a constant or physically meaningless high value (not shown in Fig. 7). D;(r) with negative slope (5; < 0) were removed
from the analysis resulting in a loss of 8% of the structure functions. This is 3 to 5 times lower than other studies applying
the structure function (e.g., [3, 15, 26]).

Properly identifying the inertial subrange is essential for an accurate estimation of the dissipation rate and indirectly
for the estimation of the integral lengthscale and the Kolmogorov microscale. Therefore, a sensitivity study of the value
of rmax to the dissipation rate estimate €p was performed through the calculation of the relative error (e). Values of &p
derived from ry,x = 10.4 m for flooding tidal conditions and r,,x = 7.8 m for ebbing tidal conditions were used as a
"reference" for the calculation of (e) since they are spanning the most extended inertial subrange.

Fig. 8 depicting the evolution & as a function of r,,,, indicates that the lowest value of the dissipation rate is obtained
when setting 7. to be equal to 10.4 m and 7.8 m on flood and ebb tide respectively. Beyond these ry.x values, &p

increases significantly. As a consequence, the relative error (e) reaches 25% during ebb tide and up to 50% during flood

tide (Table 1). ep estimates higher than r = 10.4 m for the flooding stage of the tide and higher than » = 7.8 m for the
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8 g B Efgi;‘ge “N'=0.001102 = 0.0024u + 0.0031:  R?=0.94 (Flood)
% S, - Flood tide| — : N = 0.00075u? = 0.0014u +0.0023;  R?=0.92 (Ebb)
X §u - Ebb tide

107

1.5 2 25 3 35 4 4.5
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Figure 6: Mean constant spectral density N induced by Doppler noise (circles) and mean wave-induced energy S, (crosses) computed in the inertial
subrange. Red and blue colors are used to identify peak flood and ebb tidal conditions respectively. Quadratic best-fit of the scatterplots of N obtained
during flood and ebb tide are shown by green and magenta solid line respectively. The equation and the coefficient of determination R? of both quadratic
regressions are also shown.
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Figure 7: Structure functions obtained in the inertial subrange for the beam 1 of the ADCP during peak flooding (left panel) and ebbing (right panel)
tidal conditions. Color scale account for the flow speed at mid-depth. Black dashed curves show the classic /3 slope.

ebbing one are considered as being wrong since the slope of the structure function deviates from the classical r*/

slope
(results not shown). Moreover, the lowest value of r,,x (3.8 m) gives high value of &p during both flood and ebb tide with
the highest relative error (e = 55.5 %). This result suggests that a minimum number of D;(r) observations are required to
properly quantify the dissipation rate. In our study, at least 4 values of D;(r) are required whereas 3 values were required
in the study performed by Lucas et al. [40]. This means that the inertial subrange has to be extended up to rp,x = 5.2
m (the fourth value of D;(r)), at least, to provide valuable estimates of £p. During flood tide, low variations of & are

exhibited for ry,x values lying within the range [5.2 m; 10.4 m]. During ebb tide, this range of low variations is smaller:

[5.2 m; 7.8 m]. Within those ranges, (e) ranges from 4% to 14%.

3.4. Turbulence metrics

3.4.1. Turbulence intensity and dissipation rate

The turbulence intensity (/) is a standard metric used by investigators when studying turbulent flow. It is an essen-
tial input of every commercial computational fluid dynamic (CFD) codes to simulate turbine performance in wind (e.g.
TurbSim [41]) and tidal energy industry. The turbulence intensity was corrected for Doppler noise resulting in a reduction
of (I) estimates by 10% on average. Note that this percentage varies with flow speed. The maximum reduction of 16%
was reached for velocity of 4.5 m/s. Fig. 9 shows the noise-corrected turbulence intensity variation as a function of flow
speed. (/) values vary from 5% to up to 13%. The turbulence intensity was found to be independent to the flow speed.
Scatterplots are flattened and (/) estimates vary little from the mean which are 9.8 + 0.9% and 7.5 + 0.8% for flood and
ebb tide respectively.

The spectral and structure function methods were implemented to compute the dissipation rate. Estimates were cor-
rected from the wave-induced bias & and the Doppler noise-induced bias £. Similar values of & were found for both
methods (0.2-0.3 x 1073 m?s™3). In contrast, significant differences in & estimates were found. The dissipation rate es-
timates from the structure function were found to be lowly biased by the wave orbital motion. On average, £p is 0.06 X

1073 m?s~3 and 0.05 x 10~* m?s~3 during flood and ebb tide respectively whereas the mean wave-induced bias &5, derived

Fimax (M) 38 |52 (7891|104 | 11.7 | 13.0
Relative error e (%) - Flood tide | 55.5 | 14 | 11 | 5.5 0 22 50
Relative error ¢ (%) - Ebbtide | 37.5 | 4 0 25 - - -

Table 1: Relative error (e) in &p estimation when using different values of ryax during flood (red) and ebb (blue) tide. The "reference” value of &p was
set to be that computed for rmax = 10.4 m for flooding tidal conditions and rm,x = 7.8 m for ebbing tidal conditions (crosses in Fig. 8).
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Figure 8: Estimation of the dissipation rate £p from the structure function method when using different values of ryax. Crosses are used to identify the
ep values used hereafter, in this study. Each estimate was performed at mid-depth during peak flooding (red) and ebbing (blue) tidal conditions.

from the spectral method, is 7 times higher (Table 2).

Estimates of €5 and gp are plotted one against the other in Fig. 10a. &g is within the range [6.7 X 1074; 4.8 x 1077]
m?s~3 while &p varies in a slightly wider range [1.4 x 107*; 5.8 x 1073] m?s™3. On average, &5 was found to be 1.9 x
1073 m?s~3 during flood tide and 1.3 x 1073 m?s~3 during ebb tide whereas the mean values of &p are slightly lower: 1.8
x 1073 m?s73 and 1.2 x 10~ m?s~3 respectively (Table 2). The standard deviation Ae to the mean is twice lower when
estimating the dissipation rate from the spectral method than from the structure function method (Table 2). The ratio
es/ep was estimated for both flooding and ebbing tidal conditions. On average, this ratio is 1.3 and 1.4 during flood and
ebb tide respectively.

Quantile-quantile plots (Q-Q plots) of the quantiles of &, estimates against that of &g are shown in Fig. 10b. The
slope of the Q-Q plots for both flood and ebb tide is steeper than the line of perfect agreement (ep = &g, black line)
revealing that the distribution of &p is scattered (scatter index of 77% for ep and 52% for €5). The lower slope exhibits
during ebb tide demonstrates a better agreement between &p and &g estimates during this tidal phase than during flood
tide. During ebb tide, a linear relationship between €p and &g is exhibited when the dissipation rate is lower than 2.0 X

1073 m?s73. During flood tide, £p and &g are linearly related over a smaller interval: from 1.0 X 107> m?s™ t0 2.0 x 1073

m?

s73. Outside these intervals, estimates of the dissipation rate from the spectral and the structure function method are
not consistent. For higher values of the dissipation rate, the Q-Q plots are left-skewed for both flood and ebb tide due to
few estimates derived from the spectral method. These values of g were all observed during the storm period (H, = 3.4

m) which occurred from October 19, 16:00 to October 22, 2017, 11:00 (gray region in Fig. 3).

Table 2: Mean values and standard deviations (A) of the dissipation rate derived from the spectral and structure function method (&5 and &p respectively).

The wave and Doppler noise-induced bias in the dissipation rate estimates are given by & and & respectively.

12

es (M%) | ep (M%) | e5/ep | Aes (m%s™3) | Aep (mZs73) | & (m2s7d)
Flood tide | 1.9x 1073 | 1.8 x 1073 13 [ 065%x107 [ 14x107° [ 05x%x1073
Ebbtide | 1.3x 107 | 1.2x 1073 14 ] 045%x107% [ 0.8x1073 [ 03x1073
£p (M%) | & (m?%s72) | &p (m%s™)
0.06 x 1073 [ 03x 1073 | 0.35x 1073
0.05x 1073 ] 02x1073 | 02x1073
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Figure 9: Turbulence intensity computed at mid-depth during peak flooding (red) and ebbing (blue) tidal conditions.
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Figure 10: (a) Comparison of the dissipation rate estimates as computed from the second-order structure function (gp) and the spectral method (eg)
during peak flooding (red circles) and ebbing (blue circles) tidal conditions. (b) Q-Q plots of the quantiles of &p estimates against that of &g during
flood (red crosses) and ebb (blue crosses) tide. The straight gray line and dashed-line are the best fit of the distribution of the quantiles of &p estimates
against that of &5 estimates for flooding and ebbing tidal conditions respectively. For both panel, the black line indicates perfect agreement (p = &5).

3.4.2. Turbulence lengthscales and timescales

The dissipation rate allows for the estimation of two lengthscales of the turbulence: the integral lengthscale (L) and the
Kolmogorov microscale 7. Since (L) is related to ~! (Eq. 13), even small difference in the dissipation rate estimates can
lead to substantial difference of the integral lengthscale. Although the dissipation rate estimated from the spectral method
was found to be slightly higher than that from the structure function method, a significant difference in (L) estimates is
expected depending on the method.

Fig. 11 shows that (L) increases with the flow speed. Maximum value of (L) is 150 m for both methods. The mean
integral scale (Lp) derived from the structure function method was found to be around 80 m whereas that derived from
the spectral method, (L), is around 60 m (Table 3). (Lp) and (Ls) were found to be slightly higher during flood tide than
during ebb tide. This difference is due to a wider velocity range during the flood phase of the tide than during the ebb one.
Integral lengthscale values estimated from the structure function method are very scattered throughout the velocity range
(Fig. 11a). Similar flow speed (e.g., 3.5 m/s) can exhibit a wide range of (L) values (from 50 to 150 m). Linear regressions
of (L) estimates as a function of flow speed exhibited very low coeflicients of determination (R? ~ 0.2). In contrast, the
integral lengthscale derived from the spectral method exhibits a strong linear relationship between (L) and the flow speed

for both flood and ebb tide (Fig. 11b). The coefficient of determination R* of the linear regression was found to be 0.65
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during flood tide and 0.57 during ebb tide.

In addition, L,, L, and L,, being respectively the integral lengthscale computed in the streamwise, spanwise and ver-
tical direction were estimated. The mean ratio L,/L,, L,/L,, and L,/L,, were found to be 1.3, 47.4 and 37.3 respectively,
indicating a clear two-dimensional (i.e., anisotropic) turbulence for the large-scale motion. Although significant differ-
ences between the integral lengthscale derived from the structure function method and that derived from the spectral
method were observed, similar values of the Kolmogorov microscale 1 estimated from both methods were found. On
average, 7 was found to be 2.3 X 10~* m (Table 3).

Estimates of the integral timescale, 7, (Eq. 15), derived from the spectral method show that the largest eddies remain
correlated for less than 20 s while 7, computed from the structure function method are higher, typically 30 s (Table 3). The
largest time, 7, (Eq. 16), over which the turbulence stays correlated was also calculated for both methods. On average,

7, and 7, were found to be around 4.0 x 1072 s (Table 3).

4. Discussion

A key step in progressing towards commercial realization of TEC array in highly energetic tidal channels is a detailed
understanding of the fluid velocities surrounding turbines with a specific emphasize on turbulent fluctuations. These
fluctuations are known to reduce turbine performance (e.g., [8, 42]) and they are likely to cause premature material
fatigue decreasing the life expectancy of a turbine. Although numerous studies provided realistic assessment of the local
hydrodynamics and the tidal stream potential (e.g. [28, 43, 44, 45, 46]) in Alderney Race, no study focusing on turbulence
characterization has been reported. In order to provide designers with realistic turbulence conditions at this wave-exposed

site, it is critical to properly filter the wave-induced turbulence when estimating turbulence metrics.

Structure function method

200 T x x

() Flood tide :R?=0.22 (Flood)
150 @ Ebbtide | __ .R?=017 (Ebp) @ @ I

O L 1 L L L L a
1.5 2 25 3 3.5 4 4.5
Spectral method
200— I w * ‘ ‘
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Figure 11: Integral lengthscale (L) computed at mid-depth during peak flooding (red) and ebbing (blue) tidal conditions from the structure function
method (a) and the spectral method (b). Linear best-fit with the coefficient of determination R? of the scatterplots obtained during flood and ebb tide are
shown by green and magenta solid line respectively.
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ns (m) np (m) | Lg (m) | Lp (m) | 7 (5) T &) |71 ) | 71, (5)
Flood tide | 20x 107" [ 23x 107" | 668 | 815 [3.0x107%[3.6x10> | 19.1 | 329
Ebbtide |23x107* [26x107* | 572 [ 807 [41x107%[47x107% [ 176 | 29.6

Table 3: Lengthscales (1, (L)) and timescales (7;, 7.) of the turbulence computed at mid-depth during peak flooding and ebbing tidal conditions from
the spectral method (subscript S) and the structure function method (subscript D).

In this paper, we present the first study on ambient turbulence characterization in Alderney Race. Particular attention
is paid on removing wave and Doppler noise-induced bias in the estimation of turbulence metrics. Velocity measurements
recorded by an upward-looking ADCP were used to provide estimates of the turbulent lengthscales and timescales at
mid-depth during peak flooding and ebbing tidal conditions.

The turbulence intensity (/) was found to be up to 10% on average with maximum values reached during flood tide.
This value is higher than that estimated by MacEnri et al. [42] (I ~ 7%) in Strangford Narrows, UK, at similar height from
the seabed and similar tidal conditions. Our higher values of (/) are likely due to higher water depth at our study site (31
m) than that of Strangford Narrows (24 m). This result suggests that turbulence intensity may be governed by bathymetry
features. Thus, it is expected that the turbulence intensity at a given depth may be varying significantly from one site to
another in Alderney Race. High variability in (/) estimates at a single geographical site has been demonstrated by Gooch
et al. [47] who pointed out the evidence of strong spatial variations of the turbulent intensity at a given location in Puget
Sound, US.

Our results show that removing the Doppler-noise when estimating the turbulence intensity reduces the error by
10% on average. This result is of prime important since it demonstrates that falling to account for Doppler-noise when
estimating (/) might lead to over-engineering of TEC and increasing cost. Overestimated values of (/) might also lead to
an inappropriate predictability of tidal-stream power generated by a tidal turbine. On the former, Lewis et al. [9] exhibited
a strong linear relationship between power variability and turbulence intensity.

The dissipation rate was estimated from two methods: the spectral method and the structure function method given
respectively €5 and gp. It is a turbulent metric routinely estimated in marine environment since it has the advantage of
capturing a multiscale process in a single scalar value [19, 48, 49]. A close agreement in the dissipation rate estimates
between the two independent methods was found with the tendency that €5 > gp. Similar tendency was found from four-
beam ADCPs measurements performed in the northern end of Grand Passage, Canada [36] and from five-beam ADCP
measurements performed at Admiralty Inlet and Rich Passage, in Puget Sound, US [3].

The present study confirms that both waves and Doppler noise introduce bias in the dissipation rate estimates. Similar
Doppler noise-induced bias & were found when estimating the dissipation rate from the spectral or the structure function
method. The spectral method was found to be very sensitive to waves whereas the structure function method exhibits

low wave-induced bias &, typically 107> m?s~3.

The wave-induced bias derived from the structure function method
was estimated regarding the Scannell’s hypothesis in which wave orbital motions and turbulence do not interact and the
associated velocity are simply additive [23]. Our low values of & suggest that this hypothesis might not be well suited for
shallow water environment strongly exposed to swell such as Alderney Race, where waves are breaking. Note that the
Scannell’s hypothesis has been initially tested with ADCPs measurements performed in the Celtic Sea where depth is up
to 150 m which is 5 times higher than the depth at our measurement site. Thus, it is likely that waves in both sites are very
different. The validity of the Scannell’s hypothesis at our site is thus questionable.

The removal of & and & allowed for a significant refining in (L) estimates derived from the spectral and structure

function method of 35% and 20% respectively. The integral lengthscale estimated from the spectral method and that

derived from the structure function method were found to be 60 m and 80 m respectively. These results show that the
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most energetic eddies in Alderney Race are about 2-3 times the local water depth. The presence of these anisotropic, bi-
dimensional eddies is consistent with a transition from highly energetic eddies at larger scales to an isotropic cascade of
energy at smaller scale which are limited by either water depth or stratification. These large size turbulent eddies contain
the largest proportion of turbulent energy, and are therefore likely to have the greatest effect on turbines performance.
Recently, a study focusing on the assessment of the performance of a Darrieus type turbine operating in real sea conditions
demonstrated that the strongest impact of turbulence on power generation by the tidal turbine occurred when the size of
the most energetic eddies attains and exceeds the turbine size [8]. The authors show that large size turbulent eddies exert
periodic loads on the blades, strongly affect torque and cause power pulsations.

The distribution of (L) estimates derived from the spectral method as a function of flow speed was fit by a linear
regression with a relatively good coeflicient of determination R? (up to 0.65). In contrast, the distribution of (L) estimates
computed from the structure function method was found to be very scattered. This result as well as the fact that the stan-
dard deviation of & derived from the spectral method is twice lower than that derived from the structure function method
suggest that the spectral method is more robust for the characterization of the integral lengthscale and the dissipation rate.

However, the application of the spectral method has shown some limitations, especially when computing the Q-Q plot
of the dissipation rate &p estimates against that of £g. The Q-Q plot exhibited left-skewed distributions caused by higher
values of gg. These estimates were obtained during the storm period which occurred from October 19, 16:00 to October
22,2017, 11:00. This period was characterized by extreme waves with values of H; more than twice that the mean H,
calculated over the 38-day period of ADCP deployment. This result reveals that the wave-induced bias &€ at mid-depth is
not correctly quantified during extreme conditions. Since the speed of wave orbital motions is higher near the sea surface,
it is likely that this limitation is amplified when characterizing the dissipation rate upper in the water column.

At mid-depth and for events with significant wave height H; > 2 m, values of the mean wave-induced energy E
averaged over the inertial subrange were found to be systematically higher than that of the mean constant spectral density
N induced by Doppler noise. Moreover, these values of S, were found to be increasing with increasing flow speed
revealing a clear wave-current interaction. The event H; > 2 m is not an isolated case since it was found 16% of the
time. This result highlights the necessity of performing wave climatology prior any turbine deployment, especially at tidal
energy sites where wave motions have significant forcing effects on the system such as that of Alderney Race.

Recently, Tatum et al. [50] performed a study focused on the wave-current interaction effects on loading characteristics.
From a fluid structural interaction modeling, the authors have provided insight into the reaction of a three bladed horizontal
axis tidal turbine to a simple uniform velocity. This study exhibited clear fluctuations in the loading on the individual blade
leading fluctuation in the deflection of the blades during their rotation. These fluctuations were shown to cause a pulsing
in the thrust transferred to the drive shaft, as well as a resultant bending moment. As a consequence, it is likely that
these fluctuations lead to increased fatigue on components of the turbines, especially the blades, and thus reducing the life

expectancy of the machine.

5. Conclusions

In this study, the first characterization of ambient turbulence in Alderney Race is presented. Velocity measurements
collected by an upward-looking ADCP were used to assess turbulence metrics in this highly energetic area. Three clear
findings are made in this study. (i) - Removal of wave and Doppler noise-induced bias when estimating the dissipation
rate and, therefore, the integral lengthscale are shown to be a crucial step in turbulence quantification. It allowed for a

significant refining in (L) estimates derived from the spectral and structure function methods of 35% and 20% respec-
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tively. We believe that failing to account for wave and Doppler noise when characterizing turbulence would result in
unnecessarily high factors of safety (and associated costs) and thus, jeopardize the objective of reduction of the LCoE. (ii)
- The method of removing wave-bias in the structure function may not be useful for tidal-stream energy sites, and instead
the spectral method is likely more suitable. However, the spectral method has shown some limitations during extreme
waves events. (iii) - Doppler noise must be considered when estimating turbulence intensity (/), a key parameter in almost
all engineering methods. Considering Doppler noise will lead to reduce (I) to much lower levels than reported by other
authors at TEC sites.

The turbulence measurements presented in this paper would benefit to shelf sea circulation models by improving their
ability in reconstructing the flow dynamics of regions exposed to wind-generated ocean waves. They will also benefit to
tidal energy development and represent an important step in the development of robust design tools that will improve the
survivability, reliability, and performance of tidal turbines. The present study will provide modelers and tidal turbines
designers with turbulence dataset allowing them to conduct comprehensive studies on fatigue-induced hydrodynamics
loads on tidal turbines through the use of computational fluid dynamics codes or stochastic flow simulation tools such as
the TIDAL version of TurbSim [41].

Our recommendation to the community of engineers involved in tidal energy conversion projects is hence the follow-
ing: because the turbulence and wave climate are site specific, in situ velocity measurements as well as a wave climatology
are required prior any turbine deployment. A comprehensive assessment of both turbulence metrics and wave parameters
will assist the engineers in obtaining more accurate performance and loading predictions. These results can allow them to
select appropriate material components and incorporate some deformation capability of the different components of their

turbines in order to mitigate some of the stress distribution through key structural points.
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The first study of ambient turbulence in Alderney Race is provided.

Two independent methods are used to quantify turbulence metrics.
Removal of wave and Doppler noise-induced bias is a crucial step.

The integral lengthscale was found to be 2-3 times the local water depth.
Unique dataset of turbulence metrics computed at mid-depth are provided.
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