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Abstract

Until now, no pan-European nor worldwide consensus on appropriate test methodologies and practices
have yet been implemented in order to carry out standard laboratory tests. For performance test (in
laboratory as well as in-situ), the measurement of the upstream flow velocity is required to calculate
kinetic energy, especially when the turbulence intensity is high. These flow fluctuations affect
significantly the performance and fatigue behaviour of tidal turbines. However, for a good accuracy the
upstream flow measurement needs to be performed in a synchronous way with the turbine parameters.
In this paper, we study the time and space correlation between velocity measurements and turbine
parameters in order to evaluate and improve the specifications given in IEC TS 62600-200 to 202 for
the current profiler placement relative to the turbine.



ABSTRACT: Until now, no pan-European nor worldwide consensus on appropriate test methodologies and
practices have yet been implemented in order to carry out standard laboratory tests. For performance test (in
laboratory as well as in-situ), the measurement of the upstream flow velocity is required to calculate kinetic
energy, especially when the turbulence intensity is high. These flow fluctuations affect significantly the perfor-
mance and fatigue behaviour of tidal turbines. However, for a good accuracy the upstream flow measurement
needs to be performed in a synchronous way with the turbine parameters. In this paper, we study the time and
space correlation between velocity measurements and turbine parameters in order to evaluate and improve the
specifications given in IEC TS 62600-200 to 202 for the current profiler placement relative to the turbine.

1 INTRODUCTION

Tank testing is primarily undertaken to establish the
behaviour of a tidal energy converter at model scale
and to identify the impact of different test configu-
rations (flow and prototype characteristics) on device
performance. At present there is no pan-European or
worldwide consensus on appropriate test methodolo-
gies and practices to be implemented, even if proce-
dures developed within the EC EquiMar (Ingram et al.
2011) and MaRINET (Gaurier et al. 2015) projects,
have been carried out. Today, international best prac-
tice guidelines for tidal turbine testing are under de-
velopment by the International Electrotechnical Com-
mission (IEC) (Day et al. 2014). For performance test
(in laboratory as well as in-situ), the measurement of
the upstream flow velocity is required to calculate ki-
netic energy, especially when the turbulence intensity
is high (McNaughton et al. 2015), (Duran Medina
et al. 2017). Indeed, it has been shown that most of
the tidal energy sites have a high level of tubulence
(Thomson et al. 2012). These flow fluctuations affect
significantly the performance and fatigue behaviour
of tidal turbines. However, for a good accuracy the
upstream flow measurement needs to be performed in
a synchronous way with the turbine parameters.
After the presentation of the experimental set-up,
we propose, in this paper, to study the time and space

correlation between velocity measurements and tur-
bine parameters, in order to evaluate and improve (if
necessary) the specifications given in IEC TS 62600-
200 to 202 (Marine Energy 2013), (Marine Energy
2015), (Marine Energy 2019) for the current pro-
filer placement relative to the turbine (Germain et al.
2017), (Germain et al. 2018).

2 EXPERIMENTAL SET-UP

2.1 The wave and current flume tank

Figure 1: The wave and current flume tank of Ifremer

The tests presented in this paper have been carried
out in the wave and current flume tank of Ifremer at
Boulogne-sur-mer, France (figure 1). The dimensions
of the testing area of the tank are 18m long, 4m wide
and 2m deep. By means of porous grid and honey-
comb placed at the inlet of the working section, a tur-



bulent intensity of /., = 1.5% can be achieved. With-
out these straightener devices, the turbulence in the
tank can reach /., >~ 15%, accessing to the fully de-
veloped turbulence generated by the two pumps of
the tank, which is close to the in-situ measured val-
ues (Thomson et al. 2012).

2.2 The velocity measurement facilities

Two different velocimeters are usually used in the
tank for measuring the flow parameters. The first one
is based on laser beams: the Laser Doppler Velocime-
ter (LDV). This technique is a non-intrusive principle,
which allows the measurement of velocity at a point
in a flow field with a high temporal resolution. When-
ever a reflecting particle entrained in the fluid passes
through the intersection of two laser beams, the scat-
tered light received from the particle fluctuates in in-
tensity, see figure 2 from (Dantec Dynamics 2018).
LDV makes use of the fact that the frequency of this
fluctuation is equivalent to the Doppler shift between
the incident and scattered light, and is thus propor-
tional to the component of particle velocity. The LDV
system available at Ifremer is 2 dimensional, i.e. com-
posed of 4 laser beams with 2 different wave lengths
(blue and green).

Figure 2: The LDV (left) and ADV (right) probes and their mea-
surement volumes

The measurement volume is 2.51mm long by the
laser beams thickness of 0.12mm, which results of
Vipv =~ 0.0lmm?3. The distance between the probe
and the measurement point is 530mm into the wa-
ter. The water of the tank is seeded with particles
which should be small enough to follow the flow, yet
large enough to scatter sufficient light to obtain a good
signal-to-noise ratio. Typically the size of particles
used in the Ifremer flume tank is 10um. These parti-
cles are spherical and composed of silver coated glass.
For the acquisition signal, the data rate depends on the
number of particles detected by the system. Usually,
the averaged data rate is between 100 H z and 1000 H =

depending on the conditions. However, the sampling
frequency is irregular due to the fact that one mea-
surement value corresponds to one detected particle
in the volume.

The second velocity measurement facility is an
Acoustic Doppler Velocimeter (ADV). This system
works by sending out a short acoustic pulse from
the transmit element. When the pulse travels through
the focus point for the receiver beams, the echo is
recorded in each of the acoustic receiver elements, see
figure 2, from (Nortek USA 2018). The echo is then
processed to find the Doppler shift. The velocity vec-
tor is recorded in 3D.

The sampling volume is located 50mm from the
transmitter to provide undisturbed measurements.
The chosen size of this volume is a cylinder with
9mm high and 5mm diameter, so Vpy ~ 200mms3.
The seeding material is the same than the one used
for the LDV. On the contrary to the LDV, the sam-
pling frequency of the ADV signal is regular. This fre-
quency can be set between 10/ z and 2004 z, but the
signal quality strongly depends on the particle num-
ber into the water.

2.3 The turbine model

The 1/20th scale turbine model (see picture 3) used
for this study is very similar to the ones used in
(Mycek et al. 2014). More particularly, blades are ex-
actly the same than in (Gaurier et al. 2015). The hub
diameter however is slightly larger. So, the diameter
of the disc described by the blades of this new turbine
is now D = 724mm (radius R = 362mm,), instead
of 700mm in previous studies. However, the machine
performances are the same, as shown by (Gaurier
et al. 2017).

Figure 3: The 3-bladed instrumented turbine in the wave and
current flume tank of Ifremer

This hub diameter size change is due to the fact that a
complete new instrumentation equipment takes place
inside the hub. This new experimental equipment has
been designed based on the one developed in (Payne
et al. 2017). Each blade root is now equipped with
a specific load-cell including 5 different channels: 2
forces and 3 moments.
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Figure 4: The blade root load-cell with its three coordinate sys-
tems and the torque and thrust transducer

In addition to this new multi-components blade root
load-cell, the torque and the thrust applied on the
main rotation axis are now measured. This waterproof
transducer is positioned upstream of the seals of the
machine to prevent measuring the friction effects (fig-
ure 4). The blade root load-cell and the torque and
thrust transducer are custom made by the French com-
pany Sixaxes (Sixaxes 2017) in partnership with Ifre-
mer. The 48 shielded cables coming from these trans-
ducers are routed through a 52 channels slipring en-
abling the rotation. These low voltage signals are am-
plified by an electronic signal processing unit, located
outside of the turbine and of the water as well. The
motor shaft is connected to the turbine shaft through
a motor-gearbox enabling suitable torque and rotation
speed ratings.

The turbine is controlled to maintain a constant ro-
tational speed w. In the following, the turbine power
P = Quw, with @) the rotor torque, is presented as
a non-dimensional coefficient C'p and usually plot-
ted versus the Tip-Speed-Ratio (TSR), both expressed
with the classical formula 1.

Qu o TSR (1)

Op— 22
P %pSUgo Uy

where p is the water density, S is the rotor area and
U 1s the ambient velocity.

3 EFFECT OF THE UPSTREAM VELOCITY
MEASUREMENT ON TURBINE
PERFORMANCES

For model scale studies in laboratory, an accurate
measurement of this ambient velocity is required to
properly evaluate the turbine performance. This is
especially necessary when the velocity fluctuations
are high, because of the turbulence generated by
bathymetry variations or because of surface waves.
However, this measurement can be performed in two
different ways:

1. from a flow calibration carried out before the tur-
bine characterization or

2. by a simultaneous and synchronous upstream
flow measurement.

In the second case, the velocity measurement has to
be non-intrusive to prevent to affect the turbine pa-
rameters.

Some experimental tests have been carried out with
the previously described turbine, in the flume tank of
Ifremer. Two different flow velocities have been tested
Us = [1.0;1.2]m/s with a high turbulence intensity
I, ~ 15%, i.e. without the flow straightener. An ini-
tial velocity measurement has been performed with
the LDV during 30min for the same flow conditions,
at the centre of the tank section, the same location
than the turbine. Table 1 summarizes the flow charac-
terization obtained from these measurements. As ex-
plained in the previous section, LDV is 2-dimensional
in the Ifremer laboratory. However, in this table, only
uy, is given and stands for the in-line component of
the flow. The subscript ; means the long time ac-
quisition. The classical decomposition is used here:
ur(t) = ug + v/ (t) with u, the time-averaged part
and v/, (t) the fluctuating part of the velocity. In addi-
tion, the two-dimensional turbulence intensity I5p is
given as well, using formula 2.

2 )

Iyp =100
2D 2 102

2)

Table 1: Flow characterization obtained from a one point LDV
measurements during 30min with high turbulence intensity (o
stands for the standard-deviation)

Uw=10m/s Ux=12m/s
ur, [m/s] 0.975 1.166
o(ur) [m/s] 0.128 0.158
Lp [%] 13.89 14.28

The turbine parameters have been recorded for 13
TSR in these two flow conditions. During these tests,
the LDV probe was into the water as well, located
2D upstream of the turbine. The flow measurement
was synchronous with the turbine parameter acquisi-
tion. The acquisition time was 6main for each T'SR,
which is enough for enabling the convergence. In or-
der to process the power coefficient C'p, the veloc-
ity U, can be taken from the previous long measure-
ments from table 1: uy(t) or from the synchronously
acquired measurements: ug(t). Figures 5 and 6 show
the two different C'p curves processed with these two
different ways. For U,, = 1.0m/s, the difference is
clear between the two cases: for TSR > 4, Cp(ur) <
Cp(ug). On the contrary, for Uy, = 1.2m/s no signifi-
cant differences are noticeable and Cp(ur) ~ Cp(us)
In order to explain the differences obtained for the
case Uy, = 1.0m/s between the curves, the difference
. between uy, and ug and ¢, between Cp(ur) and
Cp(ug) are processed using formula 3. The results
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obtained for all the tested T'S R are shown on table
2.

€, = 100 W;ﬁ and ec, =100 CP(QL) —Cp(us)
ur, Cp (’LLL)

In this table, ¢, can reach values higher than 1%.
These values are displayed in red. For these values,
such a difference affects significantly the C'p curve, as
shown on figure 5 for U, = 1.0m/s: when TSR > 4,
lew| > 2% and |ec,| > 6%. These quite high values
for €, are confirmed by a 6min sliding average pro-
cess on the 30min long velocity acquisition: the max-
imum difference is then ~ 3%. That means that even if
a long measurement have been done previously in or-
der to characterize the flow, the use of a synchronous
velocity measurement upstream of the turbine is re-
quired to increase the accuracy of the performance
coefficients, particularly when the turbulence inten-
sity is high, as shown in these cases. Another solu-
tion would have been to extend the acquisition time
to reduce the average difference ¢, but in that case, it
would require a very long time to perform a 13 points
TSR curve.

In addition, when a velocity acquisition is performed
at the same time and synchronously with the turbine
parameters, the coherence function between them can
be processed as well. For the LDV measurement, this
requires a re-interpolation of the signal before pro-
cessing the Fourier Transform. For example, the co-
herence function between the turbine torque () and

3

Table 2: Flow velocity obtained from the synchronous LDV mea-
surements ug and comparison with uy,
Usw =1.0m/s Usw =12m/s
TSR ug Eu  ECp Ug Eu Ecp
[m/s] (%] (%] [m/s] [%] [%]
0.0 0970 -05 +2.0 1211 +3.8 -10.3
1.0 0980 +0.5 -1.8 1206 +3.4 -8.7
20 0965 -1.0 +2.8 1.189 +1.9 -5.2
25 0968 -07 +19 1.170 +0.3 -04
3.0 0969 -07 +1.5 1.183 +14 -3.6
35 0981 +06 -19 1.161 -04 +1.0
40 0954 -21 +6.6 1.164 -02 +1.2
45 0949 -27 +75 1.164 -02 +09
50 0967 -08 +24 1.169 +0.2 -0.6
55 0957 -19 456 1.175 +0.8 -2.5
6.0 0951 -24 +7.6 1.170 +0.3 -0.5
7.0 0953 -22 +6.8 1.156 -0.9 +2.7
8.0 0964 -12 +35 1.159 -07 +25
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Figure 7: Coherence function between the turbine torque () and
ug for the case Uy, = 1.0m/s

ug is displayed on figure 7 for 4 different TSR. It
is interesting to notice that the tip-speed-ratio does
not seem to affect the result, excepted at TSR = 3
for the lowest frequencies. These results confirm what
has been previously observed by (Durdn Medina et al.
2017) with a 4D distance between turbine and LDV:
from frequency higher than 14 z, no more correlation
is noticed. The authors supposed the turbine acts as a
low-pass filter.

Here, the distance between the velocity measure-
ment point and the turbine is 2. This distance has
to be adjusted properly: not too close in order to pre-
vent disturbing the turbine and not too far to capture
the flow fluctuations perceived by the turbine. In ad-
dition, this distance may be a cause of uncertainty as
well. We propose here to extend this analysis with
varying distances between two different velocity mea-
surement devices.

4 ADV-LDV COMPARISONS WITH VARYING
INTER-DISTANCES

A comparison has been carried out between the two
different velocimeters presented in section 2, in the
tank. In that case, the flow is slightly turbulent with
a turbulence level close to I, = 5% and the aver-
age flow velocity is about U,, = 0.8m/s. The acquisi-



tion of the two velocimeters is simultaneous and syn-
chronous, through an external trigger. For the ADV, a
sampling frequency of 100/ z is chosen and the ac-
quisition time is fixed at 10man for both devices. The
distance d between the velocimeters has been chosen
between 0 and 2m.

Figure 8: ADV and LDV measurement at the same point (d = 0)

4.1 Velocity measurement at the same point

For the first test, the velocimeters are positioned in or-
der to measure at the same point, i.e. at the very centre
of the tank section (figure 8), although their measure-
ment volumes are different (see section 2).

Figure 9 shows a time extract of the recorded sig-
nals, for v and w components of the velocity. On
this figure, it is easy to notice that the largest fluc-
tuations of the velocity are seen at the same time and
in the same way by the two velocimeters. However,
the noise seems to be greater for the ADV, especially
for the u component. In addition, some slight average
differences appear between them: LDV shows larger
values for u and lower ones for w comparing to ADV.
These differences could come from a slight misalign-
ment between the probes.

1.0
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Figure 9: Temporal extract of the raw velocity measurements for
u(t) and w(t) components for ADV and LDV

The cross-correlation p of these two signals (figure
10) shows a really good agreement, when the time-
lag 7 = 0s. The value obtained at this point is higher
than 0.8 for v and higher than 0.9 for w. This confirms
that the fluctuating part of the signals is very close to
each other.

The Power Spectral Density Sy, and Sy, of these two
signals is depicted on figure 11 for u (top) and w (bot-
tom) components of the velocity respectively. Once
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Figure 10: Cross-correlation coefficient between urpy and
uypy (blue) and wypy and w4 py (orange), versus the time-
lag 7

again, a good agreement is observed between the ve-
locimeters, excepted for the highest frequencies. For
the ADV, S, shows an inflection point close to 3H 2
before to remains stable for the highest frequencies.
That means that from 10/ z the signal is mainly com-
posed of noise, at a quite high level of energy. It
is quite similar for S, but for higher frequencies
(~ 30H z) and for lower level of energy. This con-
firms what has been observed on figure 9, where the
noise looks higher on the u component of the ADV.
On the contrary, the LDV signal follows the classical
-5/3 power low slope, synonym of the Richardson-
Kolmogorov energy cascade, for the full frequency
range.

F LDV

E--- Co- f7O3
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Figure 11: PSD for u(t) and w(t) versus the frequency, for ADV
(violet) and LDV (green)

Finally, the coherence function is displayed on fig-
ure 12. As expected, the coherence is higher and
stays high for a larger frequency range for u than for
w. If we consider that the coherence is valid when
C(f) > 0.6, then uzpy and uapy are in good agree-
ment for f < 3Hz and wypy and w4py are coher-
ent for f < 6H z. The relatively low frequencies until
which the coherence stays valid can be explained by
the level of high-frequency noise in the ADV signal
and also by the difference of the measurement vol-
umes between the velocimeters (see section 2). The
LDV has a very small measurement volume compar-
ing to the ADV. This difference enables the detection
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of the smallest size vortices, which contain the highest
frequency velocity fluctuations. For the ADV, because
of the relatively large size of the measurement vol-
ume, the smaller vortices are averaged into the high-
frequency noise of the signal.

It should be very similar between the LDV and the
turbine for the synchronous measurements presented
in the previous section. The size of the turbine com-
paring to the measurement volume of the LDV acts as
a low-pass filter and only the largest vortices are seen
by the turbine. That can explain why the coherence
function between the turbine torque and the upstream
velocity is only valid when the frequency is lower that
~ 0.5H z (figure 7). For example, when the flow ve-
locity is Uy, = 1.0m/s, f = 0.5Hz means vortices
size of about 0.5m which is lower than the turbine
diameter (0.7m).

However, the size of the measurement volume is
not the only cause of low coherence for the highest
frequencies. The distance between the two velocime-
ters can also affect the results. In the following sub-
section, we extend this study with different spacing
between the probes.

4.2 Velocity measurement with d > 0

In order to study the effect of the distance between
the probes, it has been changed from 20cm to 200cm.
The LDV stays at the same position, but the ADV is
moved at all the different downstream positions. The
velocimeters are always at the centre of the tank sec-
tion and the flow velocity stays U,, = 0.8m/s with
the same turbulence intensity.

The first presented result is the maximum of the
cross-correlation p, for both components v and w,
versus the velocimeter distance d (figure 13). As ob-
served on this figure, these coefficients decrease when
the distance increases from values higher than 0.8 for
d < 50cm to values lower than 0.6 at 200cm.

The time-lag 7 where the maximum of the cross-
correlation is observed varies linearly with the dis-
tance d as depicted on figure 14 and as expected. Ac-
cording to this figure, it requires 2.5s for the flow to
travel from LDV to ADV spaced by 2m, which is in
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Figure 13: Maximum values of the cross-correlation p versus the
distance d between the velocimeters

agreement with the averaged flow velocity of 0.8m/s.
A slight difference is however noticeable between the
two components of the velocity and 7, is lower than
Tww, especially for the highest distances d. As ex-
plained in the previous subsection, the high-frequency
noise observed on u for the ADV is the reason why
Puu < Puww and may explain the slight difference on
the time-lag 7.
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Figure 14: Time-lag 7 corresponding to the maximum value of
the cross-correlation p
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The coherence functions for u and w are processed
and plotted on figures 15 and 16 respectively. These
curves are interesting for different aspects. Firstly,
the amplitudes of these coherence function decrease
when the distance increases: from values very close
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to 1 on a large range of frequencies when d = 0,
only the maximum value stays close to 0.8 on a nar-
row band of frequencies for d > 150cm. Secondly, a
strong decrease of the coherence is observed for the
lowest frequencies, which are lower than 0.6 as soon
as d > 100cm for w and d > 150cm for u. Finally, the
maximum frequency for which the coherence stays
valid (C(f) > 0.6) decreases quickly when the dis-
tance d increases (figure 17).
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Figure 17: Maximum frequency for which C,, and C\,, is
higher than 0.6

From values f = 3Hz and f = 6Hz observed for
d = 0 for u and w respectively, the maximum frequen-
cies fall to f =0.5Hz and f = 1Hz for d = 1m and
f=03Hzand f = 0.6Hz for d = 2m. For the two
highest distances (d > 150cm) the coherence function
stays only valid on a short band of frequencies.

The distance between the measurement points has
a strong effect on all the parameters observed in
this section. Mainly because of the turbulence in-
tensity, the flow velocity characteristics differ from
one point to another: when the distance between
the velocimeters increases, the velocity characteristics
change along this distance that makes the correlation
more difficult to process.

5 CONCLUSION

As noticed in this study, an upstream velocity mea-
surement is required to improve the accuracy of the

performance characterization of a marine turbine.
This flow measurement has to be performed simulta-
neously and synchronously with the turbine parame-
ters. It is necessary to keep in mind that the difference
in term of measurement size between two velocime-
ters, as well as between a velocimeter and a turbine
area, can cause a loss in the coherence of the signals,
particularly for the high frequencies. The smallest tur-
bulent structures in the flow, with the highest frequen-
cies, are not seen in the same way by two different
devices with two different sizes: the smallest size en-
ables to perceive the smallest structures. In addition,
the distance between the flow measurement and the
turbine can increase the loss of information between
the upstream velocity signal and the turbine parame-
ters. On the other hand, the momentum theory shows
that the flow speed should reduce from free-stream
conditions far upstream of the turbine to the velocity
incident at the rotor plane. In order to better under-
stand this last point, additional measurements have
to be performed to take into account the competing
requirements between an upstream undisturbed flow
speed and a measurement that is correlated with the
flow incident on the turbine.

The turbulence characteristics in term of iso or
anisotropy, energy level and spatial repartition, effect
on turbine performances must be also addressed. In-
deed, (Ikhennicheu et al. 2017) highlight that a par-
ticular attention should be paid in presence of large
velocity fluctuations, with high turbulence rate, com-
ing from bathymetry variations. These low frequency
structures, with a diameter up to the diameter of the
turbine, affects the efficiency of the turbine and the
fatigue of the blades. To assess these points, the per-
formances of the turbine, in term of the classical
power and thrust coefficients, should be processed.
The blades bending moment coefficients should be
analysed as well, in a temporal and spectral point
of view. A good spatial flow measurements, like ob-
tained with PIV measurements for the upstream flow
characterization, should then be preferred.
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