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Abstract: Tidal stream energy is a low carbon energy source. Tidal stream turbines operate in a
turbulent environment, and the effect of the structure between the turbine and seabed on this
environment is not fully understood. An experimental study using 1:72 scale models based on a
commercial turbine design was carried out to study the support structure influence on turbulence
intensity around turbine blades.

The study was conducted using the wave-current tank at LABIMA, University of Florence. A
realistic flow environment (ambient turbulent intensity = 11%) was established. Turbulence
intensity was measured upstream and downstream of a turbine mounted on two different support
structures (one resembling a commercial design, the other the same with an additional vertical
element), in order to quantify any variation in turbulence and performance between the support
structures. Turbine drive power was used to calculate power generation. Acoustic Doppler
Velocimetry was used to record and calculate upstream and downstream turbulence intensity.

In otherwise identical conditions, performance variation of only 4% was observed between two
support structures. Turbulent intensity at 1, 3 and 5 blade diameters, both upstream and
downstream, showed variation up to 21% between the two cases. The additional turbulent
structures generated by the additional element of the second support structure appears to cause this
effect, and the upstream propagation of turbulent intensity is believed to be permitted by surface
waves. This result is significant for the prediction of turbine array performance.

Keywords: Marine Energy; Tidal turbine; horizontal-axis marine current turbine; OCT; Turbulence;
Support Structure; device wake

1. Introduction

The existence of climate change is now unequivocal. Scientific data illustrates that the burning
of fossil fuels has a role in the world’s climate. Particularly since the industrial revolution [1], the use
of fossil energies has increased the level of atmospheric greenhouse gases, including CO2, which
reflect heat back towards the earth rather than allowing it to escape thus leading to an increase in
global temperatures. Following the production of a framework at the 2015 COP21 global climate
change summit in Paris and the subsequent ratification by most major economies, an agreement to
work to limit global temperature increase to below 2°C [2] is now in place.

Electricity generation is the single largest source of greenhouse gas emissions both as a global
average and in most countries. The move towards a future based on the generation of energy from
lower carbon sources, avoiding the high CO: emissions associated with electricity generation from
fossil fuels, is therefore an important part of efforts to reduce greenhouse gas emissions and thus
slow global temperature increase.
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1.1. Renewable energy

The burning of fossil fuels currently accounts for 67.4% of global electricity generation [3]. With
global electricity demand continuing to grow, the replacement of fossil fuel-based electricity
generation with renewable energy sources is crucial in order to reduce global CO2 emissions. A wide
spectrum of renewable energy technologies exists, including marine energy.

1.1.1. Marine Energy

Marine energy describes technologies which generate energy from the oceans. These take three
primary forms: Tidal energy, from the ebb and flow of tides due to the relative rotation of the earth
and celestial bodies, extracted either directly via tidal stream turbines or through the use of tidal
lagoons or barrages; wave energy from the movement of waves ultimately derived from solar action
at sea; and ocean thermal current energy, commonly known as Ocean Thermal Energy Conversion
(OTEC), generated from currents induced by thermal gradient in the oceans.

Wave Tidal Stream Tidal Lagoon

Figure 1. Marine Energy technologies: OTEC, Wave, Tidal Stream and Tidal Lagoon

None of the marine energy technologies illustrated in Figure 1. currently contribute any
meaningful power to national networks in any country and all are considered immature technology,
though it is worth noting that tidal barrages are in operation in South Korea, China, Canada, Russia,
and France, where the 240MW La Rance barrage has been in operation since 1966 [4]. However, the
UK generates around 25% of its annual electricity demand from renewable energy, and this figure is
rising annually. The development of prototype scale marine energy systems has been underway for
some years, and many devices have already undergone extensive testing. As will be discussed later,
a number of tidal stream turbine arrays are now in the design stage and are expected to be deployed
within the next few years.

1.1.2. Tidal Stream Energy

This paper relates to tidal energy extraction using tidal stream turbines. Tidal stream turbines
extract power directly from the movement of tidal flows, generally in relatively shallow water in the
nearshore region or inter-island channels. This feature differs them from other types of tidal energy
capture such as barrages or tidal lagoons, which hold water to generate potential energy before
releasing it to generate electricity.

Tidal stream energy has huge potential as a source of renewable electricity generation, with an
estimated UK resource of 32GW and the estimated potential to supply 20% of the UKs electrical
demand by 2050 [5].

In contrast to other renewable energy sources such as solar, wind and wave energy, which can
be forecast on an annual scale, tidal energy has the advantage of a more predictable resource. Tidal
range and times can be calculated far in advance, and this offers the tantalising prospect that in the
future tidal power may be able to provide “base load” power, currently provided primarily by coal
and gas-fired power stations. Though the resource at a single site is cyclical and therefore cannot
deliver a constant power output, due to the differences in peak tide times, it has been suggested [6]
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that a number of interconnected generating sites offset around a coastline may be able to deliver a
sufficiently constant output or alternatively large-scale energy storage systems could be used [7].

Potential locations for the extraction of tidal energy exist around the world. Examples of such
sites include deep water sites around the Pentland Firth area to the north of Scotland, a number of
potential sites in the Bay of Fundy and Vancouver Island straits, and some Mediterranean tidal sites
around Sicily and Sardinia. All commercial developers of tidal stream energy envisage the
deployment of multiple devices arranged in arrays, conceptually similar to the deployment of wind
turbines in farms. Within arrays, the interaction of wakes and hydrodynamic effects is complex, and
the turbulent characteristics of a wake generated by an upstream turbine are known to affect the
performance of a subsequent downstream device.

1.2. Tidal stream turbines

Though a few alternative designs, such as oscillating hydrofoils [8], have been proposed, the
vast majority of current tidal stream energy device designs are turbines [9]. A range of turbine designs
have been proposed, including horizontal and vertical axis devices, and rigid, semi-rigid or floating
mooring methods. However, the majority of tidal stream turbines are horizontal axis turbines with a
rigid connection between the turbine unit and the seabed by a support structure. Our previous work,
published in 2015 [10] found that of 18 tidal energy devices which had undergone ocean tests, 12 took
the form of a horizontal axis turbine.

Due to the popularity of this form of device, this work adopted a horizontal axis turbine as its
subject. Due to its prevalence among such turbines which have been tested to prototype stage, we
decided to consider only the rigid seabed-mounted design of support structure. A typical example of
such a device, manufactured in this case by Andritz Hydro Hammerfest, is shown Figure 2. This
1MW rated device measures 22m from base to the centre of the blades, and has a blade diameter of
23m.

Figure 2. Tidal stream turbine (Andritz Hydro Hammerfest)

1.3. Aims

A turbine and its support structure govern the hydrodynamic flow field around the device,
including the downstream wake. Our previous [11] and other [12] work has studied the impact of
turbine wake on the performance of downstream devices, and has shown that that turbulent intensity
in the downstream wake (i.e. potentially the incoming wake of a downstream device in an array
setting) has an effect on performance. In some cases, increased ambient TI has been shown to reduce
turbine performance (e.g. [13]), but some studies also suggest that increased ambient TI can yield
small improvements in turbine performance (e.g. [14]). In the case of a moored turbine, [14] also
describes the significant effect of increased TI on the displacement of the turbine from its original
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location, which is clearly an important consideration in array design. Studies in ship propeller design
also suggest that in addition to absolute turbulent intensity, homogeneity is also important, and that
the generation of a homogenous wake across a propeller leads to improved performance [15].

This work aims to understand the impact of different support structure designs on the
performance of a device mounted on a support structure, as well as the impact on the resulting
downstream wake. This will be undertaken through the use of two support structure designs in
otherwise identical conditions.

1.4. Real Tidal Stream Case

Tidal array installation sites are typically located in channels of the order of 1km to 5km wide,
with a typical water depth of between 35 and 80 metres [16]. Sites with a mean spring peak tidal
stream speed of 2m/s or more [17] are potentially suitable for the installation of tidal energy devices,
though numerous further considerations such as seabed type, distance from major port or grid
connection, and tidal symmetry must also be considered.

In order to ensure replication of a suitable real case, this study used the proposed ScottishPower
Renewables Sound of Islay site as its basis. The location of the site is shown in Figure 3.

fffffffff
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Figure 3. Location of ScottishPower Renewables Sound of Islay site (Map data © OpenStreetMap
contributors, CC BY-SA)

The site lies between the islands of Jura and Islay in the Scottish Inner Hebrides, and the
proposed array comprises ten devices in four rows across the channel between the islands and the
mainland. Although the development of the site is behind schedule and the proposed layout may
change, the available data gives a useful insight into site conditions. Publically available data on the
Sound of Islay site [18] and Andritz Hydro Hammerfest turbine [19] gives flow data in Table 1.

Table 1. Data of Andritz Hydro Hammerfest turbine at Sound of Islay site.

Variable Value
Mean tidal velocity 1.2 m/s
Maximum tidal velocity 3.7m/s
Turbine rated power 1MW at 2.7m/s
Water depth at turbine location 48m

Turbine design speed (w) at rated power 11 revolutions/min
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This data was used to correctly scale the turbine models used during water channel tests. Full
details of the test cases and model design are given in Section 4.

In order to correctly replicate the real case during experimental work, realistic turbulence data
was also required. Turbulent Intensity (T1) describes the level of turbulence in a flow over a recording
period by calculating the ratio of velocity fluctuation to mean velocity for the u, v and w directions,
then combining the result. For a given point in the velocity field, the root mean square of the velocity
fluctuation time series, u’, is divided by the time-mean velocity, #, over the same recording period,
to give TI as a percentage. Turbulent intensity in the u direction, calculated from a sample of n
recordings of velocity fluctuation u” is given by:

\/(ul’)z + (W) + (ug)?+ -+ (uy')?
TI, = n

u u

1.5. Performance analysis

A turbine of the type illustrated in Figure 2 has a rotational speed of 11 rpm at its rated power,
at a flow velocity of u=2.7m/s. Rotational speed is used to calculate another important parameter in
turbine performance measurement: Tip Speed Ratio (TSR or A). A is the ratio of the tangential
rotational speed of a turbine to the flow speed in which it operates, and is given mathematically as:

Where w is the rotational speed of the turbine in radians per second, R the blade radius, and u
the fluid flow speed in metres per second. Using the data in Table 1, the A value of the Andritz Hydro
Hammerfest turbines at the Sound of Islay site at rated power is 4.91. For simplicity, A=5 was used
for all scale testing.

When turbine performance over a range of A values is known, A is commonly plotted against
turbine power coefficient (Cr) to give a turbine power curve. Power coefficient describes the ratio of
the power generated by a turbine in a given flow case (Pr) to the maximum theoretical power
generated in the same sectional area and flow case, as given by Pa. The maximum power in a stream
of fluid of cross-sectional area A, velocity u and fluid density p is calculated using the following

equation:
1
Pa=5pA u?
Thus giving Cp as follows:
C, = o
p P,

The maximum Cr for any turbine is restricted to 0.593 by the Betz limit [20], though no
commercial turbines are reported to have reached this value.

1.6. Support Structures

Two 1:72 scale support structure models were used in this study. The first structure, known as
S1, was based on that of the Andritz Hydro Hammerfest turbine illustrated in Figure 2. In reality, the
design uses three piled foundations to fix it to the seabed: one at the rear and two at the front. To the
rear is a large support leg (20mm diameter at scale), which is angled forwards at 45°. A vertical
support of 34mm height is mounted on top of the angled support, giving an overall height support
structure height of 250mm. The lower part of the angled post is supported by two smaller arms which
reach out to the sides. These arms are of 16mm diameter, 105mm length and their bases are 160mm
apart. A final section of 80mm length of 20mm diameter joins the main angled post to these front
arms.
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Our previous work suggests that the separation distance between the front face of a support
structure and the swept area of the blades may directly impact the performance of an otherwise
identical turbine [11], so a second support structure, S2, was designed to test this hypothesis.

With the aim of isolating this effect by minimising other changes, the second structure was
identical to the first apart from the addition of a 25mm diameter vertical post, located directly
upstream (22.5mm centre-to-centre) of the angled post. The separation distance between the support
structure front face and the blade swept area, which previous work appeared to suggest may be
important, was 42mm for S1 and 20mm for S2. The two support structure models as tested are
illustrated in Figure 4.

(@) (b)
Figure 4. Tidal turbine support structure model S1 (a). Tidal turbine support structure model
52 (b).
2. Results

2.1. Turbine power

Mean blade power over 12000 samples at A=5 was 0.163W in the S1 case and 0.170W in the 52
case, giving Cr values in the two cases of 0.259 and 0.271. However, since the difference between these
values is below the maximum power measurement error, no definite power output variation between
the two cases can be assumed.

2.2. Upstream and downstream wake tests

Data was recorded for three minutes during each test, giving 4500 velocity samples at 1 multiple
of blade diameter D, 3D and 5D upstream and downstream (see Figure 15). Due to processing
requirements, 4096 samples were analysed in each case, corresponding to 163.84 seconds of data.
After processing using the filter developed by Cea et al detailed previously[25], three-dimensional
velocity data was used to calculate turbulent intensity at each location.

2.2.1. Velocity

Velocity data for support structures S1 and S2 at 1D, 3D and 5D upstream and downstream are
shown in Figure 5. It was found that S1 and S2 case hub height upstream velocities at distances of
1D, 3D and 5D upstream were within 2% of each other. Downstream hub height velocities were very
similar at 1D downstream, and exhibited around 2% variation at 3D and 5D downstream. These
variations are within the range of error of the measurement equipment, so may be a function of
experimental error rather than the performance influence of the support structure. Error calculations
are given later.


http://dx.doi.org/10.20944/preprints201702.0102.v1
http://dx.doi.org/10.3390/en10040497

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2017 d0i:10.20944/preprints201702.0102.v1

7 of 22
0.19
—o 51 Velocity
--+--52 Velocity
0.18
A
B =
— 017 L // e |
K = . Vs gl e
-E. O =T N e .. o
Z - T // .
_S * \\“.‘ s .
¢ % 7
> »
2 016
0.15
0.14
5D downstream 3D downstream 1D downstream Turbine 1D upstream 3D upstream 5D upstream

Figure 5. Mean hub height velocity recorded at 1D, 3D and 5D upstream and 1D, 3D and 5D
downstream of turbine mounted on S1 and S2 support structures (4096 samples at 25Hz per point)

In order to investigate this further, velocity data was resampled into smaller data sets. Each 4096
point data set was split into four 1024 point data sets, as shown in Figure 6. The results which showed
the greatest variation between the S1 and S2 cases in the global average case were the 3D and 5D
downstream cases. The resampled data does not appear to support this, and illustrates that the
observed global average variations were caused by large variation in the first quarter of the 5D
downstream case, and the third quarter of the 3D downstream case.
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Figure 6. Resampled hub height velocity recorded at 1D, 3D and 5D upstream and 1D, 3D and 5D
downstream of turbine mounted on S1 and S2 support structures (1024 samples at 25Hz per point)
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Consequently, it appears that upstream and downstream velocity is unaffected by the
differences in support structure between the S1 and S2 designs.

2.2.2. Turbulence intensity

From the velocity data illustrated in the previous section, turbulence intensity was calculated.
This data, illustrated in Figure 7, shows that turbulent intensity in both the S1 and S2 support
structure cases decreases between 5D and 3D upstream, then increases to its 1D upstream value. In
the downstream region, turbulent intensity falls between 1D and 3D downstream, then rises slightly
again at 5D downstream. The upstream and downstream data in both cases appears mirrored about
the turbine, however the 52 case exhibits notably greater values of TL, with the difference between
the two cases greatest closest to the turbine location.
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Figure 7. Mean hub height turbulent intensity recorded at 1D, 3D and 5D upstream and 1D, 3D and
5D downstream of turbine mounted on S1 and S2 support structures (4096 samples at 25Hz per point)

In order to validate the use of mean values in the data presented above, turbulent intensity data
was also resampled to give four 1024 data point sets. This data is presented in Figure 8.
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Figure 8. Resampled hub height turbulent intensity recorded at 1D, 3D and 5D upstream and 1D, 3D

and 5D downstream of turbine mounted on S1 and S2 support structures (1024 samples at 25Hz per
point)

This data appears to suggest that, in contrast to velocity results, turbulent intensity is affected

by support structure, with the S2 design exhibiting greater TI values in both the upstream and
downstream regions.

2.3. Blade plane tests

Velocity recordings using horizontally-mounted ADV unit were undertaken along a vertical line
through the blade swept area (see Figure 16). With blades removed, a complete sample across the

blade region at 0.25D (62.5mm) spacing was recorded for the S1 and S2 support structure cases, as
illustrated in Figure 9.
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Figure 9. Mean flow velocity recorded at blade plane. S1 and S2 support structures, nacelle in place,
blades removed (4096 samples at 25Hz per point)

This figure shows similar mean blade plane time-averaged flow velocities between the two
support structures, though S1 does exhibit slightly higher velocities, particularly at the positions
207.5mm and 395mm above the channel base. However, variation between cases at these points is
below the 2% error threshold.

Blade plane turbulent intensity is illustrated in Figure 10. This data shows a maximum variation
of around 7% between cases, or a difference of around 0.5% TI, with S1 and S2 values at 332.5mm
above the base of 6.6% and 7.1% respectively. Turbulent intensity appears greater in the S1 case at
heights above the turbine swept area, and greater in the S2 case over the blade swept area, though it
should be noted that this data was recorded without the blades in place and illustrates only the
turbulent intensity generated by the support structure.
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Figure 10. Mean turbulent intensity recorded at blade plane. S1 and S2 support structures, nacelle in
place, blades removed (4096 samples at 25Hz per point)

To summarise the observed results, it appears that changing between support structures S1 and
52 has a negligible effect on flow velocity in both the upstream and downstream regions, as well as a
negligible effect on velocity across the blade plane. Turbulent intensity does appear to be affected by
the choice of support structure, with the S2 support structure generating greater hub height TI in the
upstream and downstream regions (up to 5D in each case). Across the blade plane T1 is also affected
by support structure, with the S1 case demonstrating greater intensity above the blade swept region,
and the S2 case generally greater within the blade swept region.

3. Discussion

Experiments conducted on 1:72 scale models of a tidal turbine with two different support
structure designs suggest that the variation in support structure design has an impact on the
turbulent intensity upstream and downstream of the support structure, and over the water depth at
the blade swept region.

The addition of a vertical upstream support post to a support structure based on a commercial
design was found to increase turbulent intensity at 5D, 3D and 1D upstream by 6%, 12% and 21%,
and downstream at 1D, 3D and 5D by 20%, 11% and 6% respectively. In the blade region, TI variation
of up to 7% between cases was recorded, with the addition to the structure of the upstream vertical
post appearing to increase TI above the blade swept region whilst decreasing it in the blade swept
region.

The observed increase in turbulence in the upstream and downstream regions due to the
addition of the upstream vertical element to the support structure is the most significant experimental
result of this work. It may be expected that the addition of the vertical post to the support structure
would add a level of complexity to the downstream wake generated by the support structure, and
thus may explain the additional turbulent intensity through the generation of more energetic
turbulent structures. Perhaps the most notable aspect of the results of this study is the propagation
of the turbulent intensity upstream. Although mean velocities are similar between the S1 and S2
cases, the increased TI suggests that the additional support structure element in the S2 case causes
greater velocity variation in the region upstream of the S2 support structure. This upstream
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propagation of velocity is possible due to the flow conditions which allow surface waves to occur.
The work described here was carried out with Froude numbers much lower than 1, meaning that the
wave phase velocity or celerity is greater than that of the flow, allowing surface effects to propagate
upstream. We believe that this effect transports the observed velocity fluctuation and TI upstream,
giving the results seen in Figure 7.

It is important to note that the geometrical properties of the support structure play a role in the
resulting turbulent environment. In this case, due to the diameter of the additional element, the
turbulent structures generated are relatively large and slow-moving, but in a different case where
added elements were smaller, the resultant turbulent structures would be smaller and would rotate
faster, creating a different turbulent environment. The resulting turbulent profile generated by any
tidal turbine support structure should therefore be carefully considered on an individual basis.

3.1. Limitations

Due to the limitations of working at scale, there are a number of effects experienced by real tidal
stream turbines which are not replicated in this study. These include waves, bathymetry, and tidal
ebb and flow directions. The last of these is of particular relevance to this study since tidal stream
turbines must rotate between each tidal cycle to face the oncoming tide. Since the support structure
is fixed to the seabed, the turbulent environment generated by the structure will be different during
ebb and flow cases. This study only considered one flow direction.

4. Materials and Method

4.1. Water Channel

The work described herein was conducted in the wave-current water channel at the LABIMA,
University of Florence, Department of Civil and Environmental Engineering (www .labima.unifi.it).
The channel is 37m in length, with a width of 0.8m and a maximum possible depth of 0.8m. For this
study, a water depth of 0.6m was used, giving a water volume of 17.76m3. This water depth was used
with a turbine base to tip height of 394mm (giving a height to depth ratio of 0.65, similar to the real
case of a 30m base-to-tip turbine in 48m water depth, which yields a ratio of 0.625). A bulk flow rate
of 74l/s was used throughout.

Blockage ratio (the ratio of the frontal area of a blockage object to the cross-sectional area of the
flow) is an important factor in the design of experimental models. Blockage ratios in previous
experimental studies were found to range from 2% to 16.6% [21-23]. In these cases, blockage was
calculated based on the total frontal area of the rotating turbine, including the entire swept area of
the blades. In some cases, blockage calculated based on static frontal area (i.e. the frontal area of the
blades was used instead of the swept area of the blades) was used, though those employing this
method were in a minority. Arguably, at the relatively low rotational speed of a tidal turbine, a static
blockage ratio may be appropriate, but due to the prevalence of the method in the literature, blockage
ratios in this study were calculated using the more conservative swept area method. Blockage ratios
for the work described herein were 10.2%. Blockage correction was not necessary in this study since
results were used only for direct comparison between the two support structure cases, which have
identical blockage ratios.

4.1.1. Measurement equipment

Bulk flow conditions in the channel were measured using a magnetic flow meter (Danfoss
MAGFLO MAG3100W and with MAG5000 output module) installed on the recirculation system in
a pipe manifold of 250mm diameter. Water depth was monitored using ultrasonic distance sensors
(Honeywell 943-F4V-2D-1C0-330E), positioned at 3.8m, 18.5m (1.65m behind the installation
position) and 35.5m downstream from the inlet of the channel. The location of measurement
equipment is given in Figure 11.
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Figure 11. Water channel schematic illustrating measurement locations (top), and photograph of

central region (bottom)

The ADV system (model Nortek Vectrino) used a sampling frequency of 25Hz, a sample volume
of 9.1mm and a transmit length 2.4mm. The 25Hz recording frequency was chosen to ensure that all
scales of flow structure would be captured, following the calculation of the turnover frequencies of
the smallest and largest eddies in the flow. The predicted size of the Kolmogorov microscales for the
planned experiments was 0.12mm, giving a turnover time of 0.09s and a maximum frequency of
11.1Hz. Measurements at 25Hz would therefore be able to capture the effects of even the most
frequent eddy rotations, and sampling at a greater frequency than twice the maximum eddy
frequency (i.e. greater than 22.2Hz in this case) assures that the recorded data will not be subject to
aliasing. The turnover time of the largest eddies was calculated to be 5.3 seconds, giving a turnover
frequency of 0.19Hz.

All ADV velocity data recorded during this work was filtered using Velocity Signal Analyser
software [24] and filtered using the cross-correlation filter developed by Cea et al [25]. This filtering
method was developed for use in turbulent open-channel conditions, and aims to retain the turbulent
kinetic energy and power spectra characteristics of the original data whilst removing data spikes. The
filter is based on the cross-correlation of 1, v and w velocities and analyses each sample independently
(i.e. flow acceleration is not taken into account), allowing the detection of multiple consecutive spikes
more easily than other filters.

After correlation of all data points within the set, replacement of spikes is undertaken. Three
methods are recommended for the replacement of data: Linear interpolation; the use of the last good
value; or polynomial interpolation. The linear interpolation method was applied in the present study
due to the simplicity of the method, though the maximum difference between resulting mean values
in the data illustrated in the empty channel velocity profile (Figure 12) when using either of the other
two methods was below 0.2%. The maximum difference between unfiltered mean velocity and
filtered mean velocity in the data illustrated in this figure was 3.26%.

4.1.2. Characterisation

Prior to testing, characterisation of the channel was carried out to verify the presence of a fully
developed turbulent boundary layer. Time-averaged velocity profiles, each made up of eleven
velocity recordings at 50mm vertical intervals between 50mm and 550mm above the channel base,
were recorded at multiple streamwise locations along the length of the channel.
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At each streamwise position, 4500 samples at (180 seconds at 25Hz) were recorded at each of the
eleven vertical locations. ADV specification and filtering methods were as described in the previous
section.

Results indicate that the flow is fully developed from around 10m downstream of the flume inlet
(as highlighted in Figure 11), and a location downstream of this was therefore selected as the model
installation location. For practical reasons, this was 16.85m downstream of the inlet. The velocity
profile recorded at this position is shown in Figure 12.

4.1.3. Similitude

The achievement of similitude in a scale model implies that the model is an accurate
representation of reality, and is commonly defined by three criteria: Geometric similarity, kinematic
similarity, and dynamic similarity. The first criteria is met in this study through the use of scale
models of a real tidal turbine, meaning that after scaling, the relative dimensions of the turbine and
support structure elements are the same. Kinematic similarity describes the scaling of the flow pattern
around an object, and is ensured by controlling the scaling of the flow field between the real and scale
models, though by achieving geometric and dynamic similarity this criteria is automatically
achieved.

Dynamic similarity describes the forces acting on the object, in reality and at scale, and requires
that the forces at similar points on each should vary by a constant scale factor. The important forces
to consider depend on the type of flow in question, but due to the low speed, low blockage ratio, free
surface case considered here, the Reynolds number Re is the most appropriate. Clearly, real case Re
values cannot be replicated at laboratory scale, but the requirement for a constant scale factor between
similar points on real and scale cases was achieved, with an Re factor of around 1200 between real
and scale cases. Viscous effects can also be assumed to be negligible, since water channel Re values
during this work were of the order of 40,000. Viscosity effects can be assumed negligible for Re values
above 2000.

600

500

)

B
(=]
(=]

300

Height above base (mm

100

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Velocity (m/s)

Figure 12. Empty water channel time-averaged velocity profile at turbine installation location (flow
conditions as described in Section 2).
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4.1.4. Turbulence-generating structures

The aim of the initial phase of testing was to ensure that the same level of ambient (i.e. at the test
location without a turbine or support structure installed in the channel) turbulence was present in
the water channel as reported in real cases.

Turbulence data was not available for the Sound of Islay site, but a study by Thomson et al [26]
used ADCP data to measure velocity at a number of proposed tidal turbine installation sites in the
Puget Sound, and thus calculated turbulent intensity. The study found mean T1 values of around 11%
at turbine hub height. In order to ensure correct scale replication of a real tidal installation site, our
study aimed to match this value at the hub height of the scale turbine.

Water channel turbulent intensity was calculated, as described previously, from velocity data
recorded using ADV positioned at 250mm above the channel base. Initial values of TI were around
6%. In order to increase T at the measurement location, two types of turbulence-generating structures
were installed upstream: Net structures occupying most or all of the cross-sectional area of the
channel, and macro roughness on the channel base. The net structures included blocks built into semi-
open walls and vertical bars (diameter 20mm). Base-mounted macro roughness was generated using
tubular structures of 27mm diameter and 100mm height.

A series of arrangements of these structures at various upstream locations were tested. Again
using ADV, velocity was recorded and thus turbulent intensity calculated at hub height at the turbine
installation location (though no turbine or support structure was installed during these tests). In each
test, data was recorded for a minimum of 60 seconds, giving a minimum of 1500 velocity samples in
each direction. These samples were then used to calculate fluctuation and mean velocities in each
direction, and therefore the value of TI for the case. In data sets recorded for longer than 60 seconds,
only 1500 samples were used. Results of these tests are given in Table 2.

Table 2. Turbulence-generating structures and installation positions during Phase 1 tests

Test Case Structures installed at downstream locations: Turbulent Intensity TI
Number 20D 15D 12D 10D 6D 5D at 250mm above base

1 Net 7.6%

2 Net Net 8.9%

3 Net Net Net 9.4%

4 Net Net Macro 13.2%

5 Net Net Net Macro 14.5%

6 Net Net Net Net 9.0%

7 Net Net Net Net 8.7%

8 Net Net Macro Net 12.8%

9 Net Net Net Net 7.8%

10 Net Net Net Net Net 9.9%

11 Net Net Net Macro Net 11.1%

Test 11 gave the closest result to the real case TI values recorded by Thomson et al, so this
arrangement was used for all subsequent turbine tests. A full turbulent intensity profile (again
without a turbine or support structure in place) recorded at turbine installation position is illustrated
in Figure 13.
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Figure 13. Turbulent intensity profile at turbine location (case 11) without turbine.

4.2. Tidal Turbine Models

Having established a suitable turbulent regime within the water channel, the study set out to
ascertain the influence of two turbine support structures on the performance of a turbine mounted
on them.

4.2.1. Universal turbine model

A single turbine unit was used for all experiments, in order to ensure that the only change
between cases was the support structure. The turbine blades were driven rather than allowing the
turbine to rotate in the flow of water. This method has been employed in previous successful turbine
model tests by others [22, 27], and avoids problems associated with frictional losses in such small
scale systems, which in a non-driven case can be greater than turbine generated power.

The drive motor (Como 918 series with 1:100 gearbox) was mounted above the system, out of
the water, and connected to the blades by a 90° gearbox in the nacelle by a vertical shaft extending
through the top of the turbine body. Power calculation was as described in Section 4.2.2.

The nacelle design was based on the scaled geometry of a real turbine design, and has a length
of 130mm and a major diameter of 38mm, tapering to 23mm over the rear 25mm of the length.

In order to minimise the overall cost of the project, a simple fixed pitch twin blade was used.
The overall blade diameter was 250mm, with each blade having a length of 118mm, root and tip
chord lengths of 17mm and 13mm respectively, and root and tip twist angles of 46° and 19°.
Maximum chord length was 25.5mm, at 50mm from the blade root. Rotation direction was anti-
clockwise when viewed from downstream. The turbine, blades and drive system connection are
shown in situ in Figure 14.
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Figure 14. Universal turbine model in situ during an S1 test

4.2.2. Performance Measurement

A novel method, developed during previous work [11], was used to calculate the power and
thus torque generated by the turbine blades during tests.

The turbine was driven using an electric motor during all tests. The power generated by an
electric motor can be calculated from its voltage (V) and current (I), using the simple equation

P=1V

By using a fixed voltage power supply (Rapid Electronics 1902) and a current measurement
module (Hobbycomponents ELC-05B), these values were recorded during each test, thus giving the
power required to drive the turbine in a given case.

In order to isolate the power generated by the turbine blade, and to exclude the portion of the
supplied power required to overcome drive system and other losses, each test was conducted twice:
Initially with blades in place, and subsequently with the turbine blades removed. Power recorded
during each test was recorded over the duration of the test, and the mean value calculated in each
case, named Payps (motor power with blades) and Paypng (motor power without blades).

In order to set rotational speed w and tip speed ratio A, an optical encoder (Avago 500CPR) was
mounted on the turbine drive shaft. Data from both the encoder and the current measurement
module were recorded using a LabJack U12 data acquisition module at a frequency of 50Hz.The same
value of w was used in both cases, but the required motor power to drive the turbine was lower in
the case with blades, due to the power generated by the blades. By calculating the difference in motor
power between the two cases, the blade-generated power (Ps) could be isolated:

Pp = PappNB - PappB

4.3. Experimental Methodology

The first phase of work in this study involved the use of turbulence-generating structures in the
water channel to create a realistic turbulence environment for further studies. Results of these tests
are given in Table 2. Following this initial study, a series of turbulence-generating structures giving
a turbulence intensity of 11.1% at 250mm above the channel base were used for all future studies.
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The bulk of work in this study involved capture of simultaneous flow and turbine power
recordings. Flow data was recorded using ADV, and turbine power data using the encoder and
power measurement method described previously. A series of tests were carried out to find any
differences between the two support structure cases.

4.3.1. Turbine power

Power generated by the turbine in both the S1 and S2 support structure cases was measured.
Flow velocity at the turbine hub height was 0.14m/s, as shown in the velocity profile in Figure 12. To
meet the required test tip speed ratio of A =5 the turbine was driven at a rotational speed of 5.6 rad/sec
(53 revolutions per minute). In both cases, motor current and rotational speed were recorded at
100Hz, giving 12000 data points for each measurement over each two minute test.

4.3.2. Upstream and downstream wake tests

The first set of tests were carried out with the aim of highlighting any differences between the
upstream flow pattern and the downstream wakes between the two support structures. ADV data
was recorded at three downstream and three upstream positions, in the horizontal centre of the
channel at turbine hub height (270mm above channel base), as illustrated in Figure 15.

Figure 15. Upstream and downstream ADV measurement locations during wake tests.

4.3.3. Blade plane tests

A second set of recordings were carried out using the ADV mounted horizontally to record flow
data at a series of vertical positions on the swept plane of the blade. Tests were carried out both with
and without the turbine blades in place. Data was recorded at seven positions in the case without the
blades, and four positions in the case with the blades in place (since it was not possible to position
the ADV unit close enough to record data in the centre of the blades without the blades colliding with
the ADV head). The locations used are illustrated in Figure 16.

(a) (b)

Figure 16. ADV measurement locations during blade plane tests with blades (a). ADV measurement

locations during blade plane tests with blades (b).
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The water channel with turbulence-generating structures, measurement equipment and drive
system, support structure and turbine all in place, is illustrated in Figure 17.

Figure 17. Central section of water channel with turbulence-generating structures, turbine and

support structure, and all measurement equipment in place.
4.4. Errors

4.4.1. Power measurement errors

When the method described in this paper is used, the deduction of Papps and PappNB in order to
calculate the overall turbine-generated power Ps removes the influence of any power losses within
the motor and drive system, since these losses would be almost identical in the two cases and would
therefore cancel out. However, there are two further sources of potential errors in turbine power
measurement in this study.

The first would occur if additional bearing loadings were applied in one of Pays or Papns cases
but not the other, thus not being cancelled out during the calculation of Ps. It is possible to imagine
that the presence of turbine blades in the Pays case may cause such a situation, so an attempt to
ascertain the influence of these loads on the power calculation was undertaken. Tests were performed
to measure the minimum power required to drive the turbine with and without the blades in place,
under otherwise identical conditions. These tests were carried out with the turbine and drive system
installed in the water channel, but without water in the channel, by driving the turbine at a relatively
high speed, then reducing the applied power until the minimum power required to sustain rotation
was found, thus ensuring the measurement of dynamic loading. Variation in minimum power to
achieve rotation of the turbine with and without blades was found to be 0.002% of Ps. Since this value
is below the threshold of accuracy of the measurement equipment, it was thus deemed negligible and
system power loads were henceforth assumed to be identical in the two cases.

The second potential source of power measurement error stems from any misalignment of the
turbine drive shaft. The potential for error due to this was estimated based on the maximum
misalignment possible while a spirit level (used for driveshaft alignment) indicated that the shaft was
vertical. When misaligned by 1mm between top and bottom, the level indicator appeared at a glance
to show that it was vertical, however when misaligned by 2mm the level indicator clearly showed a
misalignment, giving a conservative maximum value of maximum misalignment of 2mm.

In order to quantify this in terms of power applied to the turbine, motor position was moved
2mm in the streamwise direction from a position used for previous experiments (and therefore
believed to be correctly aligned). The power required to rotate the turbine with blades in place at the
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same speed as previously was found to be 9% greater. Total maximum error in power measurement
was therefore assumed to be 10%.

4.4.2. Velocity measurement errors

ADV measurement accuracy is quoted by the manufacturers [28] as 1% in optimal conditions,
though studies [29] have suggested that in sub-optimal conditions and near-bed regions errors of the
order of 5% can be seen. Signal-to-noise ratios (SNR) and correlation were monitored in this study to
ensure velocity data accuracy. Mean SNR values were around 18dB, and correlation in all cases was
greater than 95%, suggesting that velocity measurement errors away from the near-bed region should
not exceed 1%, or 2% in a worst-case scenario when results from two cases are used.

5. Conclusions

Turbulent intensity has numerous impacts on a tidal turbine, for example turbine performance,
structural loading, and displacement of a moored turbine. The turbulent region generated around a
tidal turbine is therefore of critical importance to a device developer seeking to achieve maximum
performance at both device and array scale.

e Support structure design can have a significant effect on turbulent intensity in the region up to 5
rotor diameters downstream of a turbine.

e Support structure design can also have a significant effect on the region up to 5 rotor diameters
upstream of a turbine, in cases where wave phase velocity is greater than flow velocity.

e Support structure design does not appear to have a significant impact on flow velocity
upstream or downstream of the support structure.
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