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The Impact of Turbulence and Turbine Operating Condtion on the Wakes
of Tidal Turbines
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G Germain and B Gaurier
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ABSTRACT

Before initiating a study on the interaction of tple wakes, it is imperative that turbine
wake hydrodynamics are studied in isolation. Irs thaper CFD computer simulations of
downstream turbine wakes have been run using &-sesblving hybrid turbulence model
known as a detached eddy simulation. To allow wilich of the CFD simulations the
computer models were supported by flume measurametit a lab scale tidal stream turbine
run at three tip-speed ratios and three turbulenoeéitions, varying both turbulence intensity
and length-scale.

From the study it was demonstrated that turbulemessity has a significant impact on the
wake development for both recovery and width. Tirbulence length scales of between 0.25
and 1.0 rotor diameter did not have a significampact on the wake.

The turbine operating condition also had an impactthe resulting wakes. In the near
wake, centreline velocity recovery was found ta@ase with increasing turbine thrust due to
flow being diverted towards the turbine naceller Bovolumetric averaged wake, greater
power extraction was found to cause the greatestwwake deficit. Wake width was found to
increase with increasing tip-speed ratio (and floeeeturbine thrust).

Keywords: Turbine Wake characteristics, Turbulence, Tip dp@do, CFD modelling,
Experimental analysis.

1. INTRODUCTION

As with many industries reliant on the exploitatioinfluid flows, the tidal stream turbine
industry has used a combination of humerical modgkhnd scale testing in order to reduce
the financial risks involved in installing full-seaturbines at tidal sites [1-5]. Much of the
numerical modelling of tidal turbines has examirgediverse range of factors from blade
design to flow-misalignment to ambient turbulenod &eir impacts on turbine performance
[2, 3, 5]. Largely due to the computational costsagiated with large, detailed models of
turbines, the majority of this work has concentlatn the performance of individual,
isolated turbines. In order to most effectively lexthe tidal stream resource, which is found
in areas of limited geographical extent, tidal in€s are expected to be deployed in arrays,
and the close proximity of turbines to one-anoihdahese arrays has the potential to lead to
interactions between them. In contrast to the wihd,tidal resource is highly predictable in
both speed, direction and temporal variations [Hjerefore, there is more potential for
optimisation in the array layout of tidal streamrbines, by minimising detrimental
interactions and maximising positive interactioretween the turbines. In order to achieve
this end, it is crucial to improve the current ursi@nding of the physical processes occurring
in the wake of tidal stream turbines by exploringaivfactors influence the size and shape of
the wake, and what is the nature of the turbullent fn the wake region. Knowledge of this
will inform array layout, allowing the right comproses to be made in order to maximise
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energy extraction whilst reducing turbine loadingd acapital costs, and minimising any
potential impacts that turbine arrays might havetlo& wider environment. This can be
achieved by building confidence in a numerical niadeturbine wakes through validation
against flume experiments and/or full-scale modamtsl prototypes. These models can
subsequently be used to explore a wider range mditons experienced by the turbines to
increase understanding of the interaction of wak®d turbines, leading to optimised array
designs. To date, most modelling of tidal turbirekes has been conducted using Reynolds-
Averaged Navier-Stokes (RANS) turbulence modelsatex methods [1], however, these
have been shown to overpredict the extent of thkewahen compared to experimental
measurements [6, 7], demonstrating the need fdfeaeht approach.

1.1 Wakes of isolated turbines

Early work on wake development was conducted bysdrosann [8] and Jensen [9].
Frandsen et al. [10] adapted the work of Jensenagpptied it to arrays of offshore wind
turbines. The ‘top-hat’ profile, which underestimstwelocity deficit at the centre of the wake
and overestimates it at the wake edges, was replacBastankhah and Port’eAgel [11] with
a Gaussian profile. Lam and Chen [12] combinedlar@mentum theory across an actuator
disc with flume measurements from Maganga et &] {& develop analytical equations for
the prediction of the axial velocity deficit and iateral distribution downstream of a tidal
turbine which were later adapted to include theaf of the turbine hub and predict the
region of “double-dip” wake deficit seen in the neake region [14]. The improved
equations showed good agreement with measuremexats by Mycek et al. [15]. One of the
earliest studies of the wake of a tidal turbine wasducted in a flume experiment by
Maganga et al. [13]. They found that the turbuleimtensity (T1) had a significant effect on
the length of the wake.

Early numerical studies sought to reduce computatiexpense through the use of porous
discs to simplify the geometry of a turbine, whistl producing a wake. Models have been
presented by Harrison et al. [16], Malki et al.][&Rd Bai et al. [18], amongst others, which
all combine an actuator disc approach with RANS=tdaSFD modelling for the flow field
around and downstream of the disc. These steatly-stadels however fail to capture the
transient effects in the near wake. Attempts to entde actuator disc model more closely
match a physical turbine have been made by Nishimd Willden [19], to account for
turbulence from the turbine blades, to more acelyaeproduce the near wake mean flow.

Measurements have been made in the wakes of actdistts [20] and in some cases
behind individual turbines [13, 21, 22]. The work Maganga et al. [13] showing that an
increase in Tl causes faster wake recovery, wasiromd by Mycek et al. [21], who
concluded that, whilst an increase in ambient Ty tvad a limited effect on the mean power
coefficient (&) and thrust coefficient ({J, the wake was “deeply influenced” by the
upstream turbulence, and that the “wake shapetHesgd strength largely depend on the
upstream turbulence conditions”. Investigationso ithie turbulence produced in the near
wake (between 1.5 and 7 diameters downstream abtbe) were made by Tedds et al. [23]
who noted that the rotation of the turbine bladesduced significant anisotropy into the
turbulence, and suggested that numerical modelshat@ly on the assumption of isotropic
turbulence may struggle to accurately reproducdilthe

1.2 Interactions within small groups of turbines

As with studies on the wakes of single turbinescimaf the initial research into blockage
effects used actuator discs, either experimentallysing (Blade Element Momentum-CFD)
BEM-CFD models [19, 24]. Turnock et al. [25] usedaapled BEM-CFD model to examine
the effects of turbine separation both laterallg dongitudinally. They found that a lateral
spacing of 2 turbine diameters provided the higpester output from a row of turbine. This
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has been supported by other studies using a BEM-QEihod [18, 26] and with full-rotor
RANS CFD [27]. These studies found that laterakcspaof 25D [18] (whereD represents
the diameter of a turbine) an® 226, 27], gave the higheskr turbines in this row. It was
also found that a second row of turbines shoul@tbleast ® downstream of the first row
and staggered for the best overall performance [27]

The effects of lateral and longitudinal spacingtha wakes of tidal turbines has been
studied by Stallard et al. [28]. The study foundttfor lateral spacing3D, the wakes of the
individual turbines are unchanged from the casanakolated turbine, but for spacing<®D
the wakes from the individual turbine merge to farne single wake by downstream of
the rotors. Another study, this time using PIV meament techniques, demonstrated the
complex nature of turbine interactions within amagr[29]. This found that the lateral
spacing between turbines effected the array céamereVake recovery, potentially having a
detrimental impact on downstream turbines. Fietdst®of multiple turbines have also been
conducted to examine the interactions between riagbiand the dependence on turbine
spacing by measuring the change indQe to the presence of a second turbine [30]. The
study examined both lateral and longitudinal spg@htwo identical turbines, finding that
lateral a spacing of2 produced a performance increase of up to 6%. Dulket@estrictions
on the towing rig used, a maximum longitudinal spgof 6D was measured, which revealed
a 59% reduction in performance, However, when thergtream turbine was offset bybD
or 3D from the centreline of the upstream turbine, noatieg effects were observed, giving
an idea of the effective width of the wake.

Other studies have examined the rate of wake regobehind the turbine, both
numerically and experimentally [6, 13, 31, 32]. Bwaing the length of the wake’s feeds into
considerations of longitudinal spacing of turbineghin arrays. An increase in ambient
turbulence causes faster wake recovery [13, 2B533Hence the position of a downstream
turbine will be dependent on the wake-length andthwvof an upstream turbine. However, the
characteristics of the turbulence is also importf®, 32]. As mentioned above, the
anisotropy in the wake induced by the turbine g, 37] has been investigated in the context
of arrays [27, 36] and found to have notable inflte

2 WAKE ANALYSIS METRICS

The length, width and characteristics of a wakedmgendent on the shape of an object in
the flow [38], the nature of the flow and the fluidelf. The wake induced by the presence of
the object is a region of slower moving fluid wititreased turbulence when compared to the
free-stream (Figure 1). Mixing takes place betwdenhigher velocity free-stream and the
lower velocity wake, and the associated changeamantum causes the wake to gradually
return to the same velocity as the free-streams ihknown as wake recovery. Just behind
the object, the lower velocity wake and higher e#lofree-stream regions are distinct from
one another, separated by a thin, highly shearet;|l8ow recirculation is often observed in
this near wake region. As the fluid progresses ditkgam, momentum exchange takes place
across the shear layer, leading to wake recovéipgaplace from the outside towards the
centre. At the same time, the shear layer becomelset, extending outwards into the free-
stream and inwards towards the centre of the walkdlst simultaneously decreasing in
strength. The overall area affected by the wakeies wider, but the strength of the wake
itself (the velocity deficit) decreases. At soménpaownstream of the object, the shear layer
reaches the centreline of the wake. Beyond thistptiie flow is still affected by the presence
of the object upstream, exhibiting increased twehoé and a remaining velocity deficit, but
the bounds of the wake become less defined. Evigntuary far downstream of the object,
viscous effects will damp down and dissipate ampai@ing turbulence and the wake will
continue to recover, until it is indistinguishalfilem the upstream flow.
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This qualitative description of a wake will be rgogsed by flow physicists, but in order to
compare wakes, quantitative metrics must be deeeloglearly, an area of reduced flow
velocity and increased turbulence has the potetdianpact downstream turbines through
reduced flow velocity and increased turbulence. [g¢¥hihe importance of being able to
guantify both the strength of the wake as well fas gize of the region it affects is clear,
developing quantitative metrics by which to do tisisnore difficult. Developing quantitative
metrics is difficult because of the highly turbulerature of the wake, meaning that the width
and length can fluctuate with time [39].

High velocity
free stream

Low velocity
core region

Expanding
shear layer

Figure 1: A schematic of the wake description. Flow directi®from left to right.

2.1  Wake length

In general, wake recovery occurs at a higher matdhe near wake, where the difference
between the velocities of the wake and the fresastris greatest, and the exchange of
momentum is most effective. As the wake and freeast become more similar to each
other, the effect of momentum mixing reduces, drarate of recovery decreases and the
wake velocity approaches that of the free-streananinasymptotic manner. For practical
measurements of wake length, it is necessary dalkelocity threshold where it can be said
that the wake has ‘recovered'. The choice of thlecity threshold is essentially arbitrary,
but for the purposes of this work, a 90% wake recpy10% deficit) is used. The paper will
use terms that are ubiquitous to the subject maditgrthe authors will define some of the
terms next for clarity.

211 Centreline velocity recovery

The simplest, and most widely used, method of diyamg the length of the wake is by
analysing the recovery of the time-averaged axé#baity along the turbine centreline. This
has the advantage of being easily extracted frod @Bdelling or measured experimentally.
However, it only provides information about the treline axial velocity, and does not
contain any information about the distribution elacity in the wake region - information of
critical importance to turbine and array developérsaddition to this, wake recovery occurs
from the outside towards the centreline, meaningt tbentreline measurements can
potentially under-estimate the level of wake recgvance the turbine blades are located
some radial distance from the centreline. Using thfiormation alone could lead to a turbine
developer using an unnecessarily large downstrgeuirgy for the layout of a turbine array,
reducing the amount of energy which can be extdafriem a site of limited geographical
extent.
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2.1.2 Volumetric averaged velocity

To account for the distribution of flow velocity lned the turbine, the volumetrically
averaged velocity has also been used. This isemaeighted estimate of the time-averaged
axial velocity through the swept area of the tuebifhis was recorded at regular intervals
downstream from the turbine and has been shownvi® @ better estimate of the energy
available to a downstream turbine [6]. This isi&ivto extract from CFD data; the time-
averaged velocity is integrated over the swept afetihe turbine at different downstream
stations. However, due to the time required to maleasurements in a flume, these were
only taken on a horizontal plane. To obtain ameste of the volumetric flow over the swept
area of the turbine, a shell (or disc) integratiwas performed on the measured velocity
profiles, following the procedure used by Mycekaét[21]. The same procedure was also
carried out on the CFD data to provide comparatgailts.

2.1.3 Wake width

Initially, a turbine wake is approximately as widethe turbine rotor itself. However, as
the wake develops downstream, mixing takes platedsn the high-velocity free-stream,
and the lower velocity wake region, causing a laykesheared flow. Initially this shear is
high and the shear layer thin, but as the wake Idpsgethe thickness of this shear layer
increases, and the velocity gradient (shear) dsesealhis simultaneous change in both
thickness and strength of the shear layer maka@salesdefinition of a wake difficult. This
difficulty is only compounded by the fact that tivebine wake may meander in time [33, 35].
Therefore, three different methods have been pexpasid used in the analysis of turbine
wakes in this paper:

1) a width metric based on the point of maximum-shear,
2) a width metric based on a fixed velocity threshalal
3) a width metric based on a full-width half minimunetinod.

All three methods have been designed to be implesddor measurements of time-averaged
axial velocity in a rake parallel to the plane lod turbine rotor.

2.2 Wake width based on the point of maximum-shear

In this case the position of the edges of the wakkefined by the point of maximum-shear
which is defined as the position with the greatast of change in the time-averaged axial
velocity in the cross-stream direction. As shownFigure 2, the wake width is then the
distance between the points at which this sheamsximum.
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Figure 2: Wake width: the maximum-shear method.

2.3 Wake width based on a fixed velocity threshold

For array designers, a more useful definition okevavidth may be the width of the region
with a velocity deficit above a certain threshald, 90% wake as stated earlier (Figure 3). As
the wake recovers from the outside inwards duda¢ontixing of momentum from the free-
stream, it is expected that the wake width will réese as it develops downstream of the
turbine. Once all of the wake has recovered to nioma 90%, the wake width will become
zero [40].

1.1

—
I

T wake width

\\i:
R e nrht CEE TP CEPP R

A

threshold =
Uoo /
/

normalised stream wise velocity
=)
-~
T
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|

| | | |

|
2 —-1.5 -1 —0.5 0 0.5 1 1.5 2

cross stream direction 2:/D

Figure 3: Wake width: the fixed velocity threshold method.

24 Wake width based on the full-width half-minimum of the velocity deficit

A third approach, which recognises that the widththe region affected by the wake
increases even as the velocity deficit decreasetakien by a width measurement metric
based on the idea of a full-width half-minimum (frig 4). The full-width half-maximum is a
concept often used in statistics and signal pracgs® analyse the width of a peak. This
method is also a velocity threshold, but the thoeslat a particular downstream position is
chosen as half of the maximum velocity deficit laattdownstream position in the wake,
rather than being a fixed proportion of the freeatn velocity. Once half of the maximum
velocity deficit has been calculated, the widtltadculated as the cross stream extent of the

wake which has a velocity deficit equal to thisual
1.1 T T

normalised stream wise velocity

-2 —-15 -1 —0.5 0 0.5 1 1.5

cross stream direction x/D

ot
[\
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Figure 4: Wake width: Full-Width Half-Minimum (FWHM) method.

3 TURBINE AND EXPERIMENTAL SETUP

The turbine used for this work was a 0.5 m diam#tere-bladed, horizontal axis design,
with blades based on a Wortmann FX 63-137 seciite. blades have a twist of 30° from
root to tip and were attached to a 100 mm diamatérvia root stubs and grub screws. The
details of the rotor geometry and outputs has beported in detail elsewhere [6, 37, 41-44].
The turbine nacelle was 763 mm long and a maximiamekter of 160 mm. The turbine hub
is directly connected to a Bosch Rexroth type MSIE-B035 synchronous torque motor
which is housed within the nacelle along with @ giling, and associated electronics for
control and instrumentation. Electric power and ssencables are routed out of the
downstream face of the nacelle. The motor torque maasured via the electrical current
required to either drive or brake the turbine. &bthe experiments detailed in this paper, the
constant rotational velocity mode was used, reptigathe constant rotational velocity used
in the CFD study. The turbine assembly is suspenawter water by means of a 71 mm
diameter stanchion.

3.1 Sensors, data recording and instrumentation

The turbine was designed for physical testing t@asuee loads on, and power output of a
turbine, with a specific focus on condition moniibgy [44] but has also been used for work
investigating the impact of misalignment [45], aswdface waves. Data acquisition (as well
as turbine control) was carried out using a Nafidnatruments PXle-8135 embedded
controller and PC. A sample rate of 200Hz was usdudch allowed 41s of data to be
sampled. This gives a sample rate identical toftbat the CFD simulations, with data being
sampled over a similar amount of time to the 5Gafated numerically.

3.2 Uncertainty analysis

Uncertainty analysis was conducted for the turlpagformance characteristics op,CCr
and G. Detailed uncertainty analysis used in the comionssg of the turbine are provided
by Allmark [44]. When collecting the data for thevger curves presented in this paper, the
upstream velocity was not simultaneously measubed, characterised before the tests.
Subsequently the flume pump set-point used in thlkewneasurements was used. Hence, the
reference velocity used for the calculation ¢f Cr and G was based on a mean velocity.

3.3 Flume description

Testing was carried out in the flume facility ofetinstitut Francais de Recherche pour
I'Exploitation de la Mer (IFREMER) in Boulogne-shter. A description of the flume can be
found in [21]. This recirculating flume has a war§isection 4m wide, 2m deep and with a
useable length of approximately 18m. It is capaiflélow speeds of 0.1-2.2rts but for
turbine testing was only used to a maximum of 1:5ms

3.4 Flow measurement techniques

Flow measurement was made using a 2D DANTEC Fib@wLtwo-axis Laser Doppler
Velocimeter (LDV) system and calibrated +0.001'm$he LDV system was attached to a
2D traverse and allowed the measurement procedure automated in the cross stream and
vertical directions. The measurement positions tameés were pre-programmed, allowing
measurements to be made for one downstream statiarplane perpendicular to the turbine
axis), before being moved to the next downstreasttipa with errors of the order of £5 mm.
Relative position errors in the cross-stream dioacivere of the order of £1 mm.

3.5 Flow conditions
Flume testing was conducted in three stages. Hagle sought to examine the wake under
three different types of flow condition; a low tutbnce condition (1.75%), obtained using all
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available flow-smoothing at the tank, and two tests which used grids constructed of
aluminium frames and marine plywood and placed repst of the turbine to induce

turbulence (Figure 5). The dimensions of the gfad®wed those used by Blackmore et al.
[46]. In their study length scales of between 0:1882 m were achieved, approximately
0.35-1.5 times the diameter of the turbine rotad&d in this paper. Using grids about which
data had already been published allowed an esomaii the Tl and length scales to be
expected before going to the flume. The grids vilestalled by fastening it to the base of the
flume and an I-beam above the surface of the water.

Figure 5: The fine grid installed in the IFREMER flume, vietvfom downstream

Before installing the turbine in the flume, the wWlodownstream of the grid was
characterised. This was done via a sequence of @ssurements in the centre of the cross
sectional area of the flume. These were carriedfmuf000s each, in order to obtain high
confidence in the higher-order statistics. Plotsvghg velocity, Tl and integral length scale
(L1) with distance downstream of the grid are showRigures 6a-c respectively for the fine
grid, and 6d-f for the coarse grid. Error bars hagen omitted from these figures for clarity,
as in all cases 95% confidence intervals weretless 0.5% of the values shown. The figures
for the fine grid show that the velocity behind tyd increases with downstream distance
(most likely due to the near-grid velocity beindeated by the position of individual bars,
with this effect becoming less influential as doweam distance increases), Tl decreases
with downstream distance, showing the dissipatibtudbulence, and integral length scale
tends to increase, indicating the dissipation ef ghorter length scales with time. Based on
the analysis of flow development behind the grigl,veell as consideration of the space
required to carry out wake measurements, the tartomtor was placed at 4m downstream of
the fine grid.

The figures for the coarse grid show similar tremdsthat of the fine grid, albeit as
anticipated with a higher Tl and greater turbulelecgth scale. No measurements were made
closer than 5m from the grid, as the Tl was meastwebe over 30% at this point. The
turbine was placed 9m downstream of the coarse gsithis was the greatest distance that it
could be placed from the grid, whilst still leaviagough space downstream of the turbine for
wake measurements.

Once the centreline measurements had been madineundrbine position chosen, flow
uniformity across the swept area of the turbine assessed by re-measuring at the chosen
position on the flume centreline, as well as +0.2Bmboth the horizontal and vertical
directions, at the limits of the turbine swept afeach of these measurements was made for
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500s and show the flow to be reasonably unifornosscithe turbine swept area, with the
integral length scale being approximately thathef turbine rotor radius behind the fine grid
and that of the turbine rotor diameter behind th&se grid. Turbulence generated from these
grids can be expected to be largely isotropic lfie tertical and transverse directions). It is
worth noting that turbulence at potential tidalesitis unlikely to be isotropic [47 - 50],
however, the specific turbulence characteristidsb@ specific to individual sites and would

investigated

in detail.
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Figure 6: Flow characteristics downstream of the fand coarse grids, measured at the centre
of the cross-sectional area of the flume.

For the test conducted in the low turbulence caonist without any grid, vertical profiles of
axial velocity and Tl were made across the regibene the turbine was present. This showed
the velocity to vary by +1.5% and the Tl 2% across the diameter of the turbine, indicating
a low turbulence, highly uniform flow. A summary thie flow conditions and tip-speed ratios
for which wake measurements were made can be sé@able 1.

Table 1 Test flow conditions at the turbine rotosipion.

Grid None Fine Coarse
Distance from grid / m n/a 4.0 9.0
Velocity / ms™ 1.5 1.02 1.03
1D Turbulence intensity / % 1.75 11.7 17.5
Integral length scale / m 0.5 0.19 0.43
2.5 X X
Tip-speed ratios tested 3.65 X X X
4.5 X X

4. CFD METHODOLOGY

4.1 CFD setup, geometry and boundary conditions

The work contained within this thesis was conduaisthg the commercial CFD code
Ansys Fluent. Fluent uses a finite volume methadstdving the continuity and momentum
equations for fluid flow. Flume-scale simulationsre carried out using Fluent 18.0 on HPC
facilities at Cardiff University.

Simulation of the rotating turbine was achieved aialiding mesh scheme as used by
Morris [37]. This involves the creation of two sep@ domains, with two independent
meshes. For the turbine, a cylindrical domain igat#d within the main domain,
encompassing the rotating parts of the turbines Thlinder is then physically rotated with
each timestep, in accordance with the pre-deteniogational velocity. The mesh of the
rotating domain and the main domain are not neagssanformal, and the two meshes slide
past each other at the mesh boundaries. This schkomes for flow interactions between the
turbine blades and stanchion and allows theseaitkractions and the resultant wake to be
evaluated.

The turbine was suspended in the centre of theseestional area of a flume, with a width
of 4 m and depth of 2 m, giving a blockage ratiotbsbine swept area of approximately
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2.5%. The CFD domain extended 1.5 m upstream ofrtbar, and 7.5 m downstream,
representing a modelled domain of from z/D = -2/{d = 15. The upstream domain boundary
was set as a constant velocity inlet with specifigthulent conditions, including the addition
of synthetic turbulent perturbations. Inlet turbnde was specified via turbulence intensity
and a length scale, described by Ansys as repiegettte length scale of the turbulence
features containing the most energy; similar todegnition of the integral length scale [46].
Production of turbulence perturbations using theshud is based on a Biot-Savart rule, and
1000 seed vortices were chosen, in keeping withAtieys recommendation that the number
of seed vortices should be approximately % the rarrabcell faces at the inlet.

The downstream domain boundary was a constantyseebsundary with a gauge pressure
of 0 Pa. A zero-shear condition was applied to dipper domain boundary rather than
representing a free surface, in common with otberblockage numerical simulations. All
other boundaries (both flume walls and turbine)emeeated as stationary no-slip walls, using
the default roughness coefficient of 0.5.

A comprehensive mesh independence study was camiebly varying the mesh densities
in the area immediately around the turbine rotoe, nacelle region, the wake region, and the
surrounding volume of fluid. The resulting mesh teamed a total of 11.38*10”6 cells and is
detailed in [51].

4.2  Turbulence model

To date, the majority of numerical research onltidebines and their wakes has been
conducted using RANS turbulence models. These madebgnise that, for most engineering
flows, users are more interested in the time-awestagalues of flow variables such as
velocity, than the instantaneous values. RANS nwdek based on the idea that the
instantaneous value of a flow variable, e.g. vé&yoaan be represented by its mean and a
fluctuating component. This process is known asnRlels decomposition, and is represented
mathematically in equation 1, whddes the time-averaged flow velocity, aodt) represents
the fluctuating component of velocity.

ut) =U+u( (1)

The Reynolds-decomposed variables are then substitunto the incompressible 3-
dimensional Navier-Stokes equations. This yieldstiime-averaged Navier-Stokes equations
for U, which are formally identical to the Navier-Stokeguations for instantaneous flow
variables, with an additional term, shown in equat, and known as the Reynolds stresses.
Here u’; and u’j represent instantaneous velocity components inltla@d j directions
respectively,p represents density, ang represents the tensor stress component inijthe
direction.

Tij = —pUL; 2)

The Reynolds stresses represent the exchange okntom between the mean and the
fluctuating flow components, and must be modelledorder to close the Navier-Stokes
equations and obtain a solution far. Various schemes have been developed for the
modelling of the Reynolds stresses, each with iiffelevels of complexity, from the mixing
length model, through two-equation models suchhas-t andk-w through to the Reynolds
Stress Model, which requires seven equations spbhed for closure to be achieved [52].

The advantage of RANS equations is that they peoadgood compromise between
computational cost and accuracy. They are welladtarised, and it is known which ones
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perform best for different types of flow. Variat®isuch as thk-o SST model exist, which
attempt to combine the best characteristics okthandk-« models. However, these models
struggle with flows which demonstrate a large tlghoe length scale or a high degree of
turbulence anisotropy like that shown to be presetite wake of a tidal turbine [23]. This is
thought to be due to the reliance of two-equatioANB models on the Boussinesq
approximation, which assumes isotropy of turbulenidas assumption is usually valid for
small-scale turbulence, but it becomes less apjatepior larger turbulent length scales [48],
such as those found at potential tidal energy $88F In addition to this, the focus on time
averaged values means that some data regardingdting quantities is unavailable.

A different approach to accounting for turbulenictuations is provided by Large Eddy
Simulation (LES). This approach applies a spatitdrfto the Navier-Stokes equations, with
fluctuations larger than the filter width (typicalthe local cell size) being resolved, and
fluctuations smaller than the filter width beingated with a sub-grid scale model, in a way
analogous to a RANS model. LES allows for much mofermation to be gathered about
fluctuating quantities than RANS models. This isduese the fluctuations themselves (or at
least, the large ones) are directly resolved, aligwhe user to carry out their own statistical
analysis on them, in a way similar to how measurgsm@ a flume would be analysed. In
addition to this, treating large and small eddidfeently means that LES can accurately
model flows with large turbulence anisotropy andglh scales. However, LES is
significantly more computationally expensive thamtequation RANS models for two main
reasons; firstly, LES has higher mesh requirementsoundary regions, and secondly, in
order for converged statistical values of fluctongtquantities to be obtained, the model must
be run for significantly more time steps.

The DDES (Delayed Detached Eddy Simulation) methsed in this work is a hybrid
turbulence model which endeavours to combine thestdges of LES in the wake region
with RANS in near-wall areas in order to more aately model the wake, whilst reducing
computational expense to less than would be redjdimea pure LES model. This is achieved
by recognising that, once averaging has been daotie(time averaging in the case of RANS,
or spatial averaging for LES), information abowg #veraging method is lost, and both RANS
and LES models become turbulence viscosity moddis. DDES model compares the local
turbulence length scale to the local cell size asds this to decide to what extent the
turbulence viscosity of the model should be modiffeom that obtained from kw SST
model (if at all). This results in a RANS modelgiapplied in near wall areas, and LES-like
behaviour being recovered in the wake region. Dusphce requirements, the mathematics of
the model will not be described in detail here,ths necessary information has been
previously detailed in [47] and [54].

5 TURBINE PERFORMANCE, EXPERIMENTAL

Uncertainties were calculated using standard praes{b5, 56] and applying central limit
theorem to quantities which have been obtained sraging multiple samples of a
population. These have been applied to measuremérisw velocity, turbulence intensity
and turbine performance. Where error bars areayspl on charts, they represent confidence
intervals of 95%. Where error bars are not displayleey have either not been calculated (in
the case of numerically integrated quantities sagh.t which would require very advanced
methods to calculate and are beyond the scopesoimbrk) or the calculated bounds of the
95% confidence intervals were within 1% of the mgd value. In these cases, they have been
omitted for clarity. Both CFD and experimental dare presented as curves, with crosses
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marking the positions where an experimental measem¢ was taken. If error bars are
present, then the crosses may have been omittecafdy.

5.1 Flume results, lab scale turbine

Plots of G, Cr and thrust coefficient ({ for the low turbulence, medium turbulence and
high turbulence cases are shown in Figures 7a, Infermation regarding €was only
available from the low-turbulence tests. The thdeth was determined via strain gauges on
the stanchion at a clamping point above the waieriso producing a bending moment from
the force acting on the turbine and stanchion.ak therefore been included for indicative
purposes but does not provide data for direct coisgawith the CFD results, as these record
the force on the turbine blades and hub only. Boars on Gand G have been calculated
using the procedure outlined in [45], with an assdnmancertainty in the mean velocity of
+0.02 ms', due to the use of the flume set-point rather tmaaking simultaneous
measurements of the flume velocity.

The curves of € and G from the flume experiments show agreement, withie t
experimental uncertainties, between all three tieree cases, demonstrating the same trends
and similar magnitudes for all cases. As found iavipus experimental work with this
turbine, the position of maximump@as found to occur &t = 3.65, with maximum torque
occurring ath = 2.5. Nonetheless, it appears that the mediubutence case has, in general,
the lowest G, the high-turbulence case the highegst &d the low-turbulence case between
the two. This could be an indication of transiteffects in the boundary layer of the turbine
blades. As the Re at which the blade is operatnground the point of transition from
laminar to turbulent flow. In general, it might lexpected that an increase in turbulence,
which will disrupt the flow over the turbine bladeill lead to a decrease in turbine
performance, explaining the drop in performancemfrthe low-turbulence case to the
medium-turbulence case. However, due to the tiansit nature of the boundary layer, it is
possible that a separation bubble is being fornmethése cases. With the large amount of
turbulence in the high-turbulence case, it is wellikhat any separation bubble will survive
due to the increase of energy in the boundary ldfyeeparation does not take place, then it is
possible that, the turbine performance will actaficrease in the high-turbulence case,
reflecting the behaviour seen in Figure 7a.
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Figure 7 Flume results foa) Cpvs.A. b) Crvs.A. C) Gvs. A
5.2 Wake recovery
5.2.1 CFD results

Wake recovery will be primarily examined using celihe and volumetric averaged wake
recovery curves, Figure 8. However, in order tdyfuinderstand some of the effects and
impacts (particularly the impact afon the wake width), it is useful to present wakefifes
for a typical case. Figures 9 present wake profitesthe low-turbulence CFD conditions.
These profiles show that the shape of the wakepgident oi; with low X, low-thrust cases
leading to v-shaped wake profiles, and highhigh-thrust cases leading to wake profiles
which approximate a top-hat shape, the higheststhrases leading to profiles with three
minima.

5.2.2 Flume results

Results for the low TI, fine grid and coarse grdts were analysed, with the centreline
(Figure 8a), and volumetric averaged velocity rerg\Figure 8b).

Both of these figures show a clear trend - thahéigTl is associated with faster wake
recovery. This is expected, and follows trends tbim previous experimental studies [13,
21]. Further to this, for the tests using grid-gemed turbulence, the thraevalues were used,
and a trend is also apparent in all cages;2.5 shows the fastest overall recovery, with
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3.65 and\ = 4.5 showing similar rates of wake recovery. Th@uld appear to then show a
similar trend to that shown by ther Curve (Figure 7b) with a larger difference betwées
thrust at\ = 2.5 and\ = 3.65, than between tihe= 3.65 and\ = 4.5 cases.
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aCentreline wake recovery. b) Volumetric averaged wake recovery

Figure 8: Wake recovery for flume measurements at all meakstip-speed ratios and
turbulence intensities.

As expected for a wake recovering due to mixinghwhe free-stream, the centreline
velocity (Figure 8a) is consistently lower than tdumetric average velocity (Figure 8b)
until approximately z/D= 9 downstream of the tuehirwhere the normalised velocities
becomes similar, regardless of which metric is uSéds suggests that by this point the wake
region has become homogeneous, and that the nlyeg has reached the centreline. One
area of interest is the near wake (Z/[3) centreline recovery for the turbine downstrezm
the fine grid. In this region, the= 2.5 case is less recovered thanXhke3.65 or 4.5 cases, in
contrast to the overall trend for the rest of thekeu This suggests that the= 2.5 wake is
demonstrating a large amount of inhomogeneity im lear wake region. This could be due to
the fact that the blades in thhe= 2.5 case are producing less thrust, and theretoe
influence of the nacelle is greater, leading tovadr velocity core when compared to the rest
of the wake region. In addition to this, the= 2.5 case has the greatest rotational motion in
the wake, which could be hindering wake mixinghistnear-wake region. This trend is not
apparent in the highest Tl case, but this couldueeto the greater level of turbulence leading
to more mixing, making this effect less apparemisTis supported by CFD results presented
in section 6.3.
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5.2.2 Validation of CFD

Validation of the CFD for prediction of wake recoyés made for the low turbulence case
by comparison of flume results to CFD along thetredime (Figure 11a) and for volumetric
averaged wake recovery (Figure 11b). These botkv sjund agreement in the region for
which both CFD and flume data are available, witbellent agreement from z/D = 8 for the
centreline recovery, and from z/D = 6 for the vokint averaged recovery. It can be
expected that the volumetric-averaged method waligle slightly better matching, as the
combination of area-averaging as well as time-ayagamakes this metric less sensitive to
slight changes in the velocity distribution withime wake. The small discrepancies between
flume and CFD results in the near-wake region camxplained by the fact that the flow field
in this region is likely to be more complex andgtmore difficult to accurately reproduce in a
simulation. Mixing and recovery in the far wakdilely to be dominated by the outer shear
layer of the wake, and therefore less dependenthenmesh directly around the turbine
nacelle. This suggests that the DDES model haalihiéy to provide accurate predictions of
the recovery of a turbine wake from at least thd-make region, in low-ambient turbulence
conditions.

The validation plots for wake recovery for the seehind the fine grid are presented in
Figure 12a for the centreline wake, and Figure fb2lbhe volumetric averaged wake. As with
the low TI case, agreement is better in the voluimelveraged wake, again probably due to
the combination of both time and area-averagingreAment is generally good, although
deteriorates beyond approximately z/D = 7, wheee @D under predicts the recovery by
approximately 8%. The difference in recovery rates the differentA values is well
reproduced; in the volumetric-averaged recovery 2.5 recovers faster than the other two
cases, which show similar rates of recovery, witbralency for thé = 3.65 case to recover
slightly faster than th& = 4.5 case. Along the centreline, this trend eBlues showing faster
recovery is reversed in the near wake region, higtis reflected in both the CFD and the
flume results. At a downstream distance of 3/D < 5, the trend in wake recovery wih
reverts to that seen in the volumetric averagedesaWhilst the agreement between CFD and
flume results behind the fine grid may not be gageclose as in the low-turbulence case, this
is to be expected as it is unlikely that the CFEndm inlet will exactly reproduce the precise
turbulence characteristics of the flume.

The validation plots for wake recovery for the it@gtcampaign behind the coarse grid are
presented in Figure 13a for the centreline wakd, igure 13b for the volumetric averaged
wake. Agreement in the mid- and far-wake is gooith & tendency for the CFD to slightly
under-predict the recovery in the far wake, albeity by around 5%. The CFD also tends to
overpredict the recovery at distances of €/B. As with the two previous flow conditions, the
near-wake may be better reproduced with a finerhmesthe near-turbine region, but the
discrepancies could also be explained by the hegiellof turbulence, and the CFD not
exactly reproducing the turbulence characterisifdbe grid-generated turbulence.

6 IMPACT OF TURBULENCE ON WAKE RECOVERY
6.1 Turbulence intensity

The impact of ambient Tl on wake recovery is exadinsing the results in Figures 8 for
flume centreline and volumetric averaged velocitiesaddition, four selected CFD cases
were compared which have similar turbulence coowl#tito each other except in respect of Tl.
The flume results with higher TI exhibiting moreid wake recovery for both centreline and
volumetric averaged results (Figures 8). For thieimetric averaged wake recovery curves,
the wakes produced behind the fine grid and thetend the coarse grid still show only a
slight difference, suggesting that there may be@er limit beyond which an increase in Tl
has little further effect on wake recovery.
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The CFD results are in general agreement with timad results, with the figures for
centreline and volumetric averaged wake showing genilar behaviour (Figures 11 - 13).
Here it can also be seen that a higher Tl pronfatgsr wake recovery, with the two cases of
greatest Tl showing similar results from the mickeranwards. These results follow trends
seen in previous experimental work [13, 21], witle tonsensus being that higher ambient
turbulence promotes mixing and transfer of momentacnoss the wake shear layer,
increasing the velocity of the wake region, andpoting wake recovery.

6.2 Turbulence length scale

The impact of turbulence length scale on wake regpowas explored using three selected
CFD runs. The results are presented in Figureoithé centreline and volumetric averaged
wake recovery, respectively. In both cases the nmedj case (0.78 m) initially shows a fast
recovery to approximately 90% of the free-streartocity, after which very little further
recovery takes place. From z/D = 8 the case wighldingest L (1.5 m) shows the greatest
recovery. The cases with the smallerslzes (0.45 and 0.78 m), showing a reduced rate of
recovery. This suggests thatrhay have an impact in the far wake as the casepted with
the largest Lalso has the lowest Tl, which would tend to regelf®e order seen in the far
wake.

In the near- to mid-wake (z/D< 7), the shorteshas a faster centreline recovery than the
largest L, however, this trend is reversed for the volunseatveraged recovery. This could
indicate that the short length scales increasengixvithin the wake region (and therefore
promote centreline wake recovery) in the near wakih the larger length scales dominating
the mixing between the wake and the free-streanichwénds up dominating overall wake
recovery. The effect of momentum transfer acrossoiliter shear-layer of the wake will first
be apparent in the volumetric-averaged recovery) this trend reaching the centreline later.
This could indicate that larger length scales leadlower initial, but faster overall wake
recovery. Nonetheless, the behaviour is complex iandifficult to completely isolate the
effects of . and TI. In addition, this study only compares ¢hfferent length scales,
making non-linear effects difficult to identify.
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Figure 14: Impact of a) ambient turbulence intensity antéebpth scale on centreline wake
recovery, CFD cases.

6.3 Impact of tip-speed ratio on wake recovery

The impact of turbine operating condition on wa&eavery can be examined using Figures
15 which examines the impact on the volumetric aged wake recovery. The example
shown is from CFD in the low-turbulence case\ at 3.65 (Appendix: Table A.1, runs 34 -
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40). Comparison of the two metrics allows assestitmbe made about the homogeneity of
the velocity distribution in the wake region. Ifetlirends are similar, this suggests a more
homogeneous wake, where they are not, which irgic#itat the velocity has a strong
dependence on radial position.

The centreline velocity recovery shows a cleardreith tip-speed ratio. The higher the
tip-speed ratio, the greater the initial wake rexgy Nonetheless, beyond approximately z/D
= 10, the tip-speed ratio seems to have little ichjmn the centreline wake recovery. This
appears to follow the trend of the thrust curveéhefturbine, with higher thrust cases showing
a higher centreline recovery. This might appeamt&uintuitive, as a turbine with higher
thrust will be presenting more resistance to tbevflcausing flow to divert around the rotor
swept area. However, most of the thrust is produzgdhe outer portion of the blades,
causing flow to be diverted not only outside anduad the swept area, but also inwards
towards the blade roots and nacelle. This incredisesvelocity towards the centreline,
encouraging centreline wake recovery. This effest be seen by comparing Figures 9a-g,
showing the wake velocity profiles for tip-speediaa of 1.5< A < 5.5, at downstream
positions from 2< z/D <15. Low-thrust, low tip-speed ratios have profikhkich are v-
shaped, but as the tip-speed ratio and thrustasere the shapes of the wake profiles become
more like an inverted top-hat, with the higheststircases exhibiting 3-dips in the nearest
profiles. The peaks between these dips indicate theing diverted inwards, towards the
turbine nacelle, leading to the wake recovery csirseen in Figures 15. This trend in the
shapes of wake profiles with tip-speed ratio agmeies the wake profiles measured in the
flume, presented in Figure 10. The triple-dip geofat z/D = 2 is not seen in these profiles
from the flume; however, given the much higher Is\@ turbulence and increased recovery
it is to be expected that this level of detail e profiles may not be seen. Indeed, the change
in profile shape becomes less clear between the dgimd (Figures 10a, 10c and 10e) and
coarse grid case (Figures 10b, 10d and 10f). Arian to the overall trend is the= 1.5
case. In the very near wake, this curve appeaeppooximately fit the trend for tip-speed
ratio, but thereafter recovers at a much greatertren any of the other curves, such that, by
z/D =5, it has shown the most recovery - a treitlvcontinues further downstream. Frost
provided detailed characteristics of the turbind ahowed that at a tip-speed ratio\of 1.5
the turbine is operating in the stall-region [4B]stalled blade can be expected to produce
increased turbulence in the near-wake region tinamnastalled blade (due to flow separation
over the blades themselves), contributing to moranm in this region, whilst at the same
time producing less thrust. Given this, it mightdgected that the influence of the turbine
nacelle might be greater in the very near waketherA = 1.5 case than for other tip-speed
ratios, but that the effect of increased bladeulgnce causes rapid mixing and consequently
rapid wake recovery.
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Figure 15 Impact of TSR on wake recovery for low ambiembtuence condition.

The volumetric-averaged wake recovery curves ptedem Figure 15b show a slightly
different trend, whereby thevalues with the highests@end to show the largest deficit in the
near wake. This makes sense as the higbaSes will extract more energy from the flow, by
means of reducing flow velocity. Nonetheless, #ffect is only apparent in the near-wake;
beyond z/D ~ 4, all cases except fo= 1.5 and\ = 5.5 are virtually indistinguishable from
each other, with thk = 5.5 case merging at ~ z/D = 8.

As with the centreline wake recovery, the= 1.5 case appears to be an outlier, showing
greater wake recovery than any other case. This bas the lowest power and thrust
coefficients of all of the cases in the figure, meg that the turbine neither extracts much
energy from the flow, nor provides great resistatacé. This leads to flow passing through
the turbine swept area without being slowed dovmd, laence the wake is well recovered. A
comparison of Figures 15 shows that e 1.5 case is highly inhomogeneous in the near
wake, with a low velocity centreline surroundeddnyotherwise well recovered wake.

For array designers, the most important conclustobe drawn from Figure 15b is that
(with the exception of the stalled casehdof 1.5) beyond z/D = 8, tip-speed ratio has little
impact on the volumetric-averaged wake recoverys fieans that even in the case where a
turbine uses an over-speed regime to maintain nad&cer, there will be no impact on the
longitudinal spacing (assuming the turbines arausdgpd by at least 8D).

7 WAKE WIDTH
7.1 Flume results

Flume results for the wake width using the fixecetthold, full-width half-minimum and
maximum-shear methods are shown in Figures 16. EwagnFigure 16a for the fixed-
threshold method, it can be seen that, for all Sabe wake at z/D= 2 is between 1-1.5D in
width, with the width decreasing as the wake deyId his is to be expected as the fixed-
threshold wake method is intrinsically linked te tivake recovery.

Recalling that the fixed-threshold method measthieswvidth of the wake region which is
less than 90% recovered, it is clear that, as thkewecovers, the region which is less than
90% recovered will tend to decrease. Assuming tkabvery is symmetrical about the
centreline, when the centreline velocity recovesgches 90% of the free-stream, the wake
width using this metric will become zero. This cention between wake recovery and fixed-
threshold wake width explains the differences betwihe low-turbulence case (Tl = 1.75%)
and the cases behind the coarse and fine grids.c&hieline wake recovery (Figure 8a)
shows that both grid-generated turbulence casesmgmnate 90% wake recovery in the
region 7< z/D < 9, whereas the low-turbulence case has only aetliepproximately 80%
recovery by z/D = 11 downstream, where the measem&srended. This lack of mixing and
recovery in the low-turbulence case explains wte/ wake persists for longer, leading to a
wake that retains its width for longer (Figures 1&). It appears that a higher ambient TI
leads to a slightly greater wake width in the n@ake region, but the coarse and fine grid
cases (Tl = 11.7% and 17.5% respectively) shove ldifference from one another beyond
z/D= 6. In addition to this, for the cases of ggehRerated turbulence, there appears to be a
dependence of wake width on tip-speed ratio, witratgrA leading to slightly wider wakes
throughout their entire length. This is thoughb&due to increased thrust on the turbines at
the highe\ causing more flow to divert sideways and arourdttintbine, increasing the wake
width.
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A greater thrust on the turbine will tend to diviére oncoming flow outside and around the
turbine swept area, causing a wider wake. The weakéh results following the full-width
half-minimum method for all flume cases are presénnt Figure 16b. The shapes of the
curves are slightly different to those seen in Fegliba as the two metrics are affected in
different ways by the shapes of the velocity pesfjlhowever, the major trends from the
fixed-threshold method are also apparent in thiewidth half-minimum method. The same
dependence of wake width on tip-speed ratio is gmpawith higher tip-speed ratios (and
therefore higher thrust) leading to wider wakesadidition to this, as before, the width of the
wake in the low-turbulence case seems to persisiniech further downstream than in the
higher-turbulence cases. It is thought that thidus to less mixing being present, allowing
the wake to maintain its shape further downstre&again, as in the fixed-threshold case, the
wake width in the high-turbulence case is initidhiighest of all, perhaps due to increased
mixing broadening the shear layer between the wahk@ the free-stream. As the wake
develops downstream, the high-turbulence case seensrow at a faster rate than the other
cases, possibly due to increased mixing.

Wake width results for the flume cases following thaximum shear approach are
presented in Figure 16c¢. It could be suggestediieatase with the highest turbulence tends
to produce a wider wake, but beyond this, no diesards are visibléeThe much longer wake
for the low TI case is due to the unusually smadbant of mixing taking place, and whilst
interesting for gaining insights into the mechamtsvake mixing, is of little relevance to
turbines in practical marine locations.
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7.2 CFD
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Validation of the CFD against the low-turbulencanile tests can be seen for the fixed
threshold method, full-width half-minimum methoddamaximum-shear method in Figures
17. Validation of the CFD using the fixed-threshaitethod in Figure 17a, shows good
agreement between the CFD and the flume resulth, vath showing a slight narrowing of
the wake as it develops downstream, and only atsligder-prediction of wake width by the
CFD. A slight under-prediction of wake width by tk#-D is also apparent in Figure 17b,
which compares CFD and flume results using thewidith half-minimum method. As with
the fixed-threshold method, there is good agreeméhtthe trend of wake development, this
time with both methods showing a slight wideningtloé wake with downstream distance.
Agreement between the CFD and flume results udiegntaximum-shear method (Figure
17c) is less clear, although as mentioned in theudision of Figure 16c¢, and further discussed
in section 7.3, results for the maximum-shear methoaffer from convergence difficulties.
Nonetheless, both CFD and flume results indicatslight widening for the wake with
increasing downstream distance, and CFD and fleselts show a wake width of the same
order of magnitude. Agreement is not as good as thi fixed-threshold and full-width half-
minimum methods.

The flume and CFD results using the fixed-thresmo&thod found that both sets of results
follow the same overall trends; starting with a meake width of 1.1 - 1.5D and staying
almost constant for 3 — 5D downstream, before mang. The CFD results show the same
trends withA as the flume results. The CFD does though tendntter-predict the rate of
wake narrowing, with changes in the CFD predictedkev occurring 2 - 4D further
downstream than that seen in the flume.
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The flume and CFD results using the full-width kaihimum method found that initially
there is close agreement between the flume and i@Eiilts in the near-wake, but that from
this point the results diverge, with the CFD resutending slightly wider than the flume
results. The trend with seen in the flume results is reproduced in the @Dlts. Using the
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full-width half-minimum method, the increase in veakidth with downstream distance might
be expected, as the method gives an indicatiohefridth of the region being in some way
affected by the wake, and this will tend to getavids the wake mixes with the free-stream.
The reason for the flume results showing a narrgwith downstream distance is not
entirely clear, but if the wake profiles in Figut® are examined, then it can be seen that,
outside of the wake region, the profiles indicatdreereased axial velocity, and show a slight
asymmetry and inhomogeneity in the flume outsidéhefimmediate wake region. This will
affect the shapes of the profiles as well as malkiregg choice of a reference velocity for
normalisation and calculation of deficit less cletierefore affecting the width calculated
using the full-width half-minimum method. For therhe results the axial velocity used for
normalisation and deficit calculation is that whegbpears in Table 1, following measurement
of the centreline flow conditions in the flume &etpoint at which the turbine was placed.
CFD results were normalised and wake deficits d¢aled using the measured values for axial
velocity .

For the coarse grid wake widths calculated usimrgfitted-threshold method again showed
good agreement between the CFD and flume resultsw#@kes show an initial width of
between 1 - 1.5D, which remains nearly constant &t z/D < 7, at which point they narrow
rapidly. For both flume and CFD results the initiedke width narrowing, and the rate of
narrowing are all well matched, as is the trendrofncreasing wake width with

Agreement between CFD and flume results for thedithreshold method appears to be
slightly better in the case of the coarse grid tfaarthe fine grid. This is thought to be due to
the increase in mixing due to the higher Tl comdis, and the inherent link between this
width metric and wake recovery. The turbulencehm ¢oarse grid cases increases the mixing
and consequently the wake recovers very rapidlih tiie 90% threshold being very quickly
achieved. This means that the wake widths verykiyuairop to zero following this metric. A
more gradual wake recovery means there is lesd mping in the fine grid cases.

As with the full-width half-minimum results for thine grid case, the flume and CFD
results for the coarse grid show good agreemetii@mear-wake region, before diverging,
with the flume results indicating a narrowing oé tivake, whilst the CFD results indicate a
widening of the wake Again, examination of Figufeiddicates that there is some asymmetry
and inhomogeneity in the flume (due to the preserfiche grid), and this will tend to distort
the shape of the profiles, and affect the widtltaalted using the full-width half-minimum
method.

Agreement, for all cases of turbulence and opegatonditions, is only reasonable at best
when using the maximum-shear method. There is argeimdication that higher-thrust cases
yield a wider wake as expected, however, the ldokoavergence using this method means
that there is no clear trend in the far wake.

7.3 Evaluation of different width metrics
Three different wake width measurement metrics e applied in this paper:

1. the fixed-threshold method,
2. the full-width half-minimum method, and
3. the maximum-shear method.

As the wake width can be difficult to define, thekseee metrics were applied as they each
provide a slightly different insight into the wakehaviour. The fixed-threshold method
yields the width of the region strongly impactedtbg wake. In this work, the threshold was
chosen to be 90% wake recovery, which in conditmitsigh ambient Tl meant that the wake
width reduces to zero within the region studied. (/D < 15). By contrast, the full-width
half-minimum method applies a threshold, but caltd that threshold based on the
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maximum deficit at that downstream distance. Counsetly, this method provides a value for
wake width which is related to the total width bktregion impacted by the wake (i.e. the
region where the velocity has been changed dugetpriesence of the turbine). It may be seen
as a measure of the extent to which the wake h#snéed out into the flow region
surrounding that directly downstream of the turbiApplying both the fixed-threshold and
full-width half-minimum methods allows an assessm&nbe made of how the wake is
developing/recovering; for example, it might be riduthat the full-width half-minimum
method indicates a widening of the wake, whilst tixed-threshold method indicates a
narrowing of the wake. This would indicate that Width of the region affected at all by the
wake is increasing, but that this impact grows veeals downstream distance increases.

The maximum-shear method does not try to definenthalee width in terms of regions of
greater or lesser impact, but rather uses the wglskear to attempt to define the mid-point
between the wake region and the free-stream. diseful in as much as it defines a point
within the flow, but as the wake develops and widlthhe shear layer between the wake and
free-stream increases, the shapes of the wakdgwa@liso change, and this definition of a
point between the wake and free-stream regionsnesdess useful as a comparison metric
between wake profiles of different shapes. Thisnigart, because this method as applied in
this paper only accounts for the position of thenpof maximum shear but pays no regard to
the strength of the shear. In addition, when apglythese three methods it was found that
they respond differently to wake profiles of difet shapes. In particular, the maximum
shear method showed itself to be particularly semsio slight changes in the mean flow-
field when the wake profiles were approximatelyhajged. The three methods have been
applied to the low turbulence CFD cases 3.65. Each of the metrics has been applieddo th
same velocity data, so any difference in the rategonvergence are due to sensitivity
inherent in the metrics themselves, rather thaack of convergence in the velocity data. For
reference, wake velocity profiles for this run daseen in Figure 9. The reader will notice
some slight asymmetry in the wake. This is thoughbe due to the asymmetry in the
experimental setup (and CFD). The walls and flobothe flume were modelled as no-slip
boundaries, whereas the upper domain boundaryetds a zero-shear condition.

As the wake develops with downstream distancesliage of the velocity profiles changes
from one with very steep sides (shaped approximdiet an inverted top-hat) to profiles
which are v-shaped, with an almost linear changeelocity with cross-stream position, and
therefore an almost uniform velocity shear fromrritba centre to the very edge of the wake.
This transition is a gradual one, but by approxatyaiz/D= 6, the profiles have become
distinctly v-shaped. For the inverted top-hat pesfj their steep-sides mean that the point of
maximume-shear is located within a relatively sneatiss-stream extent. Any small changes in
the mean flow field have little impact on the crsg®am position of the point of maximum-
shear, and therefore the value of wake width ia tegion converges quickly. In contrast to
this, for v-shaped wake profiles the almost linehange in velocity with cross-stream
position means that there is a large cross-stredeniewith an almost identical amount of
velocity shear, the value of which is approximatidlg same as that of the maximum-shear.
The result of this is that any small changes tontiean velocity field (and therefore the wake
profiles) can cause the position of maximum-sheantve from nearly the centreline to the
very edge of the wake, despite there being no fstgnit change to the wake profile itself.
This means that the wake width based on the pdintaximum-shear can vary greatly, and
the metric is very sensitive to slight changeshia velocity profiles. A schematic comparing
the three different metrics is presented in FigiBeThis comparison varies depending on the
precise tip-speed ratio and inlet flow conditiotise representation here is based on the
behaviour for tip-speed ratios around the pointakimum G for low turbulence conditions
and is intended to show the general behaviour efntietrics, but is not intended to be to-
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scale. All three metrics initially have a similaidth, slightly larger than the turbine diameter.
The width measured using the fixed-threshold meteads to decrease as mixing takes place
and the wake recovers. In contrast to this, tHewidth half-minimum method initially shows

a decrease in width as the wake velocity profilenges from an inverted top-hat shape to a v-
shape, before showing a steady increase as thegmeagion between the wake and the free-
stream spreads outwards. A similar trend occuré wWie maximum-shear method, which
initially exhibits a nearly constant width (due tloe inverted top-hat shape of the wake
velocity profiles). As the wake profiles become mershaped, the maximum-shear method
starts to demonstrate convergence issues, ancaaydyeral trend of increasing width can be
identified. This is represented in this schematyctibe movement and fading of the line
representing this metric. Comparing Figure 18 tguFeé 1, it can be seen that the fixed-
threshold method behaves in a similar way to timenredge of the shear layer (between the
shear layer itself and the wake core), whereaduteavidth half-minimum method comes
closer to representing the general expansion ofvlie into the free-stream region.

——— Full-width half-minimum
———— Fixed threshold
Maximum shear

Figure 18 Schematic (not to scale) comparing the generad\aebr of the three different
wake measurement metrics.

The maximum-shear method always gives a wake "adtjeh the shear layer, but as the
shear layer increases in thickness and the walkeitebrofiles become v-shaped, this could
be anywhere from the boundary between the shear layd core region to the boundary
between the shear layer and free-stream, whicts leathis metric's poor convergence. The
maximum-shear method only gives reliably convergesllts in the near wake, where the
shear layer between wake core and free-streanmigtial distinct.

Given that the maximum-shear method shows convemgdfifficulties for v-shaped
profiles which appear both in CFD results and et that the fixed-threshold and full-width
half-minimum methods provide information with ditexpplicability to array designers, it is
suggested that the maximum-shear method is ofddnitalue in the discussion of wake
width.

7.4 Impact of turbulence on wake width
7.4.1 Turbulence intensity

The impact of Tl on wake width is explored using tixed threshold, full-width half-
minimum and maximum-shear methods.
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The fixed-threshold metric shows that, regardidsanobient TI, all wakes initially have
very similar widths. These start to diverge fronp@ximately z/D= 5 downstream, with the
cases with higher TI showing a more rapid narrowiran those with lower TI. This is due to
the increased levels of mixing encouraged by tlghdr turbulence intensities. The fixed-
threshold method provides an indication of the tvidf the region strongly affected by the
presence of the turbine; more mixing and fasterema@covery means that the region of the
highest velocity deficit will reduce more rapidharrowing the wake by this metric.

The full-width half-minimum metric shows a genesgtady increase in wake width for all
Tl cases, whilst showing that the higher Tl casetdya wider wake. This can again be
explained by the increased levels of mixing frora tigher Tl ambient flow. The full-width
half-minimum method gives an indication of the \midif the region impacted at all by the
wake; increased mixing between the wake and fresust leads to a faster transfer of
momentum to the wake region from the free-stre@adihg to faster wake recovery), but also
means that the effect of the velocity deficit ire ttvake region will be moved further and
faster into the free-stream. This leads to a greaidth being affected to some extent by the
wake in the higher Tl cases, whilst simultaneousijucing the width of the region strongly
affected by the wake.

The maximum-shear method also indicates a depeadenwake width on TI, with the
higher turbulence cases there is a trend to incrgawake width. This gives some
information about the shape of the wake recovenfilps and suggests that they become
flatter with slightly steeper sides as Tl increas®sother way to see this is that the wakes
become more homogeneous with increased TI, reflectehe increased centreline velocity
recovery (Figure 14a). As discussed, choosing fmeléhe point of maximum-shear in the
wake as the "edge' of the wake, has less mearamgtiie fixed-threshold and full-width half-
minimum methods, which either give the region sijfgraffected by the wake, or the region
affected to some extent, and, whilst it is intangsto see a dependence of the maximum-
shear method on TI, it does not give any real msigr array designers.

Overall, it can be said that an increase in ambldritas an impact on the width of the
wake of a tidal stream turbine. The increase inimgxassociated with the increase in TI
means that the width of the region of highest vigodeficit reduces more rapidly, whilst at
the same time, the overall wake width increasdse{awith its impact weakened). This result
will be important for array designers and suggésis combined with the results for velocity
recovery, arrays in areas of higher ambient Tl rbapefit from a reduced longitudinal
spacing, and increased lateral spacing. In effegher TlIs tend to shorten and widen wakes.

7.4.2 Turbulence length scale

The impact of turbulence length scale on wake widthexamined using the fixed
threshold, full-width half-minimum and maximum-shemethods. The fixed threshold
method shows that the width in the case with mediyr(0.78 m) remains fairly constant,
whereas that with the shortest(Q.45 m) shows the widest initial width with rapidrrowing.

The case with the longest (1.5 m) shows a similar trend to that of the sksdrt;, albeit
with a less rapid narrowing. There is, however,ctear overall trend of wake width with
length scale using this method. The full-width halhimum method resulted in the mid-
wake region (3 z/D < 11) with the shortest;lhaving the widest wake, whilst the longest L
shows the narrowest. From z/D ~ 11, the longesjtlescale, then results in the widest width.
This could suggest that the largest turbulencetlesgales demonstrate less initial mixing
(and therefore the narrow wake in the mid-wakeargibut a more thorough mixing in the
far wake region. Similar behaviour is also foundewlthe maximum-shear method is applied.

Overall, there is no clear trend of impact ebh wake width, regardless of which metric is
used. However, only three different length scalegehbeen compared here, and it has not
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been possible to completely isolate the effectSl@nd length scale. It might also be the case
that turbulent length scales smaller or larger thiaose used here could have a different
impact and would be worthy of further investigatiorestablish any possible impact.

7.5 Impact of tip-speed ratio on wake width

Regardless of which metric is used, there is ard¢lead in the data that an increase.in
results in a wider wake. This trend is clearestmwtine fixed-threshold method is used. Here,
all wakes maintain their initial width or widen gilitly, before tending to narrow with
downstream distance. All the wakes show the samergktrends, but with the lowest thrust
cases in general being the narrowest. The diff@entwidth are most apparent for the low
values, whilst the higher values are more closely grouped together. Thisesponds well to
the thrust curve. The same overall trend was fadandake widths calculated using the full-
width half-minimum method. As with the fixed-thredti method, the cases where the turbine
Is operating at a higher thrust demonstrate a greeke width. However, with the full-width
half minimum method, the overall trend is that theke width steadily increases with
downstream distance. This difference, when comptrdte fixed-threshold method, is due
to firstly, the way that the two methods respondnake profiles of different shapes, and
secondly, as the full-width half-minimum methodasmeasure of the width of the region
impact to some extent by the wake, this can be @ggedo increase as the wake spreads out
downstream, even if its strength diminishes. Theesalosest to peak power, with 3.8 <
4.5 initially show a reduction in wake width unalD ~ 6 downstream of the rotor, after
which they steadily increase in width> 3.65 all show the same initial width, with the=
3.0 case showing a similar initial width as welll 8f these cases show a profile with very
steep sides, similar to an inverted top-hat' shepte near wake. These steep sides are only
slightly wider than the turbine and are in the sgosition regardless of the velocity deficit in
this region. Applying the full-width half-minimum ethod to an inverted top-hat shape will
give an almost identical result for wake width, aetjess of the maximum velocity deficit.
This leads to the near-wake width of each of thezses being nearly identical. In contrast,
the low thrust cases with tip-speed ratiod &f 1.5 and 2.5 do not show these inverted top-hat
profiles but show v-shaped profiles instead. Ass¢h&-shaped velocity profiles develop
downstream, they reduce in depth and become priopalty wider, which is reflected in the
steady increase in width measured using the fudbwhalf minimum method. For the cases
where the initial profile is that of an inverse Hogt, as the wake develops and mixes with the
free-stream this inverse top-hat first becomes &pel, then v-shaped (leading to the
apparent decrease in wake width), from which pthiatprofiles reduce in depth and become
proportionally wider, matching the trend shown wtiie low-thrust cases. These profiles, for
differentA values, can be seen in Figures 9. It is interggbmote that th& values for which
the reduction in wake width is greatest are arahwedooint of maximum £

Trends in wake width witiA are still apparent when the maximum shear metbhaged,
however, due to the convergence difficulties asgedi with this method, the differences are
less clear. There are two distinct regions: z/Dan8l z/D> 5. The reason for this is again the
wake shape, being either an inverted top-hat, praegimately v-shaped > 3.0 exhibit the
inverted top-hat profile until z/D ~ 5, hence tha&th using the maximum-shear method is
well defined. Beyond this point, the profiles be@mshaped; this means there is a large
cross-stream extent with an almost identical amaidirghear, which itself is approximately
the maximum-shear in the wake. Any slight changethé profiles can radically change the
measured width, explaining the fluctuations visilbl¢he region z/D> 5.

All three metrics demonstrate a clear impact ofspeed ratio on wake width, with the
high A values, high thrust cases demonstrating a widdeewAn increase in width with
increasing turbine thrust can be explained by tloeeiase in resistance to the flow causing
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more of the flow to be divert outwards and aroumel $wept area of the turbine, creating a
wider wake.

7.6 CFD

The low-turbulence flume tests found that the CRE2rpredicts Tl in the near wake
region. However, from z/D= 9 to the end of the klde flume data the agreement is very
good, and an extrapolation of the results fromflimae would show good agreement with the
CFD from this point onwards, suggesting that th®@Ecurately reproduces the wake by this
point. Part of the reason for the over predictiérT bin the near wake will be down to the
CFD's slight under-prediction of velocity recovenythis region (Figure 11a), meaning that
the same magnitude of fluctuations would yield ghbr value of TI. However, this is not
enough to completely explain the difference. Therpagreement in the near-wake may be
improved by further increasing the mesh densitygyofurther investigation into possible flow
separation as the blade boundary layer transifrons being laminar to being turbulent.

Good agreement between flume and CFD from z/D nawlaods was found using the fine
grid. The CFD does reproduce the trend in the mede of the flume results and a
dependence of Tl oA. Further upstream, the CFD tends to overpredietTth The CFD
reproduces both the trend of lowewalues producing the highest initial Tl, but atkat any
difference between these cases becomes indistivplesfrom z/D ~ 4.

Good agreement was also found between flume and @31y the coarse grid throughout
the region. However, neither the flume data nor@® results demonstrated a dependence
of wake Tl on\.

Centreline wake {_has been validated using data from the low-turiméeflume test. As
for the Tl the CFD tends to overpredigtih the near- and mid-wake regions, but agreensent i
good from z/D ~ 9 onwards. As with TI, it is thowghat the poor agreement in the near-
wake may be improved by increasing mesh densitlgarregion surrounding the turbine.

The CFD results for the fine grid, far= 2.5 and\ = 3.65, reflect the trend in the flume
results of a gradual rise in &s the wake develops, but show an under-prediaiitine rate of
increase. Larger changesAre 4.5 indicate a possible convergence issue; ctiuglies have
shown that a sample time of 50 s is at the lowemdoof what is required to obtain reliable
well converged results for a higher order statistich as integral length scale, in flows of this
nature using a sample rate similar to the 200 H=zl uis this study [46]. As the smallest time
scales were typically approximately 0.2 s, a samgiie of 200 Hz was more than adequate to
accurately capture these fluctuations.

The CFD results for the coarse grid for the threlues modelled show similar values, in
the wake, of L~ 0.25 m, which remains nearly constant througloeitwake, in contrast to
the steady increase of keen in the flume results. The agreement is godte near-wake
region, but deteriorates as the wake developsgatidg a general trend in the CFD to under-
predict length scale. The value ofih the CFD models for the coarse grid cases ghti
higher than those found in the fine grid casesctwheflects the trend between in the flume
results. More detailed explanations can be fourtehidon [51].

7.6.1 Impact of turbulence on wake turbulence chareeristics
7.6.1.1 Turbulence intensity

The impact of ambient Tl on wake centreline Tl waaglysed using four CFD cases. The
results indicated a possible weak dependence ot wdkon ambient TI, with a higher
ambient Tl leading to a higher wake TI. This agneéhk the mild dependence on ambient Tl
found in the flume results. The largest differebedween the cases was in the near- to mid-
wake region; by z/D= 10, there is little differencethe centreline turbulence intensities,
regardless of the ambient Tl upstream.
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In general, there is little difference between tases, with all cases showing a slight
increase in length scale with increasing downstreistance. Both the trends in, and the
magnitudes of L. are similar for all cases, indicating that ambi€hhas little dependence on
wake L.

7.6.1.2 Turbulence length scale

The ambient Lon wake centreline Tl was assessed through thi&e rdns with identical
A values, similar Tls, but differing;lvalues. No clear trend was observed, althougbutdc
be said that the cases with the shortest and longdses of ambient {Lshow similar
behaviours, with the medium ghowing a significantly lower initial TI. This ctslindicate a
non-linear response of wake centreline Tl tp for example suggesting that wake mixing
might not simply increase or decrease with increasimbient L, but rather that there might
be a value of ambient;lwhich causes most mixing, and a longer or shdrteleads to
reduced wake mixing.

The effect of ambient{was that in all cases a sharp initial rise irwhs found followed
by a reduction, before resuming a steady rise tdsvéne far wake. All cases show similar
results beyond approximately z/D= 10. Here thepeaps to be some dependence of wake L
on ambient L Possibly a larger ambient leads to a larger value of In the near- to mid-
wake, but it also seems to cause the point at whigleaks before reducing to move further
downstream.

7.7 Impact of tip-speed ratio on wake turbulence dracteristics

The impact ofA on centreline Tl was examined via seven diffel@RD cases in a low-
turbulence environment of approximately 1.5%. TovdstA values A = 1.5 and\ = 2.5)
initially demonstrated a very high initial TI, wiicvery quickly dropsA values around the
point of peak CP XN = 3.65; 4.0; 4.5) start at approximately 25% dd=z/2, rising to
approximately 30% at z/D= 5, before reducing asdbwnstream distance increases further.
This initial increase in Tl followed by a decredmsses been observed in studies such as that by
Maganga et al. [13] and Baba-Ahmadi and Dong [&7Al is thought to be due to the shear
layers from either side of the wake merging in tleatre. The high initial Lfor the lowest
values ofA may be due to blade stalling changing the chariatitss of the turbulence in these
cases; two\ values are within or close to the stall regione Thitial high TI followed by a
rapid reduction in tha = 1.5 case may be related to the rapid centrgliadee recovery in this
case: a higher level of turbulence promoting mapd mixing and wake recovery

For array designers concerned with the placemenirbines, the region of increased Tl in
the near wake will be of some interest, howeves iinlikely to be of great relevance if the
turbines are to have a longitudinal spacing of mibi@n approximately z/D= 8, or even
possibly less in conditions of higher ambient tlebae. Perhaps of more interest would be
that, from z/D ~ 10\ (and therefore turbine operating condition) htkelimpact on wake TI.

The centreline turbulence length scale, for each of the\ values, used in the low-
turbulence CFD case, generally displayed a gradoetase value as the wake develops. This
is consistent with that seen in the flume resultd & due to the smaller length scales
dissipating due to viscous forces, leaving largegth scales dominant. However, there is a
significant difference between the cases in theiral behaviour, with some cases showing an
initial increase in L, followed by a comparable decrease, before graduaireasing once
more. This complex behaviour initially appears tlinked to G, as tip-speed ratios with
higher values of g£appear to show a larger initial increase thanahegh a lower value of
Cp. However, the representative length scales ofditrainant turbulent features might be
dependent on the rotational frequency of the tubiather than the operational condition (i.e.
where it is operating on the curves of, ©; and G). The ambient Lin these cases is
approximately 0.8 m, meaning that downstream of the turbine is much smaller than
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upstream of it. The presence of the turbine leadsreduction in length scale, which may be
caused by large turbulent features being brokerbyipheir passage through the rotating
turbine blades. The greater the rotational frequertice smaller the resultant turbulent
features, explaining why higharvalues have a smaller initial length scale. Theepkons to
this,A = 1.5 and\ = 2.5, may not fit this pattern due to the blatidleffects discussed above.
A stalled blade can be expected to produce turlbelevith different characteristics to that of
an unstalled blade, with effects such as flow sspar leading to higher wake TI, which
could explain the differences between these twesabhis more complex behaviour is only
apparent in the near wake, however; from z/D~ 1@ kength scales become similar
regardless ok, suggesting that it need not be considered faydayouts for z/D> 10.

8 CONCLUSIONS
Impact of turbulence on:

. Performance
For all tip-speed ratios, an increase in turbingrabteristics and magnitude of fluctuations
is seen at higher turbulence intensities. Turbuddangth scale seems to have little impact.

. Wakes

Turbulence intensity was found to strongly impaake recovery, both centreline and
volumetric averaged velocity. An increase in Tl ayw led to increased recovery, there is
some suggestion that, beyond the near wake, turbelmtensities above 10% have similar
results.
Turbulence intensity has an impact on wake width. iAcrease in Tl causes the fixed-
threshold width to narrow, but the full-width hatfinimum and maximum-shear widths to
widen. Taken together, this indicates that the alVevake width is increasing, but that the
region strongly impacted by the wake is decreadtigglly, turbulence length scale was not
found to have a strong impact on turbine wakes.

Wake width metrics

The fixed-threshold and full-width half-minimum rhetds were found to be less sensitive
to wake shape than the maximum shear method, vatth groviding subtly different
information about the wake. Due to the way thes&iasecomplement each other, providing a
more complete picture of the nature of the wakenunged together, the authors recommend
that both are used in future studies.

The impact of operating condition on wakes

Turbine operating condition strongly impacts the&esof tidal turbines, although with the
exception of the impact on wake width, these déifees become small by ~z/D= 10.

The turbine operating condition has been shownatgehan impact on wake width, with
wider wakes occurring as turbine thrust increa3éss impact can be seen throughout the
wake length.

Implications for tidal turbine arrays

The ambient Tl of a site must be taken into accdanthe placement of turbines in an
array.

The relationship between Tl and wake recovery aaklewvidth suggests that, for an array
site with higher ambient TI, longitudinal spacin@yrbe reduced, while lateral spacing may
need to be increased due to the widening of theatharea affected by the wakes.
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Arrays of turbines designed to maintain rated powmeough overspeed will require a

greater lateral spacing as both the overall widtthe region affected by the wake, as well as
the width of the region most heavily impacted, @ase with greater-C
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Appendix:

Table A.1: Turbine performance metrics, all CFD runs. The e#yoused for the calculations

of Cp, Grand G are the target velocities.

vimst TI/%|L/m | A |[Cp |Cr | Cy o o o run no.
cp cr Co

1.1 5 10.25 25 | 0.35| 0.67, 0.14 0.0118 0.0147 0.0047 1
1.1 5 10.25 3.65| 0.43| 0.85 0.12 0.0197 0.024 0.00%2
1.1 5 10.25 45 ]0.41| 0.89| 0.09 0.0182] 0.025 0.0041 3
1.1 5 [0.50 25 |0.35| 0.67| 0.14 0.0200{ 0.03¢6 0.0080 4
1.1 5 1]0.50 3.65| 0.44| 0.8§ 0.12 0.039¢ 0.030 0.01(®
1.1 5 10.50 45 ]0.42| 0.90| 0.09 0.0203| 0.025 0.004p 6
1.1 5 |1.00 25 |0.35]| 0.67| 0.14 0.0101] 0.016 0.0040 7
1.1 5 |1.00 3.65| 0.43] 0.85 0.12 0.020( 0.025 0.001{5
1.1 5 |1.00 45 |0.41| 0.89| 0.09 0.0217, 0.02p 0.0048 9
11 10 |0.25 25 | 0.35] 0.67| 0.14 0.0289 0.040 0.0116 10
1.1 10 |0.25 3.65| 0.41] 0.82 0.11 0.0468 0.038 0.0128L
1.1 10 0.25 45 |0.44 | 0.92| 0.10 0.0486| 0.055 0.0108 12
11 | 10 1050 |25 |034|066| 0.14 | 0.0237] 0046 00095 13
1.1 10 |0.50 3.65| 0.44] 0.8 0.12 0.021( 0.031 0.0054
1.1 10 |0.50 45 1044 | 0.93| 0.10 0.0463| 0.058 0.0108 15
1.1 10 |[1.00 25 |0.34| 0.66| 0.14 0.0213| 0.038 0.0085 16
1.1 10 |1.00 3.65| 0.43] 0.85 0.12 0.0431 0.031 0.011&
1.1 10 |1.00 45 | 0.44| 0.92| 0.10 0.0486 0.055 0.0108 18
11 20 (0.25 25 |0.36| 0.70] 0.14 0.0529 0.076 0.0212 19
1.1 20 [0.25 3.65| 0.43] 0.84 0.12 0.081% 0.100 0.02
1.1 20 |0.25 45 (043 0.91| 0.10 0.1086| 0.126 0.024? 21
11 |20 050 [25 |033]065 013 | 00407 0061 00163 22
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11 20 |0.50 | 3.65| 0.50| 0.91 0.14 0.130T 0.151 0.03%8

11 20 050 |45 (044|092 0.10 | 0.1121] 0.135 0.0249 24
1.1 20 [1.00 |25 |0.33| 0.65| 0.13 0.0441 0.081 0.0179 25
11 20 |1.00 |3.65| 042 0.83 0.12| 0.087 0.107 0.02®%6

1.1 20 |1.00 |45 | 0.40f 0.8 0.09| 0.0653 0.080 0.014%5/
1.02 11.7(0.19 | 25 | 0.33 0.66 0.13| 0.0365 0.070 4®01|28
1.02 11.7(0.19 | 3.65| 0.44 0.8% 0.12| 0.0678 0.090 1880 (29
1.02 117|019 | 45| 0420 090 0.09] 0.0802 0.102 ™01/30
1.03 175|043 | 25 | 0.34 0.6§ 0.14| 0.0728 0.136 9202|31
1.03 175|043 | 3.65| 045 0.86 0.12| 0.110p 0.144 30380 |32
1.03 175|043 | 45 - - - - - - 33
15 1.75|0.50 15 | 0.14/ 0.49 0.10| 0.002 0.010 ®@00134

15 175|050 | 25 | 0.35 0.64 0.14| 0.007 0.010 @OOB5

15 1.75{0.50 3| 042 0.79 0.14| 0.006 0.009 0.00236

15 175|050 | 3.65| 0.44 0.8¢ 0.12| 0.008 0.010 2200(37

15 1.75{0.50 4 | 044 0.8 0.11| 0.014 0.017 0.00338

15 1.75({0.50 | 45 | 042 0.90 0.09| 0.015 0.018 G009

15 1.75/0.50 |55 | 0.33] 0.90 0.06| 0.016 0.019 @OOB0
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Highlights

» Wake widths and lengths for a tidal turbine usimgé different analysis metrics are
presented.

» Three levels of turbulent conditions are presentdg upstream grids.

» The impact of the turbine operating conditionstlumwake characteristics, are
analysed.

* The impact of turbulence intensity and Integrablinscales on the wake
characteristics are analysed.
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