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Abstract— This paper presents the results of three dimensiah
numerical simulations of a three-bladed horizontalaxis tidal
turbine (HATT) under realistic turbulent tidal flow conditions.
All results provided incorporate the Reynolds-averged Navier-
Stokes (RANS) Shear Stress Transport (SST) turbule@ model.
Simulations cover a range of tip speed ratios (TSR 3 — 4.5) and
flow velocities (1.6, 1.8 and 2.05 m/s) at a fixddib pitch angle of
approximately 28°. Simulations are performed at a itme-
dependent, turbulent inflow velocity based on measaments
obtained in Grand Passage, Nova Scotia. Thrust angower
coefficients are compared to numerical results obtaed in steady
flow for validation purposes. The results show aapd level of
agreement between steady and transient simulationsResults of
a power production comparison show a small reductioin power
production (4%), when comparing turbine operation n a
realistic unsteady tidal flow to operation in a stady flow. Near
field and far field wake propagation is also invesgated and
compared to the wake obtained with a steady flow.

Keywords— Computational Fluid Dynamics (CFD), Horizontal
Axis Tidal Turbine (HATT), Transient Simulations, Reynolds-
averaged Navier-Stokes (RANS), Real Tidal Flow Inte
Conditions

I. INTRODUCTION

General concerns of global warming, along withabst of
fossil fuels, are rising. As a consequence, irginggfocus is
put on the development of renewable energy indestome
of these industries, such as hydroelectricity osbare wind,
are well established. On the other hand, marineggrsources
are not yet exploited.

Unlike on-shore wind industries, marine energy stdes
are facing new challenges due to the harsher dondibf the
environment in which they operate. Oceans prethesit own
physical challenges that make development, manufagt
and marine energy device maintenance difficult aodtly.
These challenges include: salinity, high turbuleneeels,
rapid tidal flow, environmental issues and pooressiility.
It is nevertheless believed that the outcome igiwibre effort.

It has been estimated that tidal stream energy citgpa
could exceed 120 GW globally [1]. Although extiagtthis

total power is not technically feasible, it is ested by many
sources that 75 to 90 GW can be extracted withdifierent
existing technologies [2].

In marine energy industries, particularly in-streaichal,
reliability will be the key. Turbine developers apeitting
more and more emphasis on pre-deployment testiragdar
to garner meaningful information on the performanédidal
turbines.

As stated by tidal turbine manufacturers, measuthng
performance of a tidal turbine presents two keyllehges to
the tidal energy industry: 1) prediction in the idasstage and
2) verification of the performance once operatior3].
Prediction in the design stage is currently domeugh small-
scale steady-state experimental testing, which gsestant
velocity towing tanks [4, 5] or flume tanks [6] tetermine
power produced and thrust acting on the desigrdihie; or a
numerical model of the turbine, using constanttinklocity
conditions, over which the flow is simulated usieiher a
simpler blade element/momentum (BEM) [7, 8] method,
actuator disks representations [9] or the more pmand
accurate computational fluid dynamics (CFD) methdds.

These tools have been, and continue to be, usetidfdr
turbine design, optimization and characterizatiagsily
providing numerous and repeatable data. But recesilts
presented by Dr. Bjorn Elsaesser's group from Qiseen
University Belfast showed that the turbine maximum
operating power coefficientCy) was reduced by 24%, with a
consequential reduction in power production of 3@hen
comparing turbine operation in a real unsteadyl tildav to
steady tests performed by pushing the turbine ilhvgater
[11].

The second challenge, verification of the perforogaance
operational, has only been taken on by a selecttéehine
developers: Alstom through 4 years of careful mesment
and testing [3], OpenHydro through years at EMEg],[And
the aforementioned results from the Queen’s Uniters
group. The latter results point to the fact thatstrbine
developers, relying on steady tests, might be ct@nating
their turbine power rating by tens of percent. Tdosild have



an important impact on the overall financial assess and presents the blade geometry which is based on tRELN
economic viability of tidal projects. It's thereoimportant to S814 airfoil; the overall turbine has a diameter762 mm.
perform numerical studies using real unsteady vglocThe axis of rotation is located at 25% of the chivain the
conditions to know more precisely the impact ofteadiness leading edge for each cross section. The hub pitaiie for
on the turbines performance. the experimental turbine was measured to be 288¥%0.

Of the various numerical methods that are empldpddy 28.875 was used in the numerical model. The nacelle and
for studying turbulent flow over turbines, very fewan be support structure geometries were estimated frorewes of
employed to study unsteady flow with high enougbusacy. the publications, dimensions of which are provided
Blade element/momentum (BEM) [7, 8] methods havenbeTABLE Il. The blade roots and rotor hub were greatl
shown to be insufficient for unsteady loading [13]he simplified from the experimental setup to faciktameshing
actuator disc method still lacks the solution gyahat would (Fig. 1).
result from a standalone CFD model. A CFD approaah
been shown to be capable of resolving turbulendhennear 1. NUMERICAL MODELLING
and far field regions at fine resolution for a ghidimensional . :
horizontal axis tidal turbine (HATT) [14]. The mostA' Fluid Domam . ) )
commonly used turbulence model in the field of ltidabine ~_ The numerical fluid domain length is based on the
simulation today is the Shear Stress Transport J$&el. It dimensions of the Kelvin Hydrodynamics Laboratogwt
utilizes k-o turbulence closurén the inner boundary regionstank at the Strathclyde University where experiragtests for

andk-¢ closure in the free stream regions, and is capableDomanet al’s turbine were conducted [5].

resolving turbulence with acceptable margins obrejt5, 16]. TABLE |
This shift into unsteady studies has started récemith BLADE PARAMETERS[5]

numerous papers in the last two years looking atowa Radius (m) __ Twist () Chord (m)
engineering aspects, for example: CFD study ofldael on 0.089 0 0.0643
turbine blades stemming from unsteady tidal flowr][1 0.114 -4.38 0.0629
experimental study in a circulating tank of unstead 0.149 -10.74 0.0598
turbulence (generated artificially using staticdgji effect on a 0.183 -14.80 0.0560
small-scale tidal turbine [6, 18, 19]; these stadi®wever 0.216 -17.33 0.0516
used randomly generated flow field and turbuleesel. Only 0.251 -18.91 0.0473
one recent conference paper from a team at theeldsity of 8-32;353 _‘2109'37(5 oodgg'%
Manchester (UK) shows the integration of “real fideelocity ’ o o

. o - . 0.355 -20.87 0.0337
data as the inlet condition of a CFD simulationptoperly 0.381 2111 0.0249
study the impact of unsteadiness in the flow, ia tase using
data from the EMEC test site in the Orkney Islegj[1 TABLE II

In Canada, work on characterizing the unsteadiokssgal NACELLE GEOMETRY DIMENSIONS

flows in the Bay of Fundy has been underway foew fears Parameter Dimension
[20]. Several measurements campaigns have takem pa Nacelle Length 1700 mm
Grand Passage, Nova Scotia [20, 21, 22]; wherast feen Nacelle Diameter 150 mm
demonstrated that standard commercially-availab@CRs Rotor dept 700 mn

can be used to obtain representative estimatescohs-order
turbulence statistics, including the turbulent kineenergy
and the rate of energy dissipation. High fideligtathed eddy
simulations have also been used to characterizeirbtady
flow in the Minas Passage [23].

Researchers at Dalhousie University are well po#i to
study the impact of unsteady flow on turbine perfance
using a recently developed CFD model [24]. The micaé
methodology was validated against experimental ltegd]
and used to study turbine wake characteristics. [24i] this
paper, the inlet conditions are established based o
measurements obtained in Grand Passage, Nova Sthea
turbine performance and wake dynamics are assdssed
variety of mean flow speeds and tip speed ratiog] a
comparisons to steady flow simulations are made.

4
Il.  TURBINE GEOMETRY / \

The turbine geometry was developed to model the .y,
experimental turbine used by Domat al. [5]. TABLE |

Fig. 1 Turbine rendering.



TABLE Il to accurately capture the its performance. Theslided the
TOWTANK PARAMETERS [5] minimum and maximum cell size, curvature normall@ran

Parameter Magnitude the blade and growth rate. Special attention wad to the
Length 76 m quality of the inflation layers, where the effedt tbe first
Breadth 4.6m layer height and number of layers were tested [ABiis
Heigh 25m numerical model was then compared to experimeeslits
Maximum flow speed 5 m/s performed by Domaret al. in the Kelvin Hydrodynamics

Laboratory tow tank for validation purposes [5, .28 good
level of agreement between the numerical and exyerial
results was shown [28].

Figure 3 provides a detailed view of the toebisurface
mesh, and Fig. 4 shows the cross-section of thaebizesh.

D. Boundary Conditions

The domain boundary conditions are provided in &d¥l
At the inlet ¢ = -2D), a time- and depth-dependent velocity
was imposed where the synthetic data was basedDiDPA
velocity measurements that were obtained in 2013hat
23D northern end of Grand Passage, Nova Scotia [22k Th
¥ conditions represent a typical flood tide when thigl-depth

velocity ranged from 1.8 to 2 m/s.
N The total velocity at the inlet was expressed as:
£ : V(Y,t) =V()+v'(t) )

Fig. 2 Fluid domain. where V(Y) is the mean velocity profile and'(t) is the

Figure 2 and Table Il presents the dimensions hef tturbulent component.
facility. These parameters are represented in thmenical
fluid domain with the exception of the domain lemgThe
domain length was shortened toR2with inlet and outlet
lengths of ® and 2@ respectively, wherdd = 762 mm
denotes the turbine diameter. The fluid domainhiews in
Fig. 2 and the turbine is located at ¥, 2) = (0, 0, 0). It has
been shown that this length is sufficient as tharneake
physics and performance of the turbine is not S§icamtly
affected by the outlet domain length [24].

B. Turbulence Models

The k-w Shear Stress Transport (SST) Reynolds-average
Navier-Stokes (RANS) turbulence model was chosen ftc
capture turbulent fluctuations in the flow [25]. hi§ is
generally accepted as the most suitable turbulemogel in Fig. 3 Detailed view of turbine surface mesh.

similar applications [9, 15, 24]. SST is a two atjon eddy &7 NP A
viscosity model that employsw in the inner boundary layer Kﬂg%gég"%“ ‘ﬁ Avll?"%}%"évé%%‘
and transitions té-¢ in the free stream. SST thereby negat v\"}%‘i"‘%@?’,‘!" g‘ggg@q»‘

the poor performance ok-c near solid surfacesind the jﬁ&&%‘%‘iﬁé\' -553‘1575;57@

exaggerated sensitivity &fw in free-shear flows [9]. "\‘é‘lﬁlv’

C. Computational Mesh
The fluid domain was spatially discretized using Y&

? \

Mesher. tut?lstrtlcttl){red tetraht;:dral_ls_hwec:e used t?uéat?iy Xéﬂ‘%;g“\
represent the turbine geometry. The domain comkisfea < X = R EAVENTAVIN
rotating cylindrical domain encompassing the tueband a -@}é % 46"‘42“;’?.’4‘2?’4@:’
: : mp: s s o LR AR
larger stationary domain. Continuity across theeriiaice ﬁ\;::z«!;‘,‘,‘ S _ﬁgﬁg&q‘\“yfné\’ﬁg‘\
between the two domains was achieved using the r@ien: 1%‘@‘%\ BRERRA %ﬁﬁgﬁ"dﬂt"\v‘%‘g A("A’(,/’N"
Grid Interface (GGI). ﬁé?%é%%?é{%{{yﬁ ! Sy ."-

Several parameters of the mesh were tested to estiser _ ) _
geometry of the turbine was modelled with enougtolgion Fig. 4 Cross-section of the blade mesh.



TABLE IV given the same average velocity as the inlet flovirhit the

BOUNDARY CONDITIONS impact of the wall on flow dynamics. The rotatibnate of

Boundary Condition the cylindrical domain was set to achieve the @elsiip speed
Inlet Unsteady Flow with an Averaged ratio (TSR), defined as:

Normal Velocity?7= 2.05 m/s
Outlet Prel = 0 P _ WR
Tank Walls No-Slip, TSR == )

Side Wall Velocity = 2.05 m/s

Top Surface as a Free Surface wherew is the rotational rate in rad/R,is the turbine radius
Turbine Walls No-Slip (381 mm), and’ is the reference velocity (constant during the
Domain Interfaces  Transient Rotor experiment).

In addition, steady state simulations were perfanre
order to enable the comparison of the wake behavithese
- - simulations used only the constant mean velocitfilerv’ (Y)
05 | as inlet velocity. Two thousand iterations wereassary to
reach convergence in the wake.

In these steady simulations, the frozen-rotor gasesady

1 \ \

a8 0 — approach was used to model the dynamics of the flow
E | i (whereas the fully transient-rotor one was used ttoe

3 transient runs). With the exception of the inletoeity and
§‘°-5 ] the frozen- or transient-rotor approach, all thewations

2 - e were performed with the same mesh and boundaryitoamsi

A . .

= .1 | All simulations are performed at constant TSRs.

Q

5 - : E. Resolution Procedure

>

15 — All simulations were performed using between 26 &0d
cores on a Dell Precision T7810, 16 cores (2.4 Gimer
threaded with 128 GB of RAM. The computation timsgied

-2 ] between 1 hour and 48hours (transient simulations).
[— \ \ ] IV. NUMERICAL COMPARISON BETWEENUNSTEADY AND
0.8 1.2 1.6 2 2.4 STEADY FLOW
Velocity (m/s)

A. Performance Calculation

Power and thrust coefficients are used for comparis
The mean velocity profile was generated from thve-dd These properties are described as follows:
the wall which is given by:

Fig. 5 Mean velocity profilé as a function o¥.

T

Cc=1—— (4)
7(r) ==InG) @ B
K Yo C B P B w0 (5)
wherekx = 0.4 is the von Karman constant, is the friction P loavy T Jpav3

velocity andY, is the bottom roughness lengthscale. The .
andY, parameters are based on the best fit to the ADL® dwhere T and P are the thrUSF and mechamcal power
and are given by, = 0.0939 m/s and, = 0.0037 m. The produced, respe_ctwelyq is the fluid densityA is the rotor
resulting velocity profile is shown in Fig. 5. swept area, anq is the rotor torque. . .

Because an ADCP cannot measuré directly, the Becauge a velocity proﬂlg is used at the. flovelocity
measured dissipation rate o= 8.6 x 16 W/kg was used to va|r|e§t W'thddepth' Dep?enqtlng ofr)lgthe chouzje of wsice t
obtain a realistic turbulent velocity [22]. A shetic time velocity ma e_(mean velocity profllé averaged on a swep
series was generated by superimposing waves ofonand?'€&: veIOC|_ty_I/(Y) at a specific I_ocatlorYl, etc), power and
phase at wavenumbers below the Kolmogorov micresc fhrust coefficients values can differ substantiallfks shown
where the amplitude of each Fourier component wah that aby Fleminget al., the power curve may be misrepresented if
the theoretical form of the spectral dens8ywas ensured,e. " incorrect reference velocity is taken [29]. ytehowed
S~k=5/3. In reality, ¢ and hencev' varies with depth; that the correct reference velocity is the one kdoathe
however, in these ini,tial simulationg, was independent of. ' integral of the velocity pyer the rotor swept arﬁbus’ for a”
The 20 s synthetic time seriesudfis plotted in Fig. 6 a). th“.JSt and power coefficients computgd in this pape(t) is

No-slip conditions were applied to every surfacetfie definedasthe integral over the velocity of the rotor swept
model, except the top water surface which was sitadlas a area. . . . )
free surface. The side walls of the simulation domaere b For the unsteady simulations, total velosifyt) is defined

y:



@ =v®)+ V, (6) B. Power and Thrust Coefficients

ThereforeV, (¢) is given at times. Due to the advection time  With the inlet velocity being time-dependent in the
of the fluid from the inlet to the turbine, the lmi velocity at transient simulations, the instantaneous velocégies from
t; does not correspond to the fluid’s velocity goihgpugh the 1:75 0 2.2 m/s (when the average velocity is 20S).
turbine att;. To determine the actual velocity at the turbime, 1 Nerefore, for comparison, it was decided to penfahe
time offset has been added. This offset is eqoathe steady simulations with the same range of inputedpe

advection time of the fluid from the inlet to thertiine equal Results in Fig. 7 include the results of steadyusions
t0 0.75 s. covering a range of tip speed ratios (TSR = 3 9 4uad

Figures 6 a), b) and c) show, respectively, theusiam of Velocities (1.75- 2.2 m/s). Transient simulaticoser a range

V, C, andC; as with time. In these figures, TSR is equal to® TSR (3 - 4.5) obtained for one transient inlefoeity

and the average velocity is set to 2.05 m/s. Tweatonds of Naving an average of 2.05 m/s. Figure 7 shows the

‘real data’ were used to perform these simulations. comparative C-TSR and C-TSR curves for steady and
The magnitude of the fluctuations in ti@ is far higher Unsteady flow.

than for Cy: Cp values varying from 0.24 to 0.4 where@s  BOth Cp and G follow a similar trend for steady and
values from 0.08 to 0.95. unsteady simulationsHowever, in the transient results, the

This large variation in th€; values (consequently, also influctuation amplitude in th€, andC; values is much higher

blade loading) could lead to an increase of theiterblade than for steady flow results.

fatigue and stress, possibly reducing the life etaecy of the The turbine’s overall perfprmance for an unsteddw fis
device. comparable to the one obtained for a steady flohe Jteady

flow C, curve has an average relative difference of 0.88

2.3 i \ ‘ ] average absolute difference of 0.003 below unsteady
29 simulations values. Likewise, the predict€dcurve has an
—~ o average relative difference of 0.07% below unsteady
=21 simulations values. As can be seen, the relatiVierdnce

g ) grows with TSR to reach 0.5% for TSR=4.5.
3
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V. RESULTS ANDDISCUSSION

A. Mechanical Performance

Following the presentation of results from Dr. Bjor
Elsaesser's group experiments [11], the
performance of the turbine was assessed. To donew,
simulations were run with changed inlet conditioBseady
simulations covering a wider range of velocitiesAglto 2.3
m/s) were performed at constant TSRs (3, 3.5 owHgreas
in the transient simulations, three different véles (integral
of the velocity on the rotor swept area) were udegl; 1.8 and
2.05 m/s. TSR remained constant for the durationaof
simulation. The comparison of the mechanical poagainst
inflow velocity for these three TSR-values is shawiirig. 8.

In each case, the relationship between the meddanic
power P and the velocity follows the power law expected
from Eq. (5). The mechanical power is proportiotalthe
power in the flow and thus the cube of the infloelocity.
The relationship is very consistent for the steandgf unsteady
flow even if the amount of scatter in the instaetaus Py
values is important for transient results.

Taking a closer look at the curves for each TSRT®R =
3.5, the unsteady tests mechanical performancelwaya
lower than the steady one: approximately 7 W (3.386p
than the steady tests at 1.45 m/s and 27.7 W (3l&86)than
the steady tests at 2.3 m/s. For TSR = 3 or 4difference
between the steady and the transient mechanictdrpemce
depends on the velocity-value. For TSR = 3, théedshce is
close to 0 at 1.45 m/s and equal to 50 W (6.3%) ted
opposite trend is seen for TSR = 4.

B. Wake Characteristics

Velocity deficit and turbulence intensity were cartgd in
order to visualize what is happening in the waked are
defined as:

w @

Vdeficit =1-

Va

_ 100

2
-k
VaN3

TI (8)
whereVy,, is the local wake velocity ankl is the turbulent
kinetic energy. ¥, is the time average of the integral of the
velocity over the rotor swept area and thereformaias
constant for the duration of the simulation (sotinee offset
was added to consider the advection time from rtfed to the
turbine even for transient simulations).

To visualize clearly what is happening in the kesa
dimensionless velocity(/V,) are plotted in Fig. 9 at different
locations along the wake, both for steady and ieats
simulations. Because in transient simulations, wWake is
constantly evolving, results only for a single dfiectime
value are presented. This was chosen to be 20asibedt is a
good compromise between the time needed to obtdirtlya
developed wake which can be observed to take ajppately
10 s, and a simulation which lasts for too long.

mechanical
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Fig. 8 Steady and transient mechanical power agaifisw velocity for:
a) TSR=3,b) TSR=3.5andc) TSR=4.



Fig. 9 Normalized Velocity /V, for steady simulations at ap3b) 5D, c) D and d) ® and transient simulations at €),¥) 5D, g) D and h) ®.

Fig. 10 Normalized Velocity /V, on mid-vertical plane for a) steady flow, b) trieams flow att = 20 s.

Fig. 11 Turbulence intensity on mid-vertical pldoea) steady flow, b) transient flow & 20 s.



The shape of velocity profile through the wake iffedent:
a cylindrical-shaped wake for transient flow wherézere is a
“turbine-shaped” wake for steady simulations. Meeso the
velocity deficit seems to disappear faster in tlemstant
velocity simulations. Figure 9 a), b), ¢) and djaalllustrates
the effects, of the fixed rotor blades in the syesithulation.
In contrast, in transient simulations, with the rig@nt Rotor
approach, the blades are always moving. That is avlarge

- — — — 5D-Steady
5D-Transient
- — — — 10D-Steady
10D-Transient
- — — — 15D-Steady
15D-Transient
20D-Steady
20D-Transient

circle profile can observe in the transient simolat 1.5
Figure 10 represents the normalized velocity on-mid
vertical plane. It shows that the velocity defitst more
important for transient simulations in the far dievake (D 1
and D) but it is the opposite in the near field. As riemed
earlier, depending on the type of inflow velocitged, the =

shape of the wake is different. The wake is wifterthe = 5 N

turbulent simulation and disappears more slowly. &ty
distance of 1D, velocity is approaching the inflow velocityg
for steady state whereas the velocity deficit i ishportant
in the second case. Even at a distance Bf, 20e flow is still
affected by the turbine in the transient case.

Figure 11 presents the turbulence intensiitpglthe centre
plane of the wake. Unlike velocity profiles, turbote
intensity profiles are much the same in both casebulence =
is still significant at a distance of ROand increases as
moving away from the turbine. When turbulencenstty is -1
lower than 4% in the near wake, it is approximagdy at a
distance of 2D. As above, turbulence is higher in the

o

orizontal Dista

-0.5 -

a)

1

b) ©)

d)

transient case, especially in the far wake: astadce of 2D, -15
maximum turbulence intensity is 3.6% for constaldwf 0
simulations and 5.7% for the unsteady simulatiohnisTnay

due to the large fluctuation of the inlet velocidyring the
simulation.

Figures 12 and 13 present the values of turbuletieasity  0.75
and velocity deficit over horizontal lines and veat lines at
5D, 10D, 15D and 2@. First, both for velocity deficit and
turbulence intensity, there is no symmetry al@gin steady
simulation, this is due to the Frozen Rotor appnoatich ~
forces the fluid to twist around the blades. Thaist is g 0.25
always generated in the same side of the bladettaunl it
creates a deflection AfD= -0.5 as seen in Figs. 12 and 13 b§-
c)-d). At D, irregularities in the turbulence intensity can e
observed ax/D = 0 and + 0.5 (especially in the transiefit
simulations). These irregularities corresponchtturbulence’s g 25
due to root and tip losses, and nacelle struchisgaction. B

Regarding the velocity deficit, the wake seems goome >

wider from B to 2M, both in the horizontal and vertical -0-5 -

directions. The velocity deficit is not confined yamore
between -0.5 and 0.5 m (in both directions} but between ) ;¢
-0.75 and 0.9 m (vertical direction at 20 The results

demonstrate also that average velocity deficitighér in the

transient simulations than steady simulations andtte -1
velocity deficit disappears faster in the constaetocity
simulations. For example, the average velocityiciteis
approximately 0.09 at a horizontal distance oD1for a
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Fig. 12 Turbulence intensity: a) Horizontal B5b) Horizontal - 10,

constant VelOCity inﬂoW .ar.'d 0.15 for tranSi?nt B]&tipns. c) Horizontal - 19, d) Horizontal - 2D, e) Vertical - B, f) Vertical - 1D,
However, velocity deficit in constant velocity sitations g) Vertical - 1D, h) Vertical - 20.

seems to be over-predicted outside of the wake.
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Fig. 13 Velocity deficit: a) Horizontal - [ b) Horizontal - 1D,
c) Horizontal - 1, d) Horizontal - 20, e) Vertical - B, f) Vertical - 1M,
g) Vertical - 1D, h) Vertical - 2.

Regarding turbulent intensity, results may be diffi to
interpret: for turbulence intensity as a functioh wertical
distance, turbulence is higher for transient resthlan steady
one. For instance, at a distance oDl%verage turbulence
intensity is approximately 3% for steady state $ations and
4% for transient. However, it is not so obviousewhooking
to turbulence as a function of horizontal distamcg. at a
distance of 2D, average turbulence intensity is equal to 1.7%
for transient flow and 1.9% for steady flow simidas. It can
also be seen that turbulence increases frbmo52M in both
directions.

VI. CONCLUSIONS

A numerical model of a three bladed horizontal &idsl
turbine under realistic turbulent tidal flow hasehecreated.
The preliminary results of this investigation habeen
compared with steady flow numerical model resuith\good
agreement in trends. Prediction of b@handC; are very
similar in both cases. These similar trends oleskin both
Cy, and C; curve are important as they indicate that the
appropriate flow physics are being accounted farlya SR
values related to maximu@, andC; changed. Fo€, curves,
tip speed ratio is approximately equal to 3.9 ieady flow
and 4.1 for transient conditions. In transientothis results
however in an approximate 4% reduction in perforoeatior
TSR = 3.5), though there is increased uncertainty @ the
levels of scatter in the numerical data points.

Velocity deficit plots show the wake is wider iransient
simulations than steady ones. The velocity defligappears
also faster in the constant velocity simulationsirbiilent
effects in the wake seem to increase after a distaf 1@
downstream of the turbine in this setup, as showhig. 13.
These turbulence effects are higher in the trabsien
simulations.

This comparative analysis of humerical steady aasient
simulations shows the impact of the unsteadines®alfstic
tidal flows on the performance of tidal turbines.view of the
above, the current use of steady state testing €riaat or
experimental) for design stage can be questioneue T
observed changes in the wake’s characteristicstlamcigh
variations of the loads on the blades (referend@ticurve as
a function of time) must also be better assessed.
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