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The Performance and Hydrodynamicsin Unsteady Flow of a Horizontal Axis Tidal
Turbine

Binoe E. Abuah Robert J. Howell
University of the Philippines, Diliman, Quezon City
University of Sheffield, Sheffield, United Kingdom

ABSTRACT

This paper presents the effedt idealised unsteady tidal velocities on the performance of a newly-designed
Horizontal-Axis Tidal Turbine (HATT) through the use of numerical simulationagu§iomputational Fluid
Dynamics (CFD). Simulations are conducted using ANSYS FLUENT implementingetheRs-Averaged Navier
Stokes (RANS) equations to model the fluid flow problem. A steady flow casedslling in a 2 m/s stream flow
and the resulting performance curve was used as the basis of comparison foreahdyuihatv simulationsA
decrease in performance was seen for the unsteady flow simulation arouAtSpe&kSR=6) which has a cyclic-
averaged coefficient of performance (CP) of 37.50% compared to the steady CP of 3méb.decreases in
performance with unsteady flow was observed away from the peak performance TSR=at and TSR=8.
Furthermore, with unsteady flow that it was found that as the TSR increaselffé¢hence between the cyclic-
averaged CP and the steady flow CP drops. The effect of variations iedherfcy and amplitude of the unsteady
flow showed that a decrease in the cyclic-averaged CP was observed and this perfadwameckwith increasing
frequency and increasing amplitude of unsteady incoming flows. For the stadesd here, unsteady flows are
detrimental to the performance of the tidal turbine.

Keywords - Horizontal Axis Tidal Turbine (HATT); unsteady flow; hysteresis curve; CoeffigéRerformance
(CP); Computational Fluid Dynamics (CFD).

1. INTRODUCTION

Tidal energy is one of the less developed renewable energy source but one tiggifiasns potential for large
scale energy generation giveire world’s tidal capacity is around 120 GW. In the UK alone, the expected capacity
is expected to exceed 10GW which is about 5@%urope’s total tidal capacity [1] but despite this potential, the
technology is still in its pre-commercialisation stage. Tidal energyilisysars behind wind energy in terms of
energy produced [2]. In the UK, tidal power is onl§% of the country’s total power generated and is only 1% of
electricity harnessed from renewable energy [3].

The horizontal axis tidal turbine (HATT) is an energy extraction device varjasito horizontal axis wind
turbine (HAWT) in terms of functions and components although additional considerateomgcessary for tidal
blade designs since it will be submerged under water. HAWIll turn slower because water flow velocities are
lower than typical wind speeds [4]. Other differences includes higher axist tlwrads, cavitation, potentially
higher unsteady blade loading, and a requirement for blade surface treatments against bio-fouling

Currently installed HATTs include the 500 kW Deepgen tidaastiturbine by Tidal Generation Limited (TGL)
which is successfully installed in the EMEC’s site at the fall of Warness at Eday in 2010. Alstom acquired TGL in
2013 and they developed a 1 MW turbine in a project called ReDAPT (Reliable Data AcquisitiomPfor Tidal)
which aims to collect and publish data for tidal energy production for an 18 moitb.p&eneral Electric (GE)
acquired Alstom tidal in 2016 and currently planning to produce the next generatioWVl@ckhde Tidal Turbine
[4]. Other projects include Aquamarine’s 2.4 MW tidal stream turbine called Neptune and Atlantis Resources
Limited’s Meygen project which have deployed their first Andritz Hydro Hammerfest turbine at full power in
December, 2016. Marine Current Turbines also have their twin turbines called Se&Bbnwas tested in
December 2008 and is able to produce 1.2 MW per turbine at a tidal current velocity of 2.4 m/s.
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1.1 Steady Flow Simulations and Experiments

Steady flow performance and blade loading has been presented in a number of diffeighegshidies. Bahaj
et al [5] undertook a number of experiments both in a cavitation tunneh towling tank which were used as
validation for numerical modelling with Blade-Element Momentum (BEM) method and Catigmal Fluid
Dynamics (CFD) simulations. Small scale experimental modelling to obsereemedndering has been carried out
by Chamorro et al [6] using 3D Particle Image Velocimetry (PIV) irop@en channel experiment. Walker, in his
PhD study at Sheffield, looked at the effects of support structure interference on p&kibFmance using a
circulating water flume [7] while Morris [8] examined solidity, wake recovery aadebdeflection using a water
flume.

In terms of numerical modelling, BEM and Reynolds-averaged Numerical SimulationSRBRD simulations
with Large Eddy Simulation (LES) are the ones being used for most numerical stiid8EW method has been
explored and validated by Bahaj and Batten et al [9] with the use of theiimregptl results in a cavitation tunnel
and towing tank and was proven to be effective in exploring performance cuida iturbines. BEM has also been
integrated into wind and tidal turbine performance and design software and inGhretesl Hassan’s Bladed and
Tidal Bladed has been validated by the Energy Technological Instituted&Well as Batten et al. [9] QBlade is a
BEM based open source software used and validated by the authors for use in tidal turbines [10, 11]

Although BEM has been widely used in tidal turbine design and analysis infitetiins. To overcome these
limitations, CFD (RANS and others) has been used and developed. Malki &RJalsgd a coupled BEM-CFD
model to address the limitation of BEM but still have faster simulattmars CFD. Investigations of wakes has been
carried out by MacLeod et al [13] using a RANS solver withtkrbulence closure model and has found that 5D
separation is enough for tidal turbines in an array as the velocity/eneappi®red at this distance. RANS is also
been used for the investigation of solidity and blade deflection by M8irishile the effect of plug flow and high
shear flow to tidal turbine was investigated by Mason-Jones etJaligiig RANS with a very similar model used
by O’Dohetry et al. [15] when they looked at the feasibility of tidal turbine sites in the Welsh coast.

Afgan et al [16] looked at blade loading and turbulence in tidal turbing bsth RANS and LES and compared
the two CFD models and compared it using the experimental results by Bahaj etlawis found that LES
provides greater insight into flow physics especially at low TSR at thenegpof higher computational time. Kang
et al [17 used LES to look at an isolated rotor versus a full tidal turbine modedsistated that in terms of power
coefficients, the results from the two simulations are very similar whidns that the pressure fields in the turbine
blades which generate torques from extracting power from the current ismficaigly affected by the other parts
of the turbine.

1.2 Unsteady Flow Simulations and Experiments

Tidal turbine performance and hydrodynamics has been studied for steady flow but teeyelitde published
when incoming flows are unsteady and more research is necessary. The authors carntéiradune using RANS
CFD models, as used here, to investigate the effects of unsteady fldve @ower generating performance of
turbines and the underlying aerodynamics, although lots of work has been catr@dother aspects, such as FSI,
loading, noise generation etc. Studies using BEMs have however been carried out, for éx&uophe et al [18
used a unsteady BEM to investigate the unsteady flow that results due to cureenarghg/aw misalignment
showing they have a significant impact on the hydrodynamic performance of a tidat tunbizre. Ai et al [1D
showed that unsteady flow due to long waves, introduce non-linearity in the resptmseuobine particularly at
low tip speed ratio as well as can affecting the time-averaged power iepeffigVhile such studies are useful, they
are limited in the flow physics that can be extracted from them and illustngtéhes work in this paper is required.
A study done by Leroux, et al [20] uses realistic unsteady inflow frorhdigams in Nova Scotia and looks at its
effects in tidal turbine performance. The results show a maximum differe@c@38b between steady and unsteady
values for a stream with a 2.05 m/s average speed and an average amplitude of 10%. Yérilerith@nce report
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is presented, the hydrodynamics explaining what happened is not included in the paperitbiscameseomplex to
explain without looking at basic unsteady flow effects first which is what the authors waesémton this paper.

Most of the current research for tidal turbines in unsteady flow looksa@e ifthrust) loading. The reason is that
fatigue loading in unsteady flow is one of the underestimated effects of unes=atiiat is needed to be considered
in blade and rotor design. Young et al [2¥as shown using BEM-FEM solver that at highly-loaded off-design
measurements, the maximum von Mises stress exceeds the design material’s yield strength by 65% when compared
to steady flow blade loading, suggesting the same effect to the blade throggé keading. De Jesus Henriques et
al [21] showed, using experimental models, that changes in blade pitch angle could be used as anmixhani
reducing the loading on a HATT when operating with unsteady flows drixiogssive wave-induced loads, while
still enabling a significant amount of the available power in the unsteady tidal streanxtmabeed

Three phenomenon related to blade loading have been mentioned in the litegatdeel mass, dynamic inflow,
and dynamic stall. The effect of added mass has been investigated by Minid2bguaing aerodynamic analysis
program (FAST and AeroDyn) and they found that there is a significant effdatade loading. However, results
from Whelan et al 32] showed the opposite where effects from axial added mass of rotor operating in a mean
current subjected to passing waves was shown to be small and indeed insignificant. Whelateéat for quick
changes in velocity, it was found that the greater flow field cannot regpockly enough to establish steady state
conditions and an overshdotthe blade loading were observed. Planar oscillatory experiments conducted by Milne
et al [23] shows that there is an increase in blade loads with increased frequency aexcledisd the steady state
blade loads by up to 15% for reduced frequencies between 0.03 and 0.10 with maximum unsteady amplitude of 2¢
A phase lead of the blade loads over velocity was also observed, which is also an efpexitécdbm dynamic
inflow. It was also found that the amplitudes of multi-frequency loading carodeli®d using superposition which
will be important in the design stage of tidal turbines to investigtitpiéaloads. For lower TSR, delayed separation,
phase lag and dynamic stall were observed. These result to exceeding the steady loagirtg B%% while
exhibiting a large degree of hysteresis.][Rynamic stall is defined as the result of unsteady and/or fluctuating time
histories which leads to a variation in velocity over the turbine rotors ésults to changes in lift and drag
coefficients due to flow separation around the foil which is dependethiteotime-dependent changes in angle of
attack. Dynamic stall also results to overshoots in load magnitudes over s$teadgltiesand indueshysteresis.
Dynamic inflow phenomenon in oscillating aerofais presented by Lee and Gerontakos [28] while Leishman [29]
explained the phenomenon in helicopter and wind turbine settings. Dynamic stall phenomewonSR in tidal
turbine under unsteady flow is also presented in Milne et alsfp@y when they explains hysteresis curve variation
when frequency of the forcing velocity was changed.

Galloway [31] conducted a study on the effects of waves and misaligned flow andfduhdt wave effects are
not significant in terms of power output of the turbine but is signifigaaffecting blade loading due to the cycling
loading resulting into fatigue in blades. Luznik et al [32] conducted an experlimeiree-bladed HATT with and
without waves to look at the effects of waves in performance. Resultestutigat the effect of waves is
insignificant, for the conditions used, as the values of CP with waves shows similar results dytllataa

Current literature does not include much information regarding the effects of flow unet=adn performance of
HATTSs. This paper aims to start to fill that gap by investigating the sftéddtequency and amplitude variations on
the performance of a newly designed HATT with a detailed explanation of the hydradyrthat cause that
change in performance.

2. TEST CASE AND METHODOLOGY

The tidal turbine that will be used here was desigatgte University of Sheffield with the blade specifications
described in Table 1. The design process and structural analysis for the tugyeseiged in previous papers by
the author [10, 11, 35]. The Sheffield HATT was designed using QBlade tocahagh CP over a wide range of
TSRs so as to be used as a reference case when comparing unsteady flow results.
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Table 1
Sheffield HATT Geometry Specifications
Radial Chord Twist (°) | Folil Profile
Position (m) | Length (m)
0.4 0.25 20 NACA 4424
0.6 0.2312 14.5 NACA 4420
0.8 0.2126 11.1 NACA 4418
1.0 0.1938 8.9 NACA 4417
1.2 0.175 7.4 NACA 4416
1.4 0.1562 6.5 NACA 4415
1.6 0.1376 5.9 NACA 4414
1.8 0.1188 5.4 NACA 4413
2.0 0.1 5 NACA 4412

A CFD model of the Sheffield HATT geometry was created using the meshing softn&¢SACEM-CFD. A
mesh independence study and a boundary size study were conducted to determinesthitgablegnesh to be used
for the CFD simulations, see Abuan et al [11]. An unstructured tetrahedsal with 300 cells at the 75% span of
the blade with 15 layers of prism cells was chosen in the mesh independent study wresknted in Figure 1a in
a cut plane view. The computational domain and boundary conditions was illustratedirim Hig it should be
noted that the boundary conditions for the top part of domain was also set as wall fre@-gotface with the
reason being that the mesh was also intended to be used to validate experimentaindateatitation tank/wind
tunnel. Figure 1c shows the entirety of the rotational part of the domain. ghoas in Abuan [11] the complete
basis of the domain size for both the rotational and stationary part whictirily tnased on the distance by which
the rotational domain is not affecting the flow and is resolved in the dionulahe author also choose not to
include the hub of the rotor as its effects is minimal based on the stuhnigyet al [17] where they compared full
tidal turbine performance to a blade only model and negligible differences were presented.
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Figure 1 Sheffield HATT mesh information and images; cut plane to phiem layer boundary mesh (a) whole computational
domain showing boundary conditions (b) the rotational domainyfplus values plot near mesh at 75% span (d) together with
the results of the mesh independence s{ajignd time independence study (f) for the Sheffield HATT model

Studies were carried out to ascertain the quality of the simulations. Thesteiaclmesh independence study,
effect of boundary size, turbulence model and time-step. The data for these antegrasnd are available in the
author’s previous work and freely available [10, 11, 31]. Figure 1e and Table 2 show the mesh independence study
carried out by the authors in previous work where the turbine performanceedasithe measurement metric at a
TSR of 6 for different mesh sizes. Mesh 4 was selected as it shows very close CP values toetli@nsker meshes
but requires less computational hours. The numbers behind the points in Figure 1 are the coaipubati® it
needs for the simulation to converge. We can see mesh 4, the one with 20 hour computingpéveeyéoy similar
CP values with meshes 5 and 6 with significant difference in computing Simeilations were conducted using
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ANSYS FLUENT’s Reynolds-Averaged Navier Stokes (RANS) method with the BST as the closure turbulence
model with y+ values at the log layer between 30 and 100 as can be seen in Figure thHemhetas values near
the wall at the 75% span cross section is presented. Figure 1f shows the resusiisdyf into the effects of time-
step interval on the solution. This showed that the turbine torque ditbgragst 1% between the one degree per
time-step simulation and a 0.5 degree per time stmplation. The latter is considerably more demanding in
computational time and as a result a 1 degree time step was chosen for this lsudgter flow velocity for this
study was set to 2 m/s which is within the range of optimum velocitydarturbines as quoted from Carbon Trust
[33] and corresponds to a Reynolds number of 1,350,000 at the 75% span of the blade. Secdrahsient
implicit formulation was chosen to assure convergence but with more iteratiotim@eatep (30 iterations per time
step was used for this study as determined in previous studies by Danao and Abugi &b, §6ce the mesh was
made using unstructured tetrahedrals and the mesh grid is not aligned to théh#osecond-order upwind
discretisation scheme were used for improved accuracy at the expense of &highdy computational time.
Solutions were deemed to have converged when residual values reached.5 Retiddic convergence (shown
later) was achieved after around 10 rotations of the turbine.

Table 2
Mesh Independence Study Results for the Sheffield HATT at water velocity=2m/s and TSR=6

Mesh | Target no. of| Total no. of Coefficient of | Computational
no. Cells at 0.75 cells Performance | time (at 48 cores
span hours)
1 50 836,654 0.373 6
2 100 1,661,936 0.403 8
3 200 3,217,579 0.411 12
4 300 4,259,402 0.418 20
5 350 6,500,103 0.418 29
6 400 8,308,612 0.417 38

The predicted power curves from both the CFD simulation initial BEM sefulin QBlade are presented in
Figure 2.Both curves display similar shape and trends with maximum CP occurring clo§8Re6. The
computation of CP used for the steady flow simulations is derived from standardgqwsgutesented in current
literature [5, 23, 27] where the CP is the ratio of the power extracted byriireetto the power available in the
water flow. The CFD simulation however has a lower power but this is due to ¢leedihtensional effects that are
not modelled in the BEM.
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Figure 2 Power curve comparison between CFD and BEM results fBhdféeld HATT.

Low performance (power generation) is observed at low TSRs where high angteslofied generated; this will
generate higher lift but also high drag and possibly separated flows teas dagh form drag. Figure 3 shows the
streamlines at the 25% and 75% span of the blade for TSR=2 where a largéiseparthe suction side of the
blade surface is observed. As the TSR increases, the angle of attack will detieasesults to two phenomena.
First is the decrease in lift but also flow reattachment and so lower drizgisTobserved in the region in Figure 2
highlighted with the green oval. The decrease in drag is greater than theseléorkfh caused by the decrease in
AOA thus resulting to an increase in lift to drag ratio and hence CP.
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Figure 3 Streamlines at the 25% (a) and 75% (b) blade span at TSR=2 for freddSHAT T steady simulation.

Figure 4 Streamlines at the 75% blade span at TSR=4 for the Sheffield HATT siteathtion.

Performance reached its maximum at TSR=6 with a CP value of 39.46% wheugbihe has an optimum
combination of lift and drag. Figure 4 illustrates the streamlines ambpdrofoil cross-section at 75% blade span
and it can be seen that the flow is fully attached eliminating the effextditional drag thus making CP higher.
After this point, the CP started decreasing at higher TB&sause the incident AoA decreases thus resulting in
lower lift. Drag will not change much at high TSRs because the AoA is tennsro meaning that CP is more
dominated by the sensitivity to changes in lift. Negative-lift is also ubdeat TSR=10 where there is an overlap in
the lines of pressure coefficient as shown in Figure 5, and this also contributes to thEoleereobserved.
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235 Figure 5 Coefficient of pressure plot across the 75% blade span aflU8Rthe Sheffield HATT steady simulation.
236 3. RESULTSAND DISCUSSION
237 3.1 Unsteady Flow Simulation

238 The peak of the power curve (CP=39.5%) at TSR=6 was chosen to be the reference pompérison with the

239 unsteady flow simulations since any turbine would generally be operated at thenlefahaximum performance.

240 The idealised unsteady flow velocity was set to have amplitude of 2599 af¢an velaty. Frequency of the fluid

241 flow was set to produce a flow frequency ofz and this was defined to be the unsteady base case since other
242 unsteady results will be compared to this. To achieve this, a User DefinedoRufiF) was created, which

243 defined the velocity at the inlet boundary of the computational domain to wryinve using the equation u(t) =

244  1.94 + 049 sin(2xt), where t is the flow time in seconds. It is important to notetthistequation was also set to
245 have a cyclic-averaged water power equal to that of a steady flow at 2 m/sékhisnfty corresponds to a
246  Leishman’s reduced frequency (k) of 0.051 which is just outside the quasi-steady flow rangedd&fibe values of

247  kbetween 0 and 0.05.

248 The unsteady simulation was conducted using the same settings and mdsh theesteady-state simulation and
249 the results were monitored per time-step to present a whole cycle response of the turbine. The time fstefhiss
250 study is set as the time it needs for the rotor to meyvihis was chosen as a result of the time-step study where two
251 more time-steps were consideredne timestep for 0.5° and one time-step for 2.0°. Independence of the solution t
252 the time step was achieved with a time step of 0.00299 s, equivalent to a rofafitnTo achieve cycle-
253 converegene, the turbine is allowed to run for more than 10 complete flow cyclese Big presents the
254  instantaneous Power Extracted (Pe) by the turbine together with the Powabkevéila) and the unsteady velocity
255 with time, this is a full cycle after cycle-convergence is converged as shown in Figuree@bteFaction of the two
256 curves (Pe and Pa) resulting to the instantaneous CP presented in Figure 7 wagetiher instantaneous TSR
257 which is a one cycle of what is being shown in Figure 6b. The cyclic-averaged CP, defined toabie thfethe
258 averaged Pe and averaged Pa, for this unsteady simulation is 37.5%. Thtismlefas used in order to have direct
259  comparison with the steady flow simulations since it was intended that tlegestevater power avaialable for the
260 unsteady cases should be equal to the power available at the same TSR. This is le®48anaat of the steady-
261 state CP at TSR=6. From this data alone, it can be said that the presence of #uknesstef the flow results to a
262 decrease in CP alone which also mean that there is a decrease in the averagedtpmient since the averaged
263 power available for the unsteady simulation was maintained to be the stimae dbthe steady-state water power.
264  From the instantaneous power plots in Figure 6, it can be seen that there ibselagd for the instantaneous Pe
265  with respect to the instantaneous Pa accounting to 2.8% of the normaliseui@w his lag results on a delay on
266 the increase of the instantaneous CP whereas a very slow increase was founsleaut peintsa andb as shown
267 in Figure 7. As the time progress, a steeper increase in the instantaneous CP cfovedvas the region fromed
268 by the pointsh, c andd (highlighted by a red oval) with a maximum CP of 42.2%. Again, this is caustu hyg
269 found on the instantaneous power extracted by the turbine whereas a higherifPertlyadropping at this point is
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paired with & already dropped water power thus increasing theATR=0.528, Pe goes back to its initial value and
started to decrease in value while the Pa curve is alreathadeag starting from 1=0.50, as a result, a steep drop in
CP value was observed as shown in Figure 7 highlighted by a green oval. Theedeti@R was observed until
1=0.796 with a lowest CP of 28.9% It can also be observed that the steepness of the decreasing Pe cuntbas less
that of the Pa curve which means that there is slower decrease in the numehstdPfratio thus resulting to the
steep decrease. A fast recovery of the CP valueobgasved past the lowest point at ©==0.796 at t=1.0.

Anotherway to present the instantaneous CP curve for the turbine is to preseaso-called hysteresis curve,
superimposed on the steady state power curve as shown in Figure 8. The hysteredisocsingsva that the cycle
is completed and cycle-convergence is achieved because the curve is continucesk A kihe line occurs if
cperiodic convergence is not achieved. It is clearly illustrated how theaditsess of the flow affects the
performance of the turbine through the hysteresis curve does not follow the sttadguste. Segments of the
hysteresis curve defined by the reglpe-d-e have a CP value higher than their steady state counterpart, while the
regionf-g-h-a has lower CP value. The steep decrease was also observed at high TSR whichtdhatbd # the
sensitivity of the changas lift and hence lift to drag ratio in the hydrofoils used at low AoA which eés¢nmt at
high TSR. The lift to drag ratio of the blade at 25% and 75% of thei&dafATT blade is presented in Figure 9
and it can be seen that the AoA range between -5° to 5° is the steepest part of the curve which means thht for a st
change in AoA, a big difference in the lift to drag ratidl occur.
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293 Figure 7 Instantaneous CP curve for one cycle of the unsteady velgutynsposed with the instantaneous TSR
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296 Figure 8 Unsteady flow hysteresis curve for the TSR=6 unsteady simwatothe steady-state performance curve
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Streamlines over the blade at 75% and 25% span are presented in Figure 1Be lobserved how the incident
AoA on the hydrofoil sections changes with variation of TSR. For the area highlighted byal in the Figure 7, a
disturbance in the the streamline in form of a separation was seen at pbiittsca,This is also the area where the
delay/lag in the power extracted was observed (as shown in Figure 6) and also whieeretme in the
instantaneous CP was seen. As the separation reattaches, the instantaneous &2 twritintease until the
extracted power starts to decrease after mbititcan also be seen from the streamline images that the incidant Ao
decreases as TSR increases (paints to f), suggesting a lower lift although the flow around the blade is fully
attached which reflects as a decrease in the instantaneous CP as well. Fammeshe€P value of the hysteresis
curve near point, it can be seen from the streamline plots that AoA starts to incamaisalso startes to show
evidence of flow separation but the CP values cannot follow the initial p#tle otirve resulting to different values
at same TSR. This illustrates the effect of unsteadiness just as Leif28hatated that, in unsteady flow at the
same TSR, there will be different values in terms of blade loading and performance, withtieaeaftaching flow
having higher values when compared to where the flow initially starts the separatiofjtpanrocess.
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324 To further understand the response of the turbine to unsteady flow, two unsteady sisalaati-peak TSRs of
325 4 and 8 were conducted. The equations used to simulate the water speed variation~va94QQ+ 0.49 sin(2rt)
326 with a rotational velocity of 3.8804 rad/s for the TSR=4 simulation. Fom 8®=8 simulation u(t) = 1.94 + 0.49
327  sin(2xt) with a rotational velocity of 7.76 rad/s was used. These maintained the ipaverwater to be the same as
328 for the steady flow simulations at the same TSR, For the TSR=4 simulation, @awaaged CP of 22.6% was
329 computed which is 8% lower than its steady state counterpart while a ayetaged CP of 35.1% for the TSR 8
330 simulation was determined. This is just 0.23% lower than the steady-state36B3%o. The reduced frequency for
331 the two cases are 0.068 and 0.034 respectively.

332 Shown in Figure 11 are the hysteresis curves for the three unsteady simwdabiond different TSRs, and
333 llustrates what is happening instantaneously in the flow as the velocity$RdHanges with time. Inspection of
334 the plots shows that each of the curves desiabm the steady-state power curve, although the trend and shape of
335 the hysteresis curves, to an extent, still follows that of the st&atly. For the unsteady simulation around the low
336 TSR, a more drastic separation should be expectedtharid criterion plot show vortices are present at certain
337 locations around the hysteresis curve as shown in Figur@,i®.the second in magnitude eigenvalue of the
338 symmetric tensorS+Q2% where S is the symmetric part of the velocity gradient tenSor and Q is the
339 antisymmetric part. The definition given by Jeong and Hussain statesubdées core is a connected region with
340 two negative eigenvalues 8f+Q2. If the eigenvalues are A1, A2, A3 with A1 being the smallest and A3 the largest, a
341 vortex core can be determined if A,<0[34]. It can be seen that at pomin Figure 12, large vortices formed on the
342 suction side of the blade which corresponds to the sudden drop in instantaneous CP curve. Stre@aralinieepib%
343 and 25% blade span for the described time position is presented in Figure 13. Atfpoihie same simulatioii,
344  can be seen that the vortices sitting on the suction side of the bladeadyalissipating and the flow starts to re-
345 attach, which corresponds to an increase in the instantaneous CP. This iminseovdinued to point where the
346 flow was seen to be fully attached.
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349 Figure 11 Complete unsteady simulation plot showing hysteresis curvee fordk unsteady cases ( TSR=4, 6 and 8)
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352 Figure 12 X, criterion vortex tube representation at different points of the unsteady Ts#Ra#tion
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Figure 13 Streamline plots for point b of the TSR=4 unsteady simulation; 25%dgad (left) and 75% blade span (right)

For the unsteady simulation around TSR=8, a narrow but long hysteresis curve was phdechechost closely
follows the steady-state power curve and results in a cyclic-averaged CP vertodiosesteady-state value with
only 0.23% difference. The sensitivity of the turbine to small AoA changes is illusbhatihis simulation as a large
CP variation was observed ovesmall TSR ranges. Another interesting observation found for this simulatiba i
region on the hysteresis curve near the optimum TSR that is highehthiaf the base case unsteady simulation.
This part of the curve makes up for the very low instantaneous CP found for the high TSR region.

3.2 Effects of Amplitude Variation

The influence of amplitude on the performance and the hydrodynamics of the 8HeIET is investigated next.
The equation used to model the flow was altered so that the resulting amplithdeveldcity variation was set to
10% and 43.5% while again maintaining the cyclic averaged power equal to the steady-statmolations. The
resulting equations are u(t) = 1.99 + G22z:y) and u(t) = 1.841 + 0.8in(2xt) for the 10% and 43.5%
respectively which also shows that the frequency of the flow was alstainad to be=f1Hz. The results show that
for the 10% amplitude simulation, the resulting cyclic-averaged CP is 38.74% whiajhésr than that of the
unsteady base case simulation with a cyclic-averaged CP at 37.5% with &yweldation amplitude of 24.5% at
TSR=6. Although a higher cyclic-averaged CP was obtained, the result is stiltlh@amahat of the steady-state CP
by 0.72%. For the high amplitude simulation, the cyclic-averaged CP obtained was 34.26%s \8tRel§6 lower
than that of the unsteady base case and 5.2% lower than that of the steady-state CP.

The hysteresis curves for the amplitude variation study simulations are preseigare 14 together with that
of the steady-state CP curve. The first trend to be seen is that fordangltude velocity variation, an increase in
the variation in the instantaneous CP was observed especially in the high atituthtion hysteresis curve. The
hysteresis curve for the 10% amplitude curve is observed to be the smallest andtiscctbsesteady-state curve
which also reflects on the cyclic-averaged CP which is the highest of the ithtdations. Also, because the TSR
range for the 10% velocity amplitude is small, the high sensitivity of lift to AoA is not sdeatnihich results ia
more oval-shaped curve.

The simulationsat high velocity amplitudes show a more dramatic variation in the inseantarCP especially in
the high TSR part of the curve which can again be attributed to the sensifivityof the turbine at low AoA
which is observed at high TSR. There are also parts of the hysteresis cursieothigathigher instantaneous CP
compared to the base case unsteady simulation but those regions with lower CP amedaigsrcontributes to the
lower cycic-averaged CP overall. It can also be seen that the maximum point of the curvdmgteemove to the
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right as the amplitude increases, this means that the delay éxtilaeted power in the turbine is extending with
increased amplitude. This is probably caused by the separation seers feinthiatiors, since the TSR range
reaches a lower minimum TSR. Figure 15 shows the streamlines foritiiehjghlighted in the high amplitude
hysteresis curve (point inside green circle) for both for the 25% and 75% spanSifetiield HATT where the
separation was observed. This is also the start by which the delay in #@rdeskipower manifested and also the
start when the instantaneous CP increase. This increase continued as tieatfmshes but because of the delay,
the maximum point of the hysteresis curve was shifted to the right at a higher TSR.
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Figure 15 Streamlines over the hydrofoil at the 25% (left) and 75% (righte dfidde at the highlighted point in the high
amplitude hysteresis curve

3.3 Effects of Frequency Variation

Two other unsteady simulations were conducted with f=0.5 Hz and #2.0@he resulting flow velocity
modelled as u(t) = 1.94 + 0.8 sig(and u(t) = 1.841 + 0.8 sintd. A cyclic-averaged CP of 37.9% was obtained
from the low frequency simulation which is higher than the unsteady base catatisimby 0.4% but still lower
than that of the steady-state CP by 1.56%. The unsteady base case her¢ isthat=24.5% and TSR=6. On the
other hand, the high frequency simulation yields a cyclic-averaged CP of 37.1t#oisvhiow lower than that of
the base case by 0.39%. All unsteady simulations have a lower CP than the steaslyastation, clearly
suggesting the detrimental effect of unsteadindsis. dlso the case that as the frequency decreases, the cyclic-
averaged CP became closer to the steady-state CP. It was shown in this studg #fegct of unsteadiness
decreases with frequency but still, there is a clear effect of unsteadiness in ternfaroignee.

The resulting hysteresis curves for the frequency variation study is presentéguia E6. The f=0.5Hz
simulation produced a hysteresis curve that is thinner than that of the bagé=t&xebut still similar in shape
indicating the aerodynamics are similar. It is also clear that the hysteremsisuhe closest to the steady-state
power curve in terms of shape, trend and value. The hysteresis curve for therfe@aiGn is the first to show a
different shape when compared to all of the other hysteresis curves presentesl papini and indicates a
fundamental change in aerodynamics. It shows a more rounded curve with maximum iesten@® happening at
a later TSR near 7 suggesting that the delay or lag observed in this case itHanghat of the base case. It is
suggested that this means that the turbine is never in equilibrium witlothédlcause the reduced frequency for
this case is high at a value of 0.102e ratio of the flow frequency to the rotational frequency is at 2.1&) T
significant drop at high TSR was still observed although the recovemnrémi the instantaneous CP was almost
just a flat line and the increase only started when the curve was at ti&Rwegion as the flow reattaches after
some separation was observed in the same region.

Additional simulations at higher frequency (f=3.0 and f=4.0) were conducted. Resaitsedbshowed that the
cyclic-averaged CP are 36.8% and 37.11% for the f=3.0 and f=4.0 unsteady simulations, which are very close to t
of the f=2.0 case. This suggests that there is a limit, in terms of frequsnahich the unsteadiness of the flow
affects performance. Figure 16 shows that the summary of performance in termsfoédiosncy for the Sheffield
HATT and it can be seen that before f=2.0, the trend of the plot shows a decreaglic-averaged CP as



429 frequency increases bfrom f=2.0 onwards, the values does not continued to decrease and maintained value nez
430 that of the f=2.0 simulation.
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438 4.CONCLUSIONS

439 This study presented the performance of the Sheffield HATT both in stemtlynsteady flow. The unsteady
440 cyclic-averaged CP at optimum TSR was shown to be 37.50% which is lower ¢haaxtmum steady flow CP at
441  39.46%. A hysteresis curve was observed for the unsteady simulation that is shown allowtdhe steady-
442 performance curve. This hysteresis is caused by a delay that was observed forathedeptswer plot for the
443 turbine in unsteady flow showing that the first part of the cycle is not the aarhe second half and thus resulting
444  to an asymmetrical CP response. The physics explaining the phenomenon was shown tal iy caeita effects
445  affecting the lift and drag at different parts of the unsteady flow cycle

446 Unsteady simulations away from peak TSRs are also presented which shows that the unsteady egei-@Rer
447 s still lower than their steady flow counterpart. A difference of 8.0% seen from the TSR=4 unsteady simulation,
448  while a smaller difference (0.23%) was observed for the TSR=8. This rasaltsend showing that, as the mean
449 TSR increases, the cyclic-averaged CP gets closer to the corresponding steady flbvg C&h e attributed to the
450 more drastic separation seen at low TSR which is shown to be dependent on the reduced frequency.

451 The effect of amplitude on performance was shown to be relatively linear whemease cyclic-averaged CP
452 was observed as the amplitude of the unsteady equation was increased. A cyclic-avBrafe88@4% was
453 observed for the 10% amplitude simulation while 34.26% was recorded for the 43.50% amplituagosimul

454 In terms of the frequency variation study, the low amplitude unsteady simulatief.atHz shows a higher
455 cyclic-averaged CP at 37.9% which is 0.4% higher than that of the base casei@inal&t1Hz. A thinner and
456 smaller hysteresis curve was observed for this case showing a very smaibrvanathe instantaneous CP thus
457 resulting to a higher cyclic-averaged CP. As the frequency was increafe2iad Hz, f=3.0 Hz and f=4.0 Hz, the
458 cyclic-averaged CPs obtained were 37.11%, 36.8% and 37.1% respectively. This shows a dettreasgclic-
459 averaged CP as the frequency increases although the variation is smaller wheea ooniier amplitude variation
460 study especially in the high frequency cases.

461 Overall, it was shown that for all of the unsteady cases presented, the cgcligea CP of the Sheffield HATT
462 is lower than the steady state reference case suggesting that the presersteagliness in the velocity inflow is
463 detrimental to the performance of this turbine.
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