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Abstract: The stress and diefction of straight and helicatbladed vertical axis turbies was
investigated using hydrodynamind structuralanalysismodels Using DoubleMultiple Streamtube
(DMS) andComputationaHuid Dynamics (CFDhodels the hydrodynamic forces and pressurestbe
turbines were modeledfor three rotational ratesfrom startup to over speed condition§he results
from these hydrodynamic modelsere then usedto determinestress and total dééction levelsusing
beam theory andrinite Element Analysis (FEA) methods. Maximum stedsdefection levelswere
found when the blades werén the furthest upstream region with the higheststressesfound at the
blade-strut jointsfor the turbines studiedThe telical tubine exhibited on average 13% lower maximum
stresslevelsthan the straightbladed turbine due to the helical distribution of the blades around the
rotational axis.All simulation models offered similar accuraghen predicting maximumblade stress
and defection levels; however for detailed analysis of the blaslrut jointsthe more computationally
demanding CFPEA models were require8raight-bladed rather than helicaturbines are suggested
to be more suked for tidal installationsasfor the same turbine frontal arethey produce highepower
output with only 13% greater structuradtress loading

KeywordS:Vertical Axis Orbine, Structural Loading, Stress and Dédction Computational Fluid
DynamicsFinite Element Analysis

1. Introduction

Existing studies of vertical axis turbines used for ocean power generation have concentrated
primarily on hydrodynamics rather thastructural analysis, as researchers have sought to maximise power
output. To ensure longevity in marine environments however, detailed knowledge of turbine structural
loading characteristics must be established. Although possible using strain gaugesmeémxiaérFluid
Dynamics (EFD) studies to obtain loading are rarely performed. This fact, when combined with a general

lack of turbine development over the last 15 yefos both wind[1] and tidal turbineshas limited turbine

usage However, knowledge ofurbine hydrodynamics and structural characteristics can be obtained by
numerical simulation using methods such as coupled Computational Fluid Dynamics (CFD) and Finite

Element Analysis (FEA) codes. Additional research into both hydrodynamics and streltdmaateristics
using numerical techniques will further understanding of tueboperational characteristics.

Both straight and helicddladed designs, as shown in Figure 1, are proposed by various researchers to

ISYSNF S LI 6 SN FNRBNérgyl{F])SThe desighsydi®eér in pladg BefickyOdefined by the
blade overlap angle shown in Figurel. Straightbladed turbines have 0° blade overlap, whereas helical
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17  turbines use blades that are distributed around the rotational axis at a definedagvangle ofs ®revious

18 research by the authors indicated that straidiiaded designs generated higher power output when

19  compared to helical turbines of the same frontal area and blade section as a result of the inclination of the
20  helicd turbines bla@és to the inflow [2] Conversely, helical turbine torque oscillation levels and mounting

21  forces were reduced when compared to straidihded turbines, due to the distribution of the turbine

22 blades around the rotational axis [ZJomparisons of the influe® of these factors on the structural loading

23  characteristics of the two designs is currently unknown, as previous research into loading characteristics has
24 concentrated primarily on shight-bladed turbine designs.
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28 Figurel: Straight (a) and helichladed(b) vertical axis turbingsshowing definitions of azimuth rotational
29 angle —and blade overlap angle
30
31 Characterizationof vertical axis turbine loadingharacteristicscan be performed numerically by

32 coupling Duble Multiple Sreamtube and CFD models witheam theory or FEA analysis methdB5].

33  However,considerable knowledge gaps exist in the characterisation of structural loading. Previous numerical
34  studies have often been limiteto either helical or straigHbladed design$3-6], with no comparison between

35 loading characteristicef the two designgerformed. Theseworks haveoften concentrated orblade loading,

36  with no determination of thdoading of the struts and bladgtrut jointsperformed [3,5,6. Additionally,previous

37  simulations haveconcentrated on evaluating loading characteristitsa singlerotational rate [3-6]. Research

38  extendingnumerical simulation models tmvestigate straight and helichladed turbines using models with all
39  geometrical features including siis atmultiple rotation rates will givgreaterinsicht into turbine characteristics,

40  andallow for the evaluation of any advantages between the differing geometrical layouts.

41

42 In this current studythe blade loading ba straight am a helical verticabxis turbinewas determined

43  to characterise blade and strut loadinghe tydrodynamic inputs were generated using DMS and CFD
44  models which werecombined with the application of centrifugal amplavitationalforcesto form structural

45  analysis modelsisingbeam theory and FEAharacterization of maximum stressesd deflection levels

46  and their relationships with blade azimuth angle were performed This workalso sught to determine

47  whetherstraight orhelicalturbinesare more suited to generateceanpower from both hydrodynamisand

48  structuralperspectives

49
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2. Turbine Geometry

Two vertical &is turbine designs were simulated evaluae the influence of variations dflade
helicity on turbine structural loadingharacteristics These models differednly in blade helicityas shown
in Figure 1with allcommon geometricatlimensions outlined ifable 1Only two designs were considered
a straightbladed turbine and a helical turbinewith 15° of blade ovelap. These were chosess pevious
studies demonstrated that power output reducesignificantlyas bladeoverlap increasedabove 15°2],
reducing turbineutility for power generation.The gemnetrical layout of the straighbladed turbine was
based on an EFD turbine froliterature to allow for validation of the numerical simulation techniques
utilised R,7]. The helical turbine usdthe same frontal area, strut geometrylade chordandbladesection
to allow comparisons between the two desigBath turbineshadtwo struts per bladelocated at the blade
tips.

Table 1 Shared ®ometryof the Straight and Helical Turbines

Geometry Dimensions
Number of blades 3
Turbine height 0.685m
Blade section NACA634021
Blade chord 0.065n
Blade overlap 0°
Radius 0.457m
Strutsection NACAO0012
Strut chord 0.065n
Number of struts per blade 2
Shaft diameter 0.048n

3. Numerical Simulation Methods

Three loadingimulation models were developeallowing for comparisons of the respective benefits
of each numerical simulation technigu&he simulation models were performed in two stepdirst the
hydrodynamis followed by thestructural simulationsThe modelsievelopedwere the:

1 DMSBeam DMS bade forces combined with a beam theory madel
1 CF@Beam CFD blade forces combined with a beam theory moaied
9 CFBDFEACFD model coupled to the FEA model using pressure mapping techniques

3.1Hydrodynamic Simulations

Numericalsimulations ofthe hydrodynamicforces wereperformed using DMS and CFD simulation
models.For both modelsforce coefficients normal to the blade chomdere determined with the forces
non-dimensionalised by dynamic press and blade chordThe CFD modetas also used toutput surface
pressure datdor use withthe coupled CFB-EANodel.

3.1.1 DoubleMultiple Streamtube(DMS)Model

The normal blade force coefficients were modeled usirigMSmodel previously developed by the
authors based on the methods outlingal literature [9]. The turbine was modeled using a double actuator
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disk method to account for reductions in flow velocity through the streamtube fxrto V. asshown in
Figure 2, with no streamtube expansion modeled for simplicitysing iteraive methods upstream and
downstream, induction factors were calculated from which blade anglestatk were determined. Once
the latter were known,the forces normal to the blade chord wre determined usinglift and drag data
obtained usinghe viscousairfoil analysis tooKfoil[9]. As NACA634021 data wast readily availablérom
literature at suitable Reynolds numbelSACA634221 data was usasl it was similar in profile with a 2%
difference inbladecamber The DMS model included dynamic stalbdeling usig the Gormonmethodto
simulatethe influence of the variations inblade angles of attack generatedby the rotation of theblades
[10]. Currently e DMS modeldeveloped by the authorscannot model helical turbines, as the
hydrodynamidnfluence of the blade inclination has not been adequately accounted for

l Inflow

Vi

l Streamtube
l———
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!

Figure 2DMS nodel showing an example of the streamtube method for calculation of upstream and
downstream flowvelocityvaluesVi and V-

3.1.2Computational Fluid Dynamic&CFDModels

Turbine blade forcesvere simulated using transient tirreccurate 3D CFD models using ANSYS CFX
[11], which solved the incompressible fully turbulent URANS equations using an elbasau finite
volume methodAll turbine models were meshadsing unstructured tetrahedral elements using ANSYS CFX
13.0[12-15]. Mesh resolution was set by specifying the mesh size and growth rates to allow for local
refinement of mesh zoneswith inflation layersused on all surfaces to fully resolve therfaceboundary
layer flow[12-15]. Turbine rotation was simulated by enclosing the turbine in an inner domain as shown in
Figure 3 that was rotated using the CFX transient rstator model at the desiredotational rate The
interface between the statinary and rotating domains was modeled using a General Grid Interface (GGI)
over which flow valueare calculated using an intersection algorithii].
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Figure 3Simulation @main boundary nomenclature and sizing used for straight and helical CFDsmode
Dimensions in relation to turbine diameter, D, amgight, S, as shared by the two turbine designs

The computdional domairs shown in Figure @ere generated to simulate free stream conditipns
with all corresponding boundary conditiomsitlined in Table 2 To ensure thathe turbines were isolated
from any domain wall effects and to allow for full wake development, systematic domain size studies were
performed[2,12-15]. All turbines were assumed to operate at sufficient depth to minimise any trdace
interaction effectsand thus only the water phase was modeled.

Table 2 Boundary Conditions fahe Straight and Helical Turbines

Boundary Condition

Inlet Uniform flow: 1.5 m3
Inlet turbulence level 5% turbulence

Outlet Relative pressuréd Pa
Walls Free slip walls
Turbine No slip walls

Thek-. SST turbulence model was utilisémt turbulence closuredue to its ability to accurately
model both free stream and boundary layer regions as well as offering improved prediction of flow
separation and adverse pressure gradients by the inclusion of transport effects into the formulation of the
eddyviscosity 16], with the k- SST CFD turbulence model commonly used for vertical axis turbine
simulations 2,1215,17-21]. To ensure numericaccuracy and stability, all simulations were performed
using a high order adviéon and second ordetransient scheme[12-15]. Convergence was deemed
achieved when solution residuals reduced to below* Hhd reduced by more than three orders of
magnitude

Studies of the influence of factors including mesh density, time stepysizdpmain length, width
and height were conducted. Independence was deemed satisfactory wéignificant increases these
parameters resulted inG, differences between successive refinents trending to less than 5%. This
resulted in a suitable balance between solution accuracy and computational eRaltmesh convergee
studies wereconductedby the authorsfor the straight and helicabladed tubine simulated in this work
and were presented previously &,12-15].

3.1.3HydrodynamicModel Validation

Validation of CFD methods against EFD testing ohe and threebladed turbine from literature
revealed good agreement for normal forceefficient prediction§22,23. The CFD aximumnormalforce
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coefficiens were predictedon average tavithin 5. %6 of EF[D22,23, with the relationship with rotational
angle replicated accuratelflhe DMS model was able to accurately predict the locabibthe maximum
normal force as shown in Figure 4, howeveunderpredictedthe normal forceon average by 40% as a
result of severe dynamic stall effects that the Gormdghamic stallmodel was unable to satisfactorily
capture
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Figure 4Normal force coefficients for the (a) ofidaded and (b) thredladed turbines compared to EFD

results 2,23 at a rotational rate of 0.746 radsand an inflow velocity of 0.091 ms

3.2 Structural Simulations

Two numerical simulatiormodels wereutilised to characterise turbine loading characteristics; beam
theory and FEA model§hese models used either force or pressure field ltesiiom the DMS and CFD
models outlined in Section 3.The beam theory model simulated thstructural loadingusinga simply
supported model, whereas the FEA model simulated the entire turbine structure includingritdid
bladestrut joints. Theinfluence and limitationsof these differing structural simulation approachesas
investigated as part of this work

3.2.1Beam Theory Model

A beam theory model was developed using code scripted in Matlab. Three key assumptions were
made to allow the use of this approach. The normal force was assumed to be uniformly distributed to
simplify the coupling between the hydrodyni&mmand structural models, although the actual force
distribution may be reduce near the tips of the blades due to blade end and-stadateinteraction effects.

The normal force was also assumed to contribute the most to blade stress and deflectionmad fooces

are on average an order of magnitude greater than the tangential fo@legie normal force also acts in

the direction normal to the blade chord line, resulting in large bending moments when compared to the
small bending moments caused by tkengential forces. The blades were also assumed to be simply
supported at each end, resulting in the assumption that the stress at the blade ends was zero as beam
models were unable to model the stress at the blatdeit joints due to the geometrical layowf vertical

axis turbines. The beam theory models were developed to establish their accuracy when compared to
CFBFEA models in the simulation of blade stress and deflection as they require considerably less
computational regiirements and solutions times
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To calculate thévlade stress and deflectioffirst the normal forcecoefficientsare determined using
the DMS or the CFD modelthe forces determinedare then transformedinto a uniformly distributed load
across the span of the bladéhe centrifugaforce "O caused by the turbine rotatiois found as,

"0 @ i 1)

where m is the blade mass is the rotational rateandr is the turbine radiusThe distributed load,w,
acting on the bladespanis the sum of hydrodynamic and centrifugal facalculated Using thidotal load,
the bending momentM is calculatedising simple beam theorwhere the bending momens obtained as

0 &
3 i (2)
v w

where a is the blade sparThe maximum stress, is determined using,

0w
- - 3
” IIO ( )

wherey is half the maximum blade thickness, drid the area mometof inertia determined using simple
approximaton for hydrofoil sections34] given by

O 0Lwoo - (4)

where K; is a derived proportional coefficientc is the blade chord, t is the blade thicknessande is the
camber percentagelhe blade deflectiois calculated using,

s o v SO0
0'Q"Qa Qwoc—%fag( (%)

whereEis the material modulusf elasticity

3.2.2 StructuralFinite Element Analysid=EA Model

The stressand deflection on turbine blades and struts were evaluated using the ANSYS FEA linear
Sttic Structural analysis modul2d]. The hydrodynamigressureson the blades were calculated by the
CFD models and mapped on to the structural model surfaces ustnge@oapping25], as shown in Figure
5. Additionally,inertia and gravitational loads were included to model the steady inertial lodlds FEA
model was constrained at the shaft and hubs to allow for evaluation of the blade and strut forces, reducing
computational effort.Unlike the DMS$eam modelthe CFEFEA model allowed for the determination of
stressand deflectionlevels in both theblades and strutsThe von Mises stress and total blade deflections
were calculated at each turbine azimuth angle using a custom Python script written by the authors. This
script loaded the surface pressure fields from the CFD transient analysis fottieecistep, enabling a
one-way Fluid Structure Interaction (FSI) simulation, as any deflections calculated were not reverted back to
the CFD model. Twaay FSI techniques were examined, however due to their excessive simulation time
they were not consideredeasible, unless mesh element count was reduced which would adversely affect
the accuracy of the hydrodynamic simulations. The simulated turbines were constructed from steel with all
material propertiesshown in Table 3.
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Figure 5 ANSY Structural mockl of helical turbine showinlpading conditions includingnported pressurs,
rotational velocity, gravityand the fixed supports

Table 3 Material properties used for straighladed and klical turbine structural malysis
Material Steel
Density (kg/nd 7850
Tensile Yield Strength (MPa) 250
Compressive Yield Strength (MF 250
Ultimate TensileStrength (MPa) 460
2 dzy 3 Qa E@GPR dzf 200

5

The geometry of the FEA turbines was identical to that used in the CFD models, except for the
addition of fillets at the bladstrut joints. Fillets of 0.0025m radius were added to avoid infinite or singular
stress concentrations at the #entrant cornersof the joints. These can occur as forces applied to mesh cells
of reducing size at the fillets will result in eMacreasing stress predictions as the mesh area reduces. To
ensure that the addition of fillets did not influence simulation accuracy, maxinmon Mises stress
magnitudes were determined using CFD models with and without fillets. Variatiomgpdmum stress of
less than 1.% were determined, allowing the use of-fatured CFD models to irase computational
efficiency.

Mesh convergence stlies were performed toverify all FEAmeshingtechniques utilisedwith
independencestudiesfor maximum and minimum mesh sizinigce sizing refinemenigrowth rate and
curvature angle performedviesh onvergencdound to behighly dependent on the face sizingtbe fillets
between the bladesnd strut jointswhere the maximum stress magnitudes wéoeated Successive mesh
refinement demonstrated mesh element countdependence at 143,000 elements
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240 4.0 Resultsand Discussion

241

242 The loading characteistics of straight and helicéladed turbines wereinvestigated using the

243 DMSBeam, CFHBeam and CFEFEA modeld-or each modektress levelsandtotal blade defectionswere

244  recorded over one rotationAll resultswere sinmulated at an inflow velocity ofl.5 ms'. Simulations of

245  turbine loading characteristics were performed for three rotational rates representative of common turbine
246  operational ranges corresponding #orotational rate of:

247
248 9 <=1.5 similar to that fand when startinghe turbine;
249 1 <=2.75corresponding tadhe maximum power outputand
250 9 <=3.5representingan over speed condition
251
252 where<isthe tip speed ratio defined as,
253
L (6)
=
254
255  andVis the inflow velocity.
256
257 4.1 Normal and Tangential Forc@oefficients
258
259 Using the DMS and CFD magi¢he normal force coefficients for thetraightthree-bladed turbine

260  shown in Figure tvere obtainedat <=1.5, 275, and 3.5as shown in Figure. &-or<=1.5agreementbetween
261  the two numerical methods wavery good, with both therelationships with azimuth angkendthe normal
262  force coefficient magnitudedor each model agreeing closelyhe nmaximum forcecoefficiens were found
263  to occurat approximately22.5° by botmumericalmodels with the definition of rotational angle shown in
264  Figure 1 This waglue to peaks inthe lift generated bythe favorable angle of attack over the blades and
265 dynamic stalleffects at this azimuth angleDifferences in maximum force of 8& were determined
266  between the two models, whiclmay be attributed to differences in dynamic stall modeling, as these
267  differences were found around the force coefficient peakise normal forceoefficientsin the downgream
268  regionfrom 90° to 270° weranot fully reversedwhen compared to the upstreamegion, as a result of
269  reductions inthe flow velocity over the downstream bladesaused bythe precedingbladeQ wake Large
270  reductions in force in the downsteen regionwere previouslyfound in EFD and CFD studies, wicé
271  magnitudes of less than 1/3 found when comparing peak values with average values in the downstream
272 region P2,23.

273

Page | 9



274
275

276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

300

301
302
303
304
305
306
307
308
309

Boggad

=
kG
g - |
g % er | ——i=15DMs
O A0 WRE [ | 0 A=15CFD |
o : —— =275 DMS|.
it _15 L ! D e o 7\_2275 CFD
gl el —5—%=3.5DMS |.
R g 3=35CFD |
_25 1 1 1 i
’90 0 90 180 270

Rotation Angle Degrees

Figure 6 Normal force coefficiensimulations for one revolution using theMS and CFD models<atl.5,
2.75 and 3.5

Figure 6alsocompares simulations of normal force coefficients using the DMS and CFD models at
<=2.75. Maximum force coefficient predictions for both modets<=2.75 were within 7.3%, with the
location of the maximum force predicted at the same azimuth afgiéoth models. Although the shape of
the simulatednormal force coefficient cungwvassimilar predictions of normal force coefficient diverged in
the downstream region around 180°. The DMS model accounted for reductions in flow velocity in the
downstreamregion, butit did not account for the increased levelstafbulent flow over the downstream
blades,whichreduceslift and hence normal force coefficients. However, these turbulent flow effects were
simulated by the CFD model, resulting in discrepanioete/een the two models in the wakafluenced
downstream regionsThe jump in force coefficient around 22.5° to 45° was caused by jumps in the lift and
drag tables used in the DMS model, as well as the by the rapid reduction in the additional lift detfgin
the dynamic stall model.

Figure 6also shows the ormal force simulations at=3.5 as determinedising the DM®eam and
CFDBBeam modelsThe predicted azimuth location of maximum force coefficiemtagreed wellhowever
reduced correspondenceas foundwhen comparingnaximum force coefficient valuggedictions which
were within 21% of each other. Thiseduction in force coefficiensimilarities between thenumerical
modelswhen compared to the=1.5 and 2.7%esultsmay bedue tothe over prediction of the increasing
influence of strut drag on the turbine asncreasedy the DMS modelSimilar to the simulations of normal
force coefficient ak=1.5 and 2.75differences in the downstream region between the CFD and DMS model
were apparent.

4.2 StraightBladed Turbine Loading and Deflection Simulations

Figure 7compares von Misedlade stress and dééction levels at<=1.5 for the DM$Beam,
CFBBeam and CFEFEA modelsThe CFB-EA blade resultggnored the stress concentrations at the
bladestrut joints, allowing comparison between the simulation model$he highestblade stress and
deflectionlevels were found aroune?2.5°coinciding with thepeaksin the normal fore coefficients shown
in Figure 6 Similarities across aflwere found between the three simulation models, with the location of
maximum stress and deeiction found mostly at the middle of the blade sparThe maximum stress and
total deflection results determined using the DVEeam and CFBeam models were within 8.4% of each
other, as they were calculated using similar values of normal fowefficient as shown in Figure At high
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absolute values of force coefficients the DdB8am andCFRBeam results diverged frorthe CFBEFEA
simulationsdue to differences in the structural support conditions at the blade ends. In the CFD model the
deflection of the struts reduced the blade stress levels, whereas the beam theory models assumed that the
blade was simply supported, resulting in increased stress levels. The stress on the blades was cyclic;
however it is not fully reversed, with reduced levels found indbe/nstream region around 180°.
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Figure 7 Signednaximumvon Miseshladestress andotal deflectioncomparisons fothe DMSBeam,
CFDBBeam and CFEFEAstraightbladed turbine modelat <=1.5. Positive deflections outwards away from
the shaft

Comparisons oblade von Misesblade stress anddeflection at <=2.75are shown inFigure 8 The
three simulationmodel curvesprescribesimilar stress and dkfction curves with maximum value$ocated
at the middle of the blade spaithe highest stress aridladedeflectionwasfound at approximately 0°, with
peak stresdoadsincreasedon averageby 436 when compared to the=1.5 case. This increage stress
was caused by increas@ blade lift due tathe bladeangle of attack variationseducing to more favorable
levelsbelow stallas < increased Simibr to that found at<=1.5 the DMSBeamand CFEBeammodels
differed in maximum stress level predictifom the CFEFEA modelas a result ofthe blade end support
conditions Thevon Misesstres&swere not fully reverseddue toreductions inflow velocity andncreased
flow turbulencegenerated by the wake of the upstream blad&ése DMS model predicted higher stress and
deflection levels in the downstreamegions,as it was unable to simulate the influence tbfs upstream
blade vortex shedding on the downstie blades.
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Figure 8 Signed von Misdsladestress andotal deflectioncomparisons for the DMBeam, CFBeam
and CFBFEA straighbladed turbine models at=2.75 Positive deflectios outwards away from the shaft
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Figure Showsthe simulatedvon Misesbladestress andotal deflectionat <=3.5 with the maximum
valueslocatedat the middle of the blade spafihe maximumstressesvere found at approximately Q@as a
result of peaks in normal force coefficient in the upstream regieshown inFigure 6 Peak stressalues
were found to increasen average by 0.6% when compared to the=2.75 caseThis increase was less than
that found between<=1.5 and 2.75, as the increasedresulted in increased centrifugal forces on the
bladeswhich oppose thehydrodynamidorcesin the upstream directionSimilar to resultsn Figures and
8, the maximum stress levelsimulated by the CFBEA modelvere reduced when compared to tHeMS
and CFEBBeamTheory models
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Figure 9Signed von Misesladestress and dééctioncomparisons for the DMBeam, CFHBeam and
CFDFEA straighbladed turbine models at=3.5 Positive deflectioms outwards away from the shaft

For allsimulationmodels the highestmagnitude ofthe blade deflection versus lade span wa$.4%
The small blade deflections found would have minimal impact on the lift and drag generated over the blade,
allowing oneway FSI models to be useHowever, if the turbine was constructed from a more flexible
material with a lower moduls of elasticity, these deflection levels would be much higher as a percentage of
the blade span, possibly requiring a tway FSI approach.

Figure 10illustrates strut and bladaleflection over one rotation using the CEBEAmModel The
blades can be @&m to deflect inwards between the rotational angles oB(0° to 45°, after which they
deflected outwards for the rest of the rotational cycle. Thigclic pattern repeats over each revolution,
generatingtension and compression cyclea the blades Thestruts can also be seen to dieft with the
blades particularat the bladestrut joints.
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Figure 10Turbine von Mises stress magnitudes oneturbine rotation at <=2.75 Deflectionscale
increasedoy 150 tohighlightstructuraldeformation

The centrifugal forces generatdu) the turbines rotationopposed the hydrodynamic forces in the
upstream region fromapproximately-90° to 90°, reducing blade stress and deflection levels, whereas in the
downstream region from 90to 270 the hydrodynamicand centrifugal forces combined. However, the
hydrodynamic normal blade forces in the downstream region were significantly reduced when compared to
upstream normaldrce values as shown in Figuredéie to the reduction in flow velocity in the downstream
region and the turbulent flow effects of the preceding blades wake. ,Tthescombineddownstream total
hydrodynamic andentrifugal forcs and hence blade stress and deflectiswere reduced when compared
to upstream valuesFor the turbines studied here the hydrodynamic force was dominant, with upstream
force magnitudes and hence blade stress and deflection levels higher than downstream values<for all
simulated

The CFEFEA modelvas then used to predidhe maximum stress magnitudesithin the blades and
the struts Themaximum stesswas found to occurat the bottom bladestrut joint for all <, as a result of
the combination of hydrodyamic and gravitational loadingvith levels significantly higher than bladigess
levels shown in Figures 8 and 9 An example a&=2.75 is shown in Figure 11, with results in Figure 12
showing the maximum stress relationships withimuthanglefor each< simulated Themaximumstress
occurred at approximately°Gat the bottom bladestrut joint, as themaximumnormal force occurs at this
azimuth angle as shown in Figure Bhesenormal forcepeaks generatedarge bendingmoments, and
hence large stress concentrati@h the bladestrut joints, with peakmagnitudesof approximately 101 MPa
noted. The use of beamheory models will not resolve this depending on the location of the strut on the
blades
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Figure 11Stress concentration at bottom blaeitrut fillet showingthe location ofmaximum von Mises
Stresf 90.51 MPa at the azimuthangle of0° at<=2.75
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Figure 12 Maximum von Mises Stress the bottom bladestrut fillet over one revolutio determined using
the straightbladed CFBFEA turbine model at=1.5, 2.75and 3.5

Comparison of yield safg factors are shown in Figure 2®here the yield safety factor was defined
as the ratio of the material yield streskown in Table 3 to the maximum stref®r eachg, the maximum
stress levels were below the material yield strength, witmimum safety factors of 3.84, 2.76and 2.49
foundfor <=1.5,2.75 and 3.5 Howeverthe analysis ofyield safety factors does not take into consideration
any fatigueissuesas aresult of the cyclical loadindf the tidal velocity distribution is known, the models
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developed here can be used to determine the fatigue life of turbine using rainflow counting methods
combined withfatigue models such adinersrule [26].
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Figure 13Yield safetydctor forthe straightbladedCFBDFEA simulation results for one revolution<atl 5,
2.75 and 3.5

4 .3 Helical Turbine NormaForceCoefficients

Using the CFD modé¢he normal blade coefficients were determined for the helical turbine=i.5,
2.75 and 3.5as shown in Figure 14&6imilar to the coefficient cues determined for the straigHtladed
turbine shown in Figure ,6maximum force was found at approximate$s5° to-22.5°% The normal force
coefficients for the helical turbine shown in Figure 14 were reduced when compared to the values found for
the straightbladed turbine shown ini§ure § asthe distribution of thehelicalblade around the rotational
axisdoes not generate lift force peaks simultaneously along its full length as it rotates in the upstream
section at azimuth angles fror0 to 0°.

Force coefficient

15 g -
—8— =35
20 ; ; . ;
-80 0 90 180 270

Rotation Angle Degrees

Figure 14 Normal force coefficient simulations for one revolution for the helical @B8elat <=1.5, 2.75
and 3.5
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4.4 Helical Turbind_oadingand Deflection

Figure 15showsthe helical turbine von Misedlade stress magnitudes and dettion using the
CFDBFEAanalysis modelThese results focused on the bladmsd ignored the stress concentrations at the
blade-strut jointsto allow for comparison with the blade fagcsimulations shown in Figures 7, 9, and 10
Peaks in stress antbtal deflection occurredfor all < at approximately-45° to -22.5%5 with the blades
deflected inwards by up to 0.001%. Inthe downstream region the blade deflesd outwards,however the
stress magnitudes we not fully reversedsimilar to that found for the straigHtladed turbine The helical
blade stress and deflection levels wereduced when compared to the straighiaded turbine reslis
shown in Figures 7, 8 anda8 the normal force coefficient levels were low&mownwhen comparingCFD
force predictions irFigures6 and 15.
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Figure 15Helical turbinesigned von Misebladestressand defectioncomparisons found using CHEA
modek at <=15, 2.75 and 3.5 Positive deflectionis outwards away from the shaft

Figure 16compares theblade and strutmaximumvon Misesstressmagnitudesat <=1.5, 2.75and
3.5. Similar tothe straightbladed turbineresults shown in Figure 1&tresspeaks occurred at the bottom
bladegstrut joint due tothe combination of hydrodynamic and gravitational forcésaks in maximum
stress levelsvere foundto occurat azimuth angg of -45° to -22.5°, due to the paks in normal force
generated by the blade in the upstream regions.
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4.5 Straight and Helical Bladed Turbinaading Comparisan

Comparisons of maximurom Mises stressevelsfor the straight and helial turbines are shown in
Figure 17 For all<, the straightbladed turbine maximum stress levelgere approximatelyl2.9% higher
than for the helical turbinevalues The straightbladed turbine stress peaks were higher as the blade
generates peaks in liilong its full length simultaneously, whereas tindical turbine bladdift peaks occur
along the blade spaat differing rotatbnal andes due tothe blades distribution aroundthe rotational axis.
The decreasein blade bending momentevelsfound for the helical turbinereduces blade stresswhen
compared to the straighbladed turbine In addition the moment of inertiaof the helical blads is better
suited toresist bendingvhen compared to lie straightblades again due to their distribution around the
rotational axis.Similarly, the blade stressnd deflection level®f the helicalbladed turbines wre lower
than that of the straightladed turbinedor all <

120

[ ]straight Bladed
100 F | " IHelical ]

a0 | ]

B0

a0t

Maximum Stress (MPa)

20

L5 275 34a
Tip Speed Ratio A

Figure 17 Comparisons of thenaximumvon Mises Stressiagnitudes determined usinpe CFQFEA
models for the straight and hlical turbine modelsat <=1.5, 2.75and 3.5
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472 For ocean and tidal power installatigrthe authors suggest that straighladed turbines are more
473  suitablethan helicalbladed turbinesas they generat@% more power for the same frontal area [2], without
474  any significant increase in stress levels as shown in Fiiliréhese factors will increasastalled power
475  generation capcity while notreducing turbinelongevity. Additionally, straighbladed turbines are much
476  simpler to manufacture than the curved blades of helical turbines, redurtade manufacturing costs.

477

478 Although no EFD data was available to validate force coefficient simulations for the DMS and CFD
479  models, close agreement between the two modpisvides some verification angives confidence in the
480  predicted resultsAlthough the two numerical methods uskfferent techniques one based on EFD lift and
481 drag data tablesand the other on solutions to the Naviestokes equations, theormal force coefficient
482  predictions found were on average within 12% of each other for all rotatiatak. Combined with the
483  previousvalidation of the DMSI1J3] and CFD [22-15] models, this high level of agreement gives confidence
484  in the hydrodynamicsimulation results presentedh this paper. Additionally, although no validation data
485  was available for the structural simulatis, the level of agreement between the predicteldde stress and
486  deflection results through the use oftwo separatestructural analysisnethods gives confidence in the
487  resultspresented

488

489 4.6 Computational Requirements

490

491 Significant differences in total simulation timend files sizesvere required between simuation
492  models as shown in Table All nhumerical solutions werperformed on an Intel i7 860 2.8 GHz based
493  cluster with 2GB ram per car&hesignificantvariationsin simulation timesuggest that the turbine design
494  processshouldbe performed in two stages:or initialgeometrical desigstudiesDMSBeam modelsallow
495  the quick estimation ohormal forcesplade stressand defectionlevels enabling theoptimization of both
496  power output and blade loadingHoweveythe determination of maximum stress magnitudasfound at
497  the bladestrut joints requred the use of CHBEA modelsasbeam heory-basedmodelswere unable to
498  resolve the bladestrut stresses

499
500 Table4: @mputationalRequirementsfor One Rvolutionof the StraightBladedTurbineat <=2.75
Model Hydrodynamic Cores Structural Cores File Size
DMSBeam 1 minute 1 1 minute 1 1 Mb
CFBBeam 2400 minutes 24 1 minute 1 80Gb
CFBFEA 2440 minutes 24 500 minutes 2 160Gb

501
502 Smulations using coupled twaray FSI models were attempteapweverthey were not completed as

503 it was estimated thathe simulationswould take aroundl40 days to complete one revolutipdue to the
504  combination oflarge CFD mesh elemeobuntsand reductions in numerical speed due to the coupling of
505 the CFD and FEA models. This compared poorly with thevageFSI simulations reported here, with total
506  run times of less than 2 days.

507

508 5. Conclusions

509

510 Numerical @aluations of thehydrodynamic and structurdibading of straightand helicabladed
511  turbines were performed using DMS, CFDedm theory, and FEA methodsThese simulations were
512  performed at multiple rotational rates to characteribbade and strut loadingrhis study revealethree key
513  findings

514
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515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

534
535

536

537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

1 draight-bladed turbines exhibit highemaximum stress and dééction levels than helical
turbines

1 maximum stresdevels werefound at the bottom ladestrut joints for both straight and
helicatbladed turbinesand

I maximum stress levelfor straight and helical turbinesrere well béow yield strengthat an
inflow velocityof 1.5 ms'.

Combinedthe key outcomes listed above lead to an important finding; thetight-bladed turbines
are better suited foroceanpower than helical turbinesas they generate higher power output without any
significant increases in blade loading

The simulation models developed this paper open ugonsiderablepossibilities to improve vertical
axis turbine designfrom both hydrodynanic and structural perspectiveBased on this work the following
is recommended

1 investigateblade-strut joint designsusing FEA to redugaaximumstress concentratiotevels and

9 conduct EFD using strain gaugesevaluateturbine loading characteristicand providevalidation
data for the models developed in this work.

Nomenclature

c Blade chord (m) Vi Upstream Velocity (m9

E Youngs modulus (Pa) V.,  Downsteam Velocity (m$

F. Centrifugal force (N) w Distributedload (kg/m)

Ki  Moment of interia proportonality coefficient y Maximum blade thickness /2 (m)
le Effective Blade Length (m) g Blade camber (%)

I Area moment of interia () < Tip speed ratio

m  blade mass (km) ’ Blade stress (Pa)

M  Blade moment (Nm) ’ Density (kgrr)

r Radius (m) . Blade thickness (%)

S Turbine Frontal Area (Hh U Blade overlap angle (degrees)
V  Inflow Velocity (m3) . Rotational Rate (rad$
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