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Abstract. Future wind turbinesvill benefit fromstateof-the-art technologies that allow theimnot onlyoperate efficiently in any
environmental condition, but al4o maximize the power output and cut the cost of energy production. Smart technology, based
on morphingblades is one of thepromising toa thatcould make this possible. The present study seaseHirst step towards
designingmorphing blades as functios of azimuthal angle and tip speed rdio vertical axis wind turbinesThe focus of this

work is onindividuallcombinedquasistaticanalysis of threairfoil shapedefining parametersiamely the maximum thickness

t/c and its chordwise positiaxt/c as well as the leadirgdge radiuindexl. A total of 126 airfoi are generatefbr a sirgle-blade

H-type darrieusturbine with a fixed blade/spoke comtien point atc/2. The analysis is based on 630 hifgtelity transient2D

CFD simulations previously validated withexperimentsThe results show thatith increasingtip speed ratipthe optimal
maximum thicknesslecreasefrom 24%c to 10%cits chordwisepositionshifts from 35%c to 22.5%ayhile the corresponding
leadingedge radius indesemainsat 4.5. The results showan averageelative improvement dd.46, andan averagéncreaseof

nearly 0.06 irCp for all the values ofip speed ratio

Keywords. Smartrotor designMorphing airfoil, Shape adaptatiop©€omputational fluid dynamics (CFDjyjoating offshore wind
turbine (FOWT)

Nomenclature

U Angle of attack [ k Reduced frequency, ¢ / @a\/2R[-]

Us Static stall angle L Lift [N]

g Azimuth angle [| M Turbine moment [Nm]

/  Tip speed ratioR Y'Y [-] n Number of blades|

n  Kinematic viscosity of air [rfis] P Turbine output power [W]

s Solidity, nc/d [-] q Dynamic pressure [Pa]

Y  Turbine rotational speed [rad/s] R Turbine radius [m]

A Turbine swept ared.d[m?] Re  Chordbased Reynolds numbefy Vip _ 7 []

¢  Airfoil chord length [m] rie  Airfoil leading-edge radius [%c]

Ca Drag coefficientD/gA[-] T Turbine thrust force [N]

Ci  Skin friction coefficient,D/qA[-] t/c  Airfoil relative maximum thickness [%0]

C  Lift coefficient,L/QA[-] Up Freestream velocity [m/s]

Cn Moment coefficientM/(gAR [-] U Instantaneous streamwise velocity [m/s]

Cp Turbine power coefficien®/(gAW) [-] V Instantaneous lateral velocity [m/s]

Cr Turbine thrust coefficientl/(gA) [-] Viann Dimensionless instantaneous tangential velo€ity,c 0 s ( d )Up [v] ¢
D Drag[N] Vet Relative velocity [m/s]

h  Turbine height [m] xt/c  Dimensionless chordwiggosition of airfoil maximunthickness [%)]

I Airfoil leading-edge radius index] Tl Turbulence intensity [%]

1.Introduction

1.1 State of the art
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Morphing technology has the potential to improve the performance of flyingsimdadaptingheir shape to different operational
conditions. This canesult inimprovedaerodynamic efficiencgndthe release afinwanted stresséBebiasi et al., 2011; Wang
et al., 2014)Nature has given birdbie capability of continuous morphing to generate enough lift for various flight maneuvers.
These bieinspirational sourceserved as models for posleibnorphing vehicleandprovided the pioneering researchers with a
new method of improving aerodynamic efficier(@ylezien et al., 1998 However, because of the technological limitations of the
day, it was not possible to reattte level of smooth shagdhanging capabilities as seen in bi(Barbarino et al., 2011This led

to the development of shajghangingby using ailerons, slats, flaps or variable swi2gbiasi et al., 2011)Nowadays, advances
in smart technologies have enabled such needs to be sat¥figglmorphing is used in the aerospace industry to imptlose
aerodynamic efficiency and adaptability of airci@#jaj et al., 2021; Yan et al., 2019)elicopterdRiemenschneider et al., 2019;
Sal, 2020) micro air vehicle¢Siddall et al., 2017&nd unmanned air vehicl@dlir et al., 2018; Thangeswaran et al., 2019)

The blads of awind turbineoperate at relatively low wind speeds with a low level of ié&verthelessmorphing technology
can still be of benefit for wind turbine purposes withthé challenges that must be overcome in aerospace applicgions
additionalflight control systemand lawto handle theomplex andargescalechangs inaerodynamisurfacesat both lowspeed
and highspeed flight conditio)gBeyene and Peffley, 2007)he impacts of morphing blades have begtensivelystudiedfor
horizontal axis wind turbines (HAWTSslror example, the effects of morphed trailing @ed@gsstudied by(Daynes and Weaver,
2012) in another workmorphing twist wagoundto reduce the fatigue life of turbine bladéachenal et al., 2013)n a work by
(Macphee and Beyene, 20IfBprphing blade pitch was discovered to improve the performance of HAEsts of morphed
trailing edge flapn the aerodynamic load contreés investigated biZhuang et al., 2020)

The angle of attackl of a vertical axis wind turbine (VAWT) blade varies periodically between positive and negative values.
Through this quassinusoidal variationthe angle of attack) often exceeds the static stall andle, and the blade undergoes
unsteady separation, resulting in the occurrence of dynamic stall and hysteresis effects on aerodyngiantbadsl., 2017;
Mulleners and Raffel, 2012; Rezaeiha et al., 2018#ien a turbine is operating at loW it benefits from the early stagestbé
dynamic stall; that is, theerformance of the blade increases due to an overshoot in lift coeffizidmwever, the overall power
output is affected negatively by the consequential sudden drGp(i6.Amet et al., 2009; Tirandaz and Rezaeiha, 202hjs
complexaerodynamicsnakeshe development of a single optimal airfoil for VAWa<hallenging process

To this date, the performance of VAWTshich very often use airfoils used in the helicopter indu@®gzaeiha et al., 2020b;
Sahebzadeh et al., 202B8asbeen studied for airfoil parametessch as thicknes®-chord ratiot/c andcamberC asproposed in
(Song et al., 2020; Mazarbhuiya et al., 2020; Nguyen and Tran, 2015; Jain and Saha, 2020; Bianchini et qr20&sgntly,

a few studies have been conducted to improv&\WMA performancevia optimizing the airfoilshapedefining parameters (e.g.,
maximum thicknes#c, chordwise position of maximum thickneds, leading edge radiusg, and cambe€) (Bedon et al., 2016;
Ma et al., 2018; Ismail an¥ijayaraghavan, 2015Briefly summarized, Hesestudies reveathat the airfoil shapestrongly
influences theorque characteristics and pressure distribution of the,rtitertype of stall mechanisnthe aerodynamidoad
coefficients namelylift and drag coefficient{C, and Cy), the selfstartng capability, andthe power coefficienbf VAWTS.
However the majority ofthesestudies which include a few numbers of tesiseshave addressed tirapacts of a single parameter
andkeeping the others fixed his is while,it has been shown th#te airfoil shapedefining parameters hawembinedimpacts
onVAWT performancgTirandaz and Rezaeiha, 202Therefore such analysimight be misleading by not presenting the global
picture. The provendependency of VAWT performance on airfoil shape means that the desigorpliing bladeswhich can
adapttheir shapsto variables such as azimuthal andlandtip speed ratie-is worth pursuing. Ira smart rotoras theblade
profile morphs into a new geometry due to changes in azimuthal position or wind speed, the separation point will move to an

optimal coordinate. As a result, flow detachment can be reduced or delayed tolhighegsevere dynamic statharacterigcs
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can be controlled or even avoidiedhe case of unsteady separation atdgvesulting in improvedurbineperformancgTan and
Paraschivoiu, 2017; Tirandaz and Rezaeiha, 2021)

Detailed analysis of the literatuom morphing airfoilshows that the majority of studies focdgs morphingrailing edge. For
examplejn anexperimentaktudy by(Pechlivanoglou et al., 201,gjositive flapdeflectionwas found tignificantly increase lift
force while negative flap deflectiomesulsin lift reduction which iseffectivein rotor decelerationA numericalstudy by(Wolff

et al., 2014)has shown that morphing trailing edgesspecifically the deflection angles and increasing length of the morphing
trailing edge havesignificantimpacton lift forceandthus the stallcharacteristicef the bladeIn another workby (Minetto and
Paaschivoiu, 2020a deformable trailing edge was discovet@dlleviate thedynamic stalcharacteristicandimprove the power
output of VAWTSs.(Tan and Paraschivoiu, 2013howed lhat morphing the blade aileraio have the optimal shagder upwind
and downwind quartilecan improveéhe aerodynamic performance\AWTSs. In addition, ina numerical studyit was found that
changingthe airfoil shapedefining parameters have a substantial impact on the power performance of VAWT operdkiag in
dynamic stall regiméTirandaz and Rezaeiha, 2021)

Despite the existence of this reported literature, several slefjmeng parameters have received amudess attention. Such
parameters are hypothesised to have an influence on boundary layerasgkthis resultant aerodynamic loads. Therefore, a
parametric analysis of these variables, with their potential to morph, would provide fundamental knoswedds tlesigning

morphingblades forsmartVAWTS.

1.2 Obijectives

The present work follows the objectives below:
i. To pave the road towardsnartblades folVAWTS, having the capability of adaptation to different operational conditions
ii. To provide aset ofgeneralizableonclusiongrom 630 transient simulations for 1B6iqueairfoils, generatedvith different
valuesof maximum thicknes#/c, chordwise position of maximum thicknesgc, andleadingedge radius indek at 5
different values ofa: and thus, understand the impact different morpheehirfoil scenarioson the turbine power
performanceCe as well aghethrust performancé€r.
iii. To prove the usefulness of the morphing technagia promising todb improve the power performance of VAWTSs
The reference airfoil is chosen from tigmmetricmodified NACA fourdigit series. Thenodified airfoils are generated through
changingthe combination of the three aforementioned parametemsunsteady Reynolddveraged NavieiStokes (URANS)
approachpreviouslyvalidated with expemental data, will be used for the analysis. The results will provide a set of optimal
airfoils at eachey as well as each azimutingle and thusmaking aconceptualstep towards designingrorphing blades for
VAWTS.

1.3 Paper outline

The paper i®rganized as follows: Se@ presents the computational settings and parameters for the simulations. The solution
verification and validation studies are also included.t.Seintroduces the generated airfehapesin Sect 4, the results are
presentedn two scenariosSect 5, 6, and 7are devoted to the discussjoasearch limitationand conclusiongespectively

2.Computational settings and parameters

2.1 Reference turbine characteristics
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A singlebladed Darrieus Hype VAWT waschosen as the reference case for this study (see &gl Tlable 3. The turbine ia
simplified representation of the original onsed by(Tescione et al., 2014y hat is the turbine shaft and spokase removegdand

there isonly one bladeNote that the conclusior@se not significantly affected byeéeecomponentsThe reader is referred tur
earlier works (Rezaeiha et al., 2017b; Rezaeiha et al., 20W8®re it is shown that for low solidity VAWTghe power
performances almostindependent oftte shaft and number of blades. Therefetgh a simplifiedurbinemodelcaneffectively
reducethe computational costs of the huge number of simulations (i.e., 630 transient simufatitims)resent worknd at the
same timeprovide reliable resudt Refs(Rezaeiha et al., 2018a, &e used to select the rest of the geometrical and operational
characteristics of the reference turbine.

- _- y

180°
Figure 1: The reference turbine (not to scale). (+): airfoil pressure sideand)(: suct i ond<sl80ie for OA

Table 1. Characteristics of the reference turbine.

Turbine type Darrieus Htype

n 1

d 1m

a 0.06

Airfoil shape NACA00186.0/3.0 (i.e., baseline NACA0018)

t/c = 18%;l = 6.0;xt/c= 30%
Blade/Spoke connection point  ¢/2

Y 9.3 m/s

o 25,3.0,35,45,5.0

Y 46.5, 55.8, 65.1, 83.7, 93.0 rad/s
c 0.06 m

Y'Q[x 107] 1.03, 1.20, 1,401..76, 1.95

YO 5%

2.2 Computational settings

The commercial flow solver ANSYS Fluent v2019R2 is employed for the 2D incompressible URANS simulations coupled with
the fourequation transition SST turbulence modéie simulations are solved using secander spatial/temporal discretization
and the SUPLE pressurevelocity coupling schemé&he computational domain, grid, and boundary conditions are summarized
in Table2. The schematic of the computational domain and the computational grid and its subregions are shown in Fig.2.
Someattempts have beemade toidentify the propercomputationalsettingsfor the simulation ofH-type Darrieus turbine
(Balduzzi et al., 2016a; Balduzzi et al., 20188pwever, in this workthe turbulence model is selected basedwnprevious
findings(Rezaeiha et al., 2019b, 2020Bgstpractice guidelines for théFD simulations of VAWTSs are used to select the domain
size, the azimuthal increment, and the convergence crit@®eraeiha et al., 2018cJhe corresponding absolute tiraep values

are 3.7533954610° s, 3.1278295510° s, 2.6809967610° s, 2.085219%¥10° s and 1.70608883.0° s fora= 2.5, 3.0, 3.5, 4.5

and 5.5, respectively. With the selectegl=d 0.1, 3600 timesteps per turbine revolution are achieved. A total number of 20

revolutions, i.e., 72,000 timgtepsare simulated before the results of firesenstudy are obtained at thes2tlrbine revolution.
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Under these conditions, tisgatistical convergence of the transient simulations is ensuredch case, a number of 20 iterations

per timestep is performed so that the scaled residuals stay< 10
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Figure 2. (a-d) the grid; and (e) schematic of the computational domain (not to scale).

Table 2: Details of computational domain, grid and boundary conditions.

Computational domain (see Fig. 2e)  30d x 30d
(d: turbine diameter)
Computational grid (see Fig. 28 Cell type quadrilateral
Cell No: 302,815
No. of cells around the airfodircumference800
w <25
Boundary conditions Inlet: uniform normal velocity (Turbulence length scald);
Outlet zero static gauge pressure;

2.3 Solution verification and validation

The domain type is selected based on our earlier studiese thedifference between 2D and 2.5D URANS simulatioras
found to bansignificant(Rezaeiha et al., 20178 grid convergence analysis using uniforrligubled grids has been performed
and documented in RefRezaeiha et al., 2019ayhich for brevity is not repeated hefighree experimental studies with different
test conditionpreviouslywereused to validate the CFD simulations. Tdiferent geometrical and operational characteristics of
theturbines used in the experimelgd todissimilar conclusionéTescione et al., 2014; Ferreira et al., 2009; Castelli et al., 2011)
ensuing a high level of confidence in the accuracy of the CFD simulations. However, the reader is referreqRezARefha et

al., 2019bYor more detailed descriptions of the validation studies.
3. Airfoil shapemodification

Figure 3shows aschematiadrawingof the symmetric modifietNACA 4-digit airfoil andthe selectedshapedefining parameters
for this study. These parametare modified within their most common reginsas follows
(i) relative maximum thicknes#/¢): 10, 12, 15, 18, 21 and 24%;
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(i) relative chordwise position of maximum thicknesgd): 20, 22.4, 25, 27.5, 30, 35 and 40%;
(i) index of leadingedge radiusl}: 4.5, 6.0 and 7.5.

chordwise-location of maximum thickness (xt)
y
maximum thickness (t)
le——
| X
leading /
edge radius (1.9 chord (c)
x=0 X=C
leading edge (LE) trailing edge (TE)

Figure 3: Defining parameters of the symmetric airfoil.
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Figure 4: Studied airfoil shapes.

tic [%]

Note thatany value ofl out of the selected rangesults inatoo sharp or too blunt leading ed@ée analysis is based on 126
airfoil shapegsee Fig. 4). The modification of the airfoil coordinates and the related equatiatscamentedn Ref. (Tirandaz
and Rezaeiha, 202IThe focus of this study is on symmetric airfoils with zero cambernidified airfoils are designated dise
NACAOQOt/a |/ xt/c. The first symbol from left to right, i.et/c, represents the maximum thickness in %c; the second, amws
the index of leadingedge radius (with one decimal precision); and the third xtfe,is the chordwise position of the maximum
thickness in 10 of the chord with two decimagrecision For example, the NACA0024.5/3.50 hast maximum thickness afc

= 24%,located akt/c = 35% andaleadingedgeradius index of = 4.5

4.Results
The results are presented in two scenariamely,optimalairfoils as functions of(Sect. 4.1), anddi(Sect. 4.2). In Sect. 4.3 the

performance of theptimal airfoils from the first scenariarecompared with that of the reference airfdilcoupledanalysis is
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performed atifferent a-of 2.5, 3.0, 3.5, 4.5 and 5.5. Kig 5 depicts the variatiaof U as the turbine passes through its last
revolution. Note that the highére value obiis, the more limited the variatisof Uare Fora= 2.5, 3.0 and 3,5he variatioss of
Uexceedthe Us for all the studied airfoitswhile at highera-= 4.5 and 5.5this behaviour is not observed for all of the studied
airfoils. The reader is referred (Rezaeiha et al., 2018byhere the method of calculating tiérom the CFD results is provided
in detail. However, in a recent studyy (Melani et al., 2020an ad hoc inverse verification procedure wWaselopedo compare
the accuracy ahreeselectednethodsn calculatingheangle of attackrom the CFD flow fieldincluding 3Points, Line Average,

and Trajectonapproaches.

25
15¢
— 5 [
O
Sl —A=2s
=== A=3.0
15t A=3.5
A=4.5
— A=5.5

0 60 120 180 240 300 360
0[]

Figure 5: Uversusd for different /. The Ussminand Uss maxare based on Xfoil.

4.1 Modification of the airfoil shape-defining parameters

To derive the optimal airfoil for eacs the combination of thé&y/c, xtopdC, and lop, corresponding to the turbin@p max is
determined. Sect. 4.1.1 to 4.1.3 are devoted to the discussions on individliddation and Sect. 4.1.4, presents an overall view
on the combinednodificationof the aforementioned parameters.

4.1.1Modification of the maximum thickness ¢/c)

Figure6 shows thémpact ofchangingt/c on theturbineCp for the studied range ot/c, | anda- Figure7 shows thénstantaneous
moment coefficienCy, versusd for selected/c andxt/c. It can be observed that:

Regarding the lowest value of | = 4€ee Fig. 6& e and Fig. 7): Generally speaking, the tren@of t/c for differentads similar,
except forsomenoticeable difference That is, by increasing theCe shows higher sensitivity tdc. This is reflected as higher
|OCp| andcan be explained by the followinky changing/c, the pressure gradient changesr the airfoil therefore, the transition
point, the separation and stall characteristics, and eventually the resultant aerodynanailstoelkdange. However, when the flow
is fully separatedn the poststall regime changingt/c has no longer significant impact @». By increasings; andthus, more
limited variation ofU, the blade passes over a range of fewer azimuth angles in thstgdbsegime (see Fig. 5). Due to this,
changingthet/c is influential within a wider range dffectived. This can beecognizedy the improvedCe for higherar At o=
2.5, the Cp follows a non-monotonictrend forxt/c ©30% anda monotonic upward trerfor xt/c O35%. Neverthelesswith the
exception okt/cO 2 2 . & %5, wherahe C, monotonially decreaseby increasind/c, the trendremainsnon-monotonicfor
differentvalues ofxt/c at the studied range ef That is,by changing the/c to higher valueghe Cpr experiences an initigrowth

to its maximunmvalueattop/c, followed by areductionfor t/c > top/C. This can be recognized from tle plots whereby changing
t/c to its optimalvalueat topd/c, the suddendrop in Cmmax Whichindicatesthe instant of moment staik observed at highef, the

consequent fluctuatiois alleviated andthe meanvalue ofCy increasesthus, making consistency with the high€p at top/c for
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a fixedxt/c ( see Fig. 7a for selectedkt/c). This can beattributed tothe following observatios from the skin friction, lift, and
drag coefficients@, Ci, andCq): when the turbine is operating at low values€i3.5, increasing/c from 10% b top/c, changes
the stall type frommixed stallfor t/c = 10% to trailing-edge stalfor thicker airfoils; an eaiiler formation oflaminar separation
bubble (LSB) andrailing-edge separatiofTES)is observed TES-LSB merging (.e.,full-flow separation)s discoveredo occur
athigher azimuthindicating a more extended favorable pressure graftiety,/c (seefor exampleFig. 8for xt/c = 27.5%at o=
2.5); lighter dynamic stallis observedthat is lift and drag jumpwhich indicatethe onset of dynamic stalleduce andhift to
higher azinuth, andthe consequergoststall load fluctuations are alleviate@ee for example Fig. for xt/c = 27.5% ab= 2.5).
However, an earlier stall is found @ocurfor t/c > top/C due tomore pronounced earlier merging of FESB. Thisis refleced by
lower Cp and Cm maxfor t/c > top/C (see Figs. 6& and 74). Note that the monotonic growth @ i t/c for xt/cO 3 5 8¢ 2:b6t

canalsobe explained with the aforementioned reasoning, yieldin@thaxat the highesticknessof topdc = 24%(see Fig. 6a)

\ -O-xt/c=20% -D-xt/c=22.5% —xt/c=25% -V-xt/c=27.5% xt/c=30% xt/c=35% -<-xt/c=40% \
A=25 A=3.0 A=3.5 A=45 A=55
0.12 0.19 . 0.38
W\ S
0.13 0.30} v/ /<1,,~<1\‘<“*

b: 1=4.5, A=3.0

-0.05

0.12 0.19 0.40
0.07 0.13 0.31
2003 20.07 0.22
o & o
-0.01 0.01 0.13
f. 1=6.0, \=2.5
-0.06 -0.05 -0.05 0.08 0.05
0.12 0.19 0.3 0.38
0.07 0.13 5 0.30
= ‘:;;L'* ,«."’
E/@Z{z{ N v 0.23
Zas \‘D\\D Ou_
Sus . \
> P 0.15
< S
ki 1=7.5,A=2.5 I |:7.5,A:3.0\ m: 1=7.5, A=3.5 n: 1=7.5, \=4.5 0:1=7.5,A=5.5] <
6 -0.05 -0.05 0.08 0.05
10 12 15 18 21 24 10 12 15 18 21 24 1012 15 18 21 24 10 12 15 18 21 24 1012 15 18 21 24
t/c [%] t/c [%] t/c [%] t/c [%] t/c [%]

Figure 6: Impact of changingt/c on the turbine Cp at different xt/c and o

Table3 showsthetqyd/c, corresponding to eacti/c (i.e.,topt x/C) atdifferentar Thetop/c corresponding te@acha-is indicatedby a
starsign It can be seen thaély increasingt/c, which meansalongerfavorable pressure gradiem the bladga higher thickness
is needed for the airfoib be optimalNote thatincreasinggy influences the shape of the optimal airfoil by decreasirthitkness

In other wordsthe highem-is, the thinner the optimal airfoil i§his is consistent with the findings documente@Healy, 1978;
Subramanian et al., 201 Fyhere itshows the superior performancetiotk airfoilsat lowar This may be attributed tine turbine
operational regime as followgvhen the turbine goes integimeswith highera-andmorepronouncededuction in thesariation

of a, higher values o€ at lowera is of most impact on thturbineCp. Therefore, thinerairfoils with a higher lift curve slope
outperform thehickeroneswith alower slope of th&; i a. Eventually, his results inless pronouncedensitivity of thetop/c to
xt/c, and shifting the peak i@ i t/c (i.e., top/C) towardsthe lowest t/c = 10% and 12%n the non-dynamic stall regime wite- O
4.5 (see Tabl8). The analysis also shows a drag increment for thicker aidbds= 4.5 and 5.5which is a result of the earlier

formation of LSB and TESThis isconsistent with the reduction €» andCny maxfor t/c > topdC (See Fjs. 6de andrj-0). Note that
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forxt/cO 2 2 . &= %5 thetsame reasoning results in a monotonic decreae yielding theCp maxat the lowest thickness of

t/c = 10%.

The effect of flow curvature on aerodynarteeding is another important physical phenomenon to take into account in predicting

the performance of VAWTSs. Because of the angular velocity of the turbine rotor blades, the relative flow direction continuous

varies along the airfoil chorénd thus, th blades experience curved streamlines. As a result of this, a symmetrical airfoil with

zero pitch angle in the circular path@? AWT r ot or

behaves as

arfonzero pitch argle io a smdughtr e d

flow (Migliore et al., 1980; Rainbird et al., 2019he flow curvature effects become less pronounced on a curveill @daro

et al., 2005) In addition, a blade hinge located at 50% chord length significantly alleviates the flow curvature ldéfeetger,

among all the parameterthe ratio of blade chord to turbine rotor rad{o&R) has the greatest impact on flaurvature effects

(Migliore et al., 1980)For low values ot/R(i.e., low solidity) thebladesurfacepressurelistribution shows negligible differences

with respect to that ofhe no-lift condition (Coiro et al., 2005)indicatingless pronounceéffects of flow curvature onthe

performane of low-solidity turbines(Rainbird et al., 2015)in this study,due tothe low valueof ¢/R= 0.12(i.e., low 1), the

contribution of flow curvature effects is considered to be small.

Regarding the moderate and highest values of | = 6.0 an¢s@es5Fig. 6§ and 6ko): The overall trend fo€p is very similar to

that of the lowest = 4.5; however, it showsomparatively lower values afCs|), especially fo)O 3. 5. T hchangingip a ¢ t

ther e on the turbineCr is separately discussed in detail in Sect. 4.1.3; therefore, it is not included here.

Table 3: topt,x/C for different values of xt/c and a1 = 4.5).

> 20 225 25 275 30 35 40| xt/c[%]
25|12 15 18 18 21 24* 24
30|12 15 15 18 21 21 21
35|12 15 15+ 15 18 18 18 .
45|12 12* 12 15 15 15 15 toptx/C [%]
55|10 10* 12 12 12 15 12

* topd/C at the corresponding
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225 Figure 7: Impact of changing t/c on the turbine Cr, for selectedxt/c and t/c at different a:

227 Figure 8: Spatiotemporal contour plots ofCr along the suction side of the blade during the firshalf of the last revolution for the
NACAO00t-4.527.5at &= 2.5. Note that the X-axis is along the chord lineandf=1 13 A corr espons=280 t he bl
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