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Abstract. Future wind turbinesvill benefit fromstateof-the-art technologies that allow theimnot onlyoperate efficiently in any

environmental condition, but aldo maximize the power output and cut the cost of energy production. Smart technology, based

on morphingblades is one of thepromising toa$ that could make this possible. The present study seasesfirst basisstep

towardsferidentifyingdesigningmorphng ig-airfeitsblades as functios of azimuthal angle and tip speed réfto vertical axis
wind turbinesThe focus of this work is atfreindividuallcombinedjuaststaticanalysis of threairfoil shapedefining parameters

namely the maximum thickness and its chordwise positioxt/cas well as the leadirgdge radiugndex|. A total of 126 airfois

are generatefbr a sirgle-bladeH-typedarrieusturbine with a fixed blade/spoke comien point aig/2. The analysis is based on

630 highfidelity transienD CFD simulationgpreviouslyvalidated withthreeexperimentsThe results show thatith increasing

tip speed ratie; theoptimalmaximum thicknesdecreaseBom 24%c to 10%¢its chordwisepositionshifts from 35%c to 22.5%c,
while thecorrespondindeadingedge radius indesemainsat4.5.The results showan averaggelative improvement d3.46, and

an averagenprovemenincreasgof nearly 0.06 irCp for all the values qfip speed ratigy
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Nomenclature

U  Angle of attack || k Reduced frequency, ¢ / (2&/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, ndd [-] q Dynamic pressure [Pa]

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

A Turbine swept are&.d[m? Re  Chordbased Reynolds numbefY pip _ T [-]

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

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

C:  Skin friction coefficient,D/gA[-] t/c  Airfoil relative maximum thickness [%]

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

Cm Moment coefficientM/(QAR) [-] U Instantaneous streamwise velocity [m/s]

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

Cr Turbine thrust coefficientl/(qA) [-] Vian,n Dimensionless instantaneous tangential velo¢ity,c 0 s ( d )Us j¥] g
D Drag[N] Vel Relative velocity [m/s]

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

conditions. This canesult inimprovedaerodynamic efficiencgndthe release afinwanted stress¢Bebiasi et al., 2011; Wang Formatted

et al., 2014)Nature has given birdhie capability of continuous morphing to generate enough lift for various flight maneuvers. Formatted

These bieinspirational sourceserved as models for possibmorphing vehicleandprovided the pioneering researchers with a Formatted

new method of improving aerodynamic efficier(gylezien et al., 1998However, because of the technological limitations of the | | Formatted

day, it was not possible to reattte level of smooth shagshanging capabilities as seen in bi(Barbarino et al., 2011Yhis led Formatted

to the development of shaghangingoy using ailerons, slats, flaps or variable swigbiasi et al., 2011)Nowadays, advances Formatted

Formatted

in smart technologies have enabled such needs to be sat¥fieglmorphing is used in the aerospace industry to imptioere

aerodynamic efficiency and adaptability of aircia@ffaj-et-al,2021: Barbarino-et-al 2011 Montgomery-et-al2019pWalk., Formatted

vehicles(Siddall et al., 2017and unmanned air vehicléSomez and-Garci011:- Miretak2018: Thangeswaran-etak—2019; | | Formatted

Formatted

Valasek-etal;-2008)(Mir et al., 2018; Thangeswaran et al., 2019)

JTha-eontrast:hie blads of awind turbines operate at relatively low wind speeds with a low level of fiéhverthelessmorphing Formatted

technology can still be of benefit for wind turbine purposes wittfmithallenges that must be overcome in aerospace applicétions Formatted

(e. g.,additionglflight controlsystemand layto handle theomplex andargescalechangs ingerodynamisurfacegt both low Formatted

Formatted

speed and higepeed flight conditionsereasing-weight-and-complexX)tfBeyene and Peffley, 2007)he impacts of morphing
blades have beextensivelystudiedfFor horizontal axis wind turbines (HAWLs)theimpae&emqepphing%LadesHeaeLeem;olf

Formatted

Formatted

has-been-studi€dr example, the effects of morphed trailing ed@sstudied byRathed-ebl;-2017Daynes-and-Weaver2012)

(Daynes and Weaver, 2012) another workmorphing twist wagoundto reduce the fatigue life of turbine blagéachenal e:/ Formatted
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2017 Yan-et-al—2019)Ajaj et al., 2021; Yan et al., 201Pelicopters(Riemenschneider et al., 2019; Sal, 2028jcro air %Formaﬁe‘j
{
{
{
{
{
{
{
{
{

al., 2013)jn a work by(Macphee and Beyene, 2018prphing blade pitch was discovered to improve the performance of HAWTs | Formatted

effects of morphed trailing edge flgp the aerodynamic load contwhs investigated hfZhuang et al., 2020) {Formaﬁed

-by-(Barlas and Van Kuik, 2010; Daynes and Weaver, 2012; Ferreira et al., 2009; Johnson et al., 2008; Lachenal et al., 2({ Formatted

Lachenal et al., 2013a; Macphee and Beyene, 2015; Rattabg 2017; Van Wingerden et al., 2008; Wang et al., 2012; Zhuang {Formaﬁed

etal., 2020) [Formatted
The angle of attack) of a vertical axis wind turbine (VAWT) blade varies periodically between positive and negative values[ Formatted
Through this quassinusoidal variationthe angle of attagk] often exceeds the static stall a i i idal [Formaﬁed

variation-ofU-it-exceds-the-static-stall-anglEls and the blade undergoes unsteady separation, resulting in the occurrence t{FOfmaﬁed

dynamic stall and hysteresis effects on aerodynamic I(fegtseira et al., 2009; Hand et al., 2017; Mulleners and Raffel, 2012; {Formaﬁed

Rezaeiha et al., 2019b; Rezaeiha et al., 20ZBi@nd et al., 2017; Mulleners and Raffel, 2012; Rezaeiha et al., 20¥Bah a Formatted

turbine is operating at low, it benefits from the early stagestb&dynamic stall; that is, thperformance of the blade increases Formatted

due to an overshoot in lift coefficie@; however, the overall power output is affected negatively by the consequential suddel Formatted

drop inC; (E.Amet et al., 2009; Tirandaz and Rezaeiha, 20Piis sephisticatedtomplexaerodynamicsnakesthe development Formatted

of a single optimal airfoil for VAWTs challenging process Formatted

To this date, the performance of VAWTshich very often use airfoils used in the helicopter indugRezaeiha et al., 2020b; Formatted

Formatted

Sahebzadeh et al., 202@psbeen studied for airfoil parametensch as thicknes®-chord ratiqt/c andcambelC asproposed in/
i i Formatted

ongetal.,; 2020; Jain-and Saha, 2020; Nguyen and 20a8; Subramanian et al.; 2017; Mazarbhuiya et al., 2(86hg et al.,

2020; Mazarbhuiya et al., 2020; Nguyen and Tran, 2015; Jain and Saha, 2020; Bianchini et gMdelIgrentlya few studies Formatted

thicknesg/c, chordwise position of maximum thicknes#g leading edge radiyge, and cambef) (Bedon et al., 2016; Ma et Formatted

Formatted

al., 2018; Ismail anijayaraghavan, 2015)Briefly summarized ftesestudies reveahatthe airfoil shapestrongly influences
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thetorque characteristics and pressure distribution of the, rbtertype of stall mechanigrthe aerodynamidoad coefficients Formatted

namelyJift and drag coefficient{C, andCy), the selfstarting capability, angthe power coefficienof VAWTs. However,the Formatted

majority ofthesestudies which include a few numbers of testseshave addressed tirapacts of a single parametandkeeping | Formatied

the others fixedThis is while,it has been shown thé#te airfoil shapedefining parameters haw®mbinedimpacts onVAWT
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performancgTirandaz and Rezaeiha, 202Therefore,such analysignight be misleading by not presenting the global pictyre, Formatted
The proveis dependency of VAWT performance on airfoil shape means that the designpfing bladesvhich can adapheir Formatted
shapeto variables such as azimuthal andlandtip speed rati@* is worth pursuing. I@ smart rotoptherwerdsas theblade Formatied
atrfoil-profile morphs into a new geometry due to changes in azimuthal position or wind speed, the separation point will movT Formane:
Formatte

an optimal coordinate. As a result, flow detachment can be reduced or delayed téjrigdsevere dynamic statharacteritics

. . P . . Formatted
can be controlled or even avoidedhe case of unsteady separation atdpresulting in improvedurbineaeredynamic-angower

performancgTan and Paraschivoiu, 2017; Tirandaz and Rezaeiha, 2021) Formatied

Detailed analysis of the literatyoen morphing airfoilshows that the majority of studies focdss morphingrailing edga. For<‘ Formatted

Formatted

examplejn anexperimentaktudy by(Pechlivanoglou et al., 201Q)ositive flapdeflectionwas found tesignificantly increase |Ift;

Formatted

force while negative flap deflectiomesulg in lift reduction which isgffectivein, rotor decelerationA andnumericalstudy bv\‘u

Formatted

(Wolff et al., 2014)studietiag shown thatmorphing trailing edgespecifically the deflection angles and increasing length of\ the

Formatted

morphing trailing edgghavegsignificantimpacton lift forcg and thus, the stallcharacteristicof the bladg thatmerphingthe ||
. Formatted

In another workoy (Minetto and Peaschivoiu,

Formatted

2020)a deformable trailing edge was discovefedilleviate thedynamic stallcharacteristiceindimprove the power output o

Formatted

VAWTSs. (Tan and Paraschivoiu, 2018howed hat morphing the blade ailerotm have the optimal shapfer, upwind andw

Formatted

downwind guartils can improve the aerodynamic performance GAWTS. |n me#phmguaueﬁemtmpre\sa#eaemdynamldi
performanece-of VAWStnaddition, ina numerical studyit was found thathangingthe airfoil shapedefining-parameters hav”

Formatted

a substantial impact on the power performance of VAWT operatitigeidynamic stall regiméTirandaz and Rezaeiha, 2021) Formatted

Formatted

Despite the existence of this reported literature, several stefpeng parameters have received amuess attention. Such Formatted

parameters are hypothesised to have an influence on boundary layeraskhis resultant aerodynamic loads. Therefore, a Formatted

parametric analysis of these variables, with their potential to morph, would provide fundamental knowledde tlesigning | Formatted

Formatted

Formatted

1.2 Objectives Formatted

Formatted

The present work follows the objectives below:
Formatted

i. To pave the road towardsnartblades foVAWTS, having the capability of adaptation to different operational conditions ormatied

ii. To provide aset ofgeneralizableeonclusionsfrom 630 transient simulations for 12&nticaluniqueairfoils, generated Formatted

with different valuesof maximum thicknes#/c, chordwise position of maximum thicknestéc, andleadingedge radius Formatted

index | at 5 differenttip-speed-ratiogalues ofe: and thus, understand the impactddferent morpheehirfoil scenarios

Formatted

differentmorphngbladesecenarioon the turbine power performan€e as well aghethrust performanc€r.

Formatted

i-ili. Tp prove the usefulness of the morphing technigia promising togb improve the power performance of VAWTs

Formatted

The reference airfoil is chosen from genmetricmodified NACA fourdigit series. Thenerphingmodifiedairfoils are generated F tod
ormatte

through changinghe combination of the three aforementioned paramet®nsunsteady Reynold&veraged NavieiStokes . ted
ormatte

(URANS) approachpreviouslyvalidated with expemental data, will be used for the analysis. The results will provide a set of . ted
ormatte
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optimal airfoils at each; as well as each azimugingle and thusmaking aconceptuabtep towards designingorphing 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 includedt.Seintroduces the generated airfellapesin Sect 4, the results are

presentedn two scenariosSect 5, -and6, and 7are devoted to the discussjoasearch limitationand conclusionsespectively

2.Computational settings and parameters

2.1 Reference turbine characteristics

A single-bladed Darrieus Hype VAWT waschosen as the reference case for this study (see &iglTable ). The turbine ig
simplified representation of the original onsed by(Tescione et al., 2014y hat is the turbine shaft and spokase removegand
there isonly one bladeNote that the conclusiorse not significantly affected byeésecomponentsThe reader is referred tur
earlier works (Rezaeiha et al., 2017b; Rezaeiha et al., 20¥8®&re it is shown that for low solidity VAWTshe power
performances almostindependent ofite shaft and number of blades. Therefsugh 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.

Figure 1: The reference turbine (not to scale). (+): airfoil pressure side and)( :

180°
sucti ond<s80d e

Table 1: Characteristics of the reference turbine.

Turbine type
n
d

G
Airfoil shape

?Iad e/Spoke connection point

e
Y

[
Y Q[x 109
~O

Darrieus Htype

1

1m

0.06

NACA00186.0/3.0 (i.e., baseline NACA0018)
t/c=18%;l = 6.0;xt/c= 30%

cl2

9.3mls

25,3.0,35,45,5.0

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

1.03,1.20, 1,401.76, 1.95

5%

2.2 Computational settings

f
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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 secender spatial/temporal discretization

and the SWPLE 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 of H-type Darrieus turbine

[ Formatted: Font color: Auto

(Balduzzi et al., 2016a; Balduzzi et al., 2018Bpwever, in this workiFhe turbulence model is selected basedwanprevious Formatted: Font: 10 pt, Complex Script Font:
findings(Rezaeiha et al., 2019b, 2020Bpstpractice guidelines for theFD simulations of VAWTS are used to select the domain  ( Headings CS(TimesNew Roman), 10 pt

size, the azimuthal increment, and the convergence crit@Riezaeiha et al., 2018¢Jhe corresponding absolute tirstep values

are 3.7533954610° s, 3.1278295510° s, 2.6809967610° s, 2.085219710° 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 timstepsare simulated before the results of firesenstudy are obtained at thes2urbine revolution.
Under these conditions, tistatistical convergence of the transient simulations is ensuredch case, a number of 20 iterations

per timestep is performed so that the scaled residuals stay< 10

le—15d—»te—15d —»!

(a) 0,000 0.250m (€)
(‘ y
i ]
! | Ul o P il
| 2 B L. =
'
| = 3 & "
i | 208 e
i AR
! i
! i
; 1
i ]
1 ]
E !
: e )
(b) 0.000 0.025mi  (d) 0,000 0.002'm|
k. ] i
i i
i
| i
— i
! ! i
1 1 I
] i
! i
| | {
Y | i
(c) 0.000_0.00075 mi !
i
i
i
i
i
i
i
i

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
@ <25
Boundary conditions Inlet: uniform normal velocity (Turbulence length scald)=
Outlet zero static gauge pressure;

2.3 Solution verification and validation
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The domain type is selected based on our earlier studiese thedifference between 2D and 2.5D URANS simulatioves
found to bensignificant(Rezaeiha et al., 2018kRezaeiha et al., 20178 grid convergence analysis using uniforrdigubled
grids has been performed and documented in @dzaeiha et al., 2019cyvhich for brevity is not repeated heréhree
experimental studies with different test conditigmsviously are-were used to validate the CFD simulations. Tdié&erent
geometrical and operational characteristics ofttitbines used in the experimetes todissimilar conclusiongTescione et al.,
2014; Ferreira et al., 2009; Castelli et al., 20Ehsuing a high level of confidence in the accuracy of the CFD simulations.
However, the reader is referred to R&ezaeiha et al., 2019f)r more detailed descriptions of the validation studies.

3. AMerphing-airfoil ~shapemodifications

Figure 3shows aschematidrawingof the symmetric modifieBNACA 4-digit airfoil andthe selectedshapedefining parameters
for this study. These parametaremerphedmodifiedwithin ther most common reginsas follows

(i) relative maximum thicknes#¢): 10, 12, 15, 18, 21 and 24%;

(i) relative chordwise position of maximum thicknesgd): 20, 22.4, 25, 27.5, 30, 35 and 40%;

(iii) index of leadingedge radiusl}: 4.5, 6.0 and 7.5.

chordwise-location of maximum thickness (xt)
y
maximum thickness (t)
e—F
I‘\ X :
leading
edge radius (r.) chord (c)
x=0 Xx=C
leading edge (LE) trailing edge (TE)

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

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 equatialecamentedn Ref. (Tirandaz
and Rezaeiha, 2021The focus of this study is on symmetric airfoils with zero camber. fibgshingmodified airfoils are
designated athe NACAOOt/ci | / xt/c. The first symbol from left to right, i.et/c, represents the maximum thickness in %c; the
second ond, shows the index of leadirefge radius (with one decimal precision); and the thirdxdfeeis the chordwise position
of the maximum thickness in #@f the chord with two decimalrecision For example, the NACA0024.5/3.50 hag maximum

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

4.Results “

Sect. 4.3 the performance of therphingoptimalairfoils from the first scenariarecompared with that of the reference airfoil.

A coupledanalysis is performed differentaof 2.5, 3.0, 3.5, 4.5 and 5.5. Eig5 depicts the variatigrof Uas the turbine passes
through its last revolution. Note that the higtiex value obis, the more limited the variatief Uisare Fore= 2.5, 3.0 and 3,5
the variatios of Uexceed the Us for all the studied airfoitswhile at highe= 4.5 and 5.5this behaviour is not observed for all
of the studied airfoiiset-for-all-the-studied-airfalthe same-event-is-observdthe reader is referred (Rezaeiha et al., 2018b)

where the method of calculating thifrom the CFD results is provided in detailowever, in a recent study (Melani et al.,

2020)an ad hoc inverse verification procedure waselopedo compare the accuracy tifreeselectednethodsin calculating

theangle of attagrom the CFD flow field including 3Points, Line Average, and TrajectapproachegMelani et al., 2020a)
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Figure 5: Uversusd for different /. The Ussminand Uss maxare based on Xfoil.

4.1 MerphingModification of the airfoil shape-defining parameters

To derive the optimal airfoil for eacs the combination of thép/c, XtopdC, and lopy, corresponding to the turbin@ maxis
determined. Sect. 4.1.1 to 4.1.3 are devoted to the discussions on indiri odification and Sect. 4.1.4, presents an
overall view on the combinederphingmoadificationof the aforementioned parameters.

4.1.1Merphing-Modification of the maximum thickness ¢/c)

Figure 6 shows thempact ofmerphingchangingt/c on theturbine Cp for the studied range oft/c, | ande- Figure 7 shows the

instantaneous moment coefficieb 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@©f t/c for differentais similar,

except forsomenoticeable difference That is, by increasing: theCp shows higher sensitivity tidc. This is reflected as higher

|Cp| andcan be explained by the followiegnr-bedue-to-the-following-reasary: by merphingchanging/c, the pressure gradient Formatted: Font: (Default) +Headings CS(TimesNew

changesover the airfoij therefore, the transition pointhe separation and stall characteristics, and eventually the resultant Romaq),lo pt, F‘?"t color: Auto, Complex Script Font:
+Headings CS(TimesNew Roman), 10 pt

aerodynamic loadalso change. However, when the flow is fully separati¢te poststall regimemorphirgchangingt/c has no
longer significant impact ofs. By increasinge; andthus, more limited variation ofj, the blade passes over a range of fewer
azimuth angles in the pestall regime (see Fig. 5). Due to thisprphingchangingthet/c is influential within a wider range of
effectived. This can beecognizedy the improvedr for highera: At a= 2.5,the Cp follows a pelynemialnonrmonotonictrend
for xt/c ©30%, anda monotonic upward trerfdr xt/c 035%. Neverthelesswith the exception okt/cO 2 2 . &=%.5,avhere
the Cp monotoni@lly decreaseby increasing/c, the trendremainspelynemiatnon-monotonicfor differentvalues ofxt/c at the
studied range oé That is,by changing thesesitive-merphing-ef/c to higher valuesthe Cp experiences an initigyrowthto its
maximumvalueat top/C, followed by areductionfor t/c > top/C. This can be recognized from tia plots whereby merphing
changingt/c to its optimal value at top/C, the suddendrop in Cinmax Which indicatesthe instant of moment stalk observed at
higherd; the consequent fluctuatias alleviated andthe everalimeanvalue ofC increasesthus, making consistency with the
highest Cp at top/c for 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 value€i3.5, increasing/c from
10% D topdC, changeghe stall type fromeadingedge-stathixed stall-and-thinairfeil-stal-for t/c =0102% to trailing-edge stall
for moderateand-highthickemessairfoils; -with-t/c O— 1 arbearier formation oflaminar separation bubble (LSB) atndiling-

edge separatio(TES) is observed TES-LSB merging (e, full-flow separation)s discoveredto occur at higher azimuth [Formarted: Font: Italic, Complex Script Font: Italic ]
indicating a more extended favorable pressure graéberd,/c (seefor exampleFig. 8for xt/c = 27.5%atg-= 2.5); thelighter ‘ Formatted: Font: Italic, Font color: Auto, Complex Script ‘
Font: Italic
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dynamic stalleharacteristieds observed that is {i-
significantlyreducel-andthedeviation-in-liftand-dragift and drag jumpwhich indicate the onset of dynamic statieduce and

shifts to higher azimth, andthe consequergoststall load fluctuations are alleviate@ee for example Fig. fr xt/c= 27.5% at

2= 2.5).-However, an earlier stall is found e@curfor t/c > top/c due tomore pronounced earlier merging of FESB. Thisis

reflecied bylower Cp andCm,maxfOr t/c > topi/C (See Figs. 6@ and 74). Note that the monotonic growth @i t/cforxt/cO 3 5 %

ate= 2.5canalsobe explained with the aforementioned reasoning, yieldin@#hexat the highesthicknessof top/C = 24%(see
Fig. 6a)_ : e e

[ -O-xtlc=20% ->-xt/o=22.5% —oxtc=25% V- xtfc=27. xWe=30% Xtc=35% <-xtic=40% |
A=25 A=3.0 A=55
0.12 0.19 0.40
0.07 0.13 0.31
0
,0.03 2007} 022 ¥
o o o -
-0.01 001 0.13
a:1=4.5, \=2.5 b:1=4.5, \=3.0 [e:1=4.5,\=5.5
-0.06 -0.05 -0.05 0.05
0.12 019 0.40
&
0.07 013 0.31
20.03 20.07 0.22
o o
-0.01 0.01 0.13
f. 1=6.0, A=2.5 j: 1=6.0, \=5.5
0.0 -0.05 0.05
0.12 0.19 0.40
0.07 0.13 0.31
= 0
0.03 0.07} o 022 ~
0‘1 U& f/«ﬂ’ < o o
-0.01 0.01 o o o013
q N
ki 1=7.5,A=2.5 I: |=7v5,A=3v0\O m: 1=7.5, A=3.5 n: 1=7.5, \=4.5) <
6 -0.05 -0.05 0.08 0.05
1012 15 18 21 24 1012 15 18 21 24 1012 15 18 21 24 1012 15 18 21 24 10 12 15 18 21 24
tic [%] tic [%] tic [%] tic [%] tic [%]

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

Table3 showsthetopdc, corresponding to eactt/c (i.-e., topt x/C) atdifferentar Thetop/c corresponding teachesis indicatedby a
starsign It can be seen thaly increasingt/c, which meansalongerfavorable pressure gradieon the bladea higher thickness
is needed for the airfoib be optimalNote thatincreasingg; influences the shape of the optimal airfoil by decreasingitkness
In other wordsthe higheris, the thinner the optimal airfoil ihis is consistent with the findings documentedHealy, 1978;
Subramanian et al., 2017yhere itshows the superior performancetloitk airfoilsat lowe: This may be attributed tihe turbine
operational regime as followgVhen the turbine goes integimeswith higherasandmorepronouncededuction in thevariation
of a, higher values o€ at lowera is of most impact on theurbineCe. Therefore, thinerairfoils with a higher lift curve slope
outperform thehickeroneswith alower slope of theC;i a. Eventually, his results inless pronouncesdensitivity of thetop/C to
xt/c, and shifting the peak i8p 1 t/c (i.-e., top/C) towardsthelowest t/c = 10% and 12%n the non-dynamic stall regime wite- O
4.5 (see Table). 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 @ andCpy maxfor t/c > top/C (See Fjs. 6de and7j-o). Note that
forxticO 2 2 . &= %5 thetsame reasoning results in a monotonic decreae yielding theCe maxat the lowest thickness of
t/c = 10%.
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JThe effect of flow curvature on aerodynartdeding is another important physical phenomenon to take into account in predicting Formatted: Font: 10 pt, Complex Script Font:
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zero pitch angle in the circular pathady AWT r ot or behaves as grfonzero @itch argle in a strhightr e
flow{Mighore-et-al—1980 Migliore et al., 1980; Rainbird et al., 2015he flow curvature effects become less pronounced on a
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effect§Ceoiro-et-al-2005However,among all the parametetthie ratio of blade chord to turbine rotor radjof), has the greatest

Formatted: Font: 10 pt, Complex Script Font:
+Headings CS(TimesNew Roman), 10 pt

impact on flowcurvature effect{Migliore et al., 198Q)For low values ofc/R (i.e., low solidity), the bladesurfacepressure

distribution shows negligible differences with respect to thtgrio-lift condition (Coiro et al., 2005)indicatingless pronounce

effects of flow curvature orthe performane of low-solidity turbine¢Ceire-et-al—2005;-Rainbird-et-al—201(Rainbird et aI.,'E
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2015) In this studydue tgtheJow valueof ¢/R= 0.12(i.e.,low 1), the contribution of flow curvature effects is considered to be
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changingther_e on the turbineCr is separately discussed in detail in Sect. 4.1.3; therefore, it is not included here. Script Font: 10 pt
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Figure 7: Impact of changmerphing t/c on the turbine Cn for selectedxt/c and t/c at different &

Figure 8: Spatiotemporal contour plots ofCi along the suction side of the blade during the firshalf of the last revolution for,the

NACAOQ0Q}-4.527 5ata= 2.5. Notg that the X-axis is along the chord line andf=1 1 3 A

corr espo nlths=28°0
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