60538/21/D02 - 22/12/2021

EONIKO
METXOBIO
ITOAYTEXNEIO
SXOAH MHXANOAOTQN MHXANIKQN
AlIL: KOZMHTOPAZ
Abnva,

Ipog Ta Méin AEII g

Yyohnic Mny/yov

My/xav

IMPOXKAHYXH

Tog Tpockalodus oV mopovsioon tng Awaktopiiig Awtpipng tov Y.A. k. I'kidha
Aqunrpiov , Amdopatodyov Mnyavordyov Mmyovikod ko xéroxov MAE g
SEMOE, v omoia ekmévnoe otov Topéa Pevotdv. H mapovsioon 6o

npaypotomom0ei v devtépa 10 Tavovapiov 2022, dpa. 15.00-17.00 Sraductoakd. 0

gMnvide Tithog tng Adaktopikhg AlatpiPiig eivar o €A
«TTepopoTIKY LEAETN GAIVOUEVAOV POTG YOPM 070 TOANVTODUEVT AEPOTOUT»

Ko 0 AyyhMkog og e€1g
«Experimental Flow Study of an oscillating Airfoil »

P o a ~ A

O Kdsinropagitne Tyois
3 19‘5' A ROTAL S

EARL gy e 8,

Z A

o T odnyisg y1a v npdoPacn oag Sadiktvakd onevdvvdeite oTov EmpAénovra tov Y.A.
Kaf. A. MaBovidxn (mathew@fluid.mech.ntua.gr)

Hpoov [ToAvtexveiov 9, 157 80 IToAvtexveiovmodn Zoypagov « THA.: 210-7723492, FAX: 210-7723571



PhD Thesis
Title: Experimental Flow Study of an Oscillating Airfoil
PhD candidate: Dimitris Gkiolas
Supervisor: Dimitrios Mathioulakis
Abstract

In the present PhD thesis, the aerodynamics of a periodically oscillating wing with
two degrees of freedom (pitching and plunging) is experimentally studied either under
forced motions (using motors) or during self-excited/self-sustained oscillations (the
wing being elastically supported). This research is related to unsteady flow phenomena
which appear in many practical applications like in helicopter, wind turbine and
airplane wings as well as the so called ‘stall flutter’ phenomenon which can cause loss
of aerodynamic efficiency and structural fatigue. In this respect, a steel frame was
constructed in the subsonic wind tunnel of the Aerodynamics Laboratory of NTUA
from which the wing and its drive mechanism were suspended. The wing, with a chord
of 500 mm and 1400 mm length was made of a number of aluminum blocks which were
given the shape of a NACA 64418 airfoil through a CNC machine, being hollow so that
the necessary electric circuitry connected to piezoresistive pressure transducers
installed at the wing surface was housed in the wing’s interior.

One of the objectives of the present thesis was to determine the factors that influence
the aerodynamic forces and the aerodynamic damping of forced pitching as well as
forced pitching-plunging harmonic motions of a wing. Specifically, measurements of
unsteady pressure distributions were performed over a range of various mean angles of
attack, amplitudes, reduced frequencies and phase differences between the pitching and
plunging oscillations. For pure pitching oscillations below a mean angle of 15°, all
studied cases were aerodynamically damped. However, at a mean angle of 15°, where
dynamic stall took place, negative torsional aerodynamic damping was induced. The
large excursion of the pitching moment and the shape of its loop were related to
aerodynamically unstable conditions, while energy was transferred from the fluid to the
wing, during the downstroke phase of its periodic motion. An increase of the reduced
frequency at this incidence led to a further increase of the negative aerodynamic
damping. The same occurred for increasing angle amplitudes up to 6°. Similarly,
negative torsional aerodynamic damping at large angles of attack was recorded during
combined forced pitching and plunging oscillations, while a substantial reduction of the
damping was achieved by varying the phase difference between the pitching-plunging
oscillations. Moreover, under static conditions and for angles higher than 17°,
intermittent flow separation took place from the leading edge region corresponding to
partially attached and separated flow regimes (double stall).

Taking into account the above results, the response of the elastically supported wing
was tested under initial angles of attack higher than the static stall angle. In this case,
the wing was supported only at its one end (the other being free) using two pairs of
springs. The ratio of torsional to bending natural frequencies was less than one and the
two degrees of freedom were structurally coupled. At a critical free stream velocity,



self-excited oscillations occurred both in pitching and plunging, presenting the
characteristics of dynamic stall. Increasing the initial angle of attack from 16.65° to
19.98°, the critical free stream velocity decreased from 19.50 m/s to 14.95 m/s which
was attributed to the stall flutter phenomenon.

Self-sustained wing oscillations were also studied at a lower free stream which were
initiated after applying an initial excitation to the wing. Even though the loops of the
aerodynamic coefficients versus the angle of attack, in this case, were unconventional
for a dynamic stall event, the phenomenon was found to involve both flow separation
and reattachment over the suction side of the airfoil, as well as the formation and
subsequent shedding of a vortex near the airfoil leading edge. The latter was
documented by performing phase locked 2D PIV measurements over the suction side
of the oscillating wing the results of which were analysed through POD (Proper
Orthogonal Decomposition).

Additionally, comparisons of the experimental results with those of two simulation
tools were found in good agreement under steady flow conditions, and satisfactory
enough when pitching oscillations took place and flow separation was present.
However, both simulation models failed to predict the aerodynamic loads of the
combined pitching- plunging limit cycle oscillations in case of the elastically supported
wing.
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Hepiinyn

Y10 mAaiclo TG OBaKTOPIKAG ovtng OatpPng, efetdletal TEWPAPATIKA 1
OEPOOLVOUIKY] CUUTEPLPOPE TAAAVTOOUEVNG TTEPLYAS OvOo Pobumv  ehevbepiog
(meprotpoikn —ypappikn) eite eavaykaopéva (pe yxpnomn Kwnmpov) elte oe
oLVONKEG AVTOSIEYEIPOUEVAOV TOAAVTIDOGEDV GTNV TEPITTOON EAAGTIKNG GTNPIENG TNG
ntépuyag. H €psguva avt) ovvdéetor pe pn HOVIHO PELGTOUNYOVIKA (OIVOUEVOL
OTOVTOUEVO GE TOAEG TPOKTIKEG EQAPUOYEG OMMOC OTO TMTEPVYID EAMKOMTEP®V,
OVELOYEVVITPIOV KOl 0EPOcKAPOV Kabmdg kot oto Agyouevo ‘stall flutter’ powvopevo,
T0 0moio €VOVVETAL Y10 TN HEWOUEVN 0EPOIVVALIKT 0md0oT EVOG TTEPVYIOV KOt TO
EMKIVOLVO QOIVOLEVO TNG KOOGS TOL VAIKOD TOV.

210 MAaiclo TG epyaciog AVTNG, KATAGKEVAGTNKE GTNV 0EPOIVVOLIKT) GTIPOLYYO TNG
2x0MG (OTOV €yve 1 EKTEAEOT TOV TEWPOUUATOV) UETOAMKOS KA®POS Yo TV otnpién
NG TTEPVYOG KOL TOL punyovicpov kivnong . H ntépuya, pnkovg yopdng S00 mm ko
pfkovg 1400 mm, Kotackevdonke amd alovpivio 6to onoio pe ™ Pondeta punyovig
CNC 060nke to oynpa agpotouns NACA 64418. Z10 £60TEPIKO TNG TTEPLYNS VIPYE
YDOPOG Y10 TOV amapaitnTo NAEKTPOVIKO e£omAMod evioyvong tov onudteov 5600V
popeotponémv mieong (tomov meloavtictaong), ot oroiol Nrav tomodeTnévol TNV
EMPAVELD TNG TTEPVYAGS.

"Evag and tovg 6td)0vg ¢ StaTping ftav 0 TPocdlopioidg TV TOPOUETPMV TOV
emnpedlovy ta agpoduvapkd @optio Kabdg Kol TOV 0EPOSVVOUIKO GULVIEAECTN
amoOcPeons oG TTEPVYNS GE GLUVONKEG €E0VAYKOOUEVNG OPLOVIKNG TOAGVTOONG,
OTPENTIKNG 1] GUVOVACUEVNG OTPEMTIKNG- YPOUUIKNG Kivnong. ‘Eywvav pun  pdviueg
LETPNOELS OTOTIKNG TIEONG OTNV EMPAVED TNG TTEPLYOS YL OLAPOPES YWOVIES
npoonTmonG (UEoEG TIMES, TAGTN Kol cvyvoTnTeg) KAOMC Kal Yo SLAQOPEG YWVIES
dpopdc eaong petald TG OTPEMTIKNG KOl NG YPOUUIKNG Kivnong tg. Oieg ot
TEPWTAOOCEL,  OTPEMTIKNG TOAAVI®OONG HEONG Ywviag Hkpotepng tov 15°, frav
aepodVVaIKE amooBevopéves evd yia péon yovio 15°, émov 1 por| amoKoALdto, O
aEPOIVVAUIKOG GVVTEAESTNG amdcPeong Ematpve apvnTikég THES. EmumAéov, o1 peydiieg
HETOPOAEG TOV AEPOSVVAUIKOD GUVIEAEGTN POTNG KOl TO GYNHO TOL BPOYOV TOL GTNV
TEPIMTOON AT GLVOEOVTAV LE 0EPOIVVOUIKE aoTADEIC KATAGTACELS, EVED LETAPOPA
EVEPYEWNG OO TO PELGTO GTNV MTEPLYA YIVOTOV KATA TN GACT HEIOONS NG YOVIOG
TPOCTTOONG. AVEAVOVTAG TNV GLYVOTNTA TAALVT®ONG KABMG Kot TO TAATOG TG YOVIoG
g TG 6°, mpoxAnOnke mepautépw avénomn (Katd oamdALTN TWR) TOL APVNTIKOD
OLVTEAEDGTI] AmOCPEoNC. APVNTIKEG TIES TOL GLVIEAEGTH aAmOGRECNG TapaTnpHONKaV
emiong vwod peYdAES Yovieg TPOCTTOONG GE GUVOLOGUEVEG KIVIOELS TNG MTEPLYOG
OTPEMTIKNG-YPOUUKNG KOODG Kot pEc® NG HeTAPOANG TG HETAED TV VO KIVIGEDV
dpopdg edong. Elvar yapokmnpiotikd 61t vd povipeg cuvOnkeg pong Kot ywvieg



TPOOTTOONG  UEYOADTEPEG TV 17°, gupaviotnke TO @AIVOPEVO NG  “OuTANg
AmoOKOAANGONG TNG PONG OMA SLOOOYIKNG OTOKOAANONG Ko EMAVOKOAANGNG TG PONS
070 HETOTO TPOGPOANC TNG OEPOTOUNG,.

‘Exyovtag vmoéyn to TOPAmAVE OmOTEAEGUOTO, EEETACTNKE 1 OEPOOVVOLIKN
CLUTEPLPOPE TG TTEPLYOS € GLVONKES EANOTIKNG otNPENg oA onpilduevng oe
Baon mov £pepe dvo (evyn elatnpiov (éva yio kKdbe o amd Tig SvVo KIVNOELS TNG, Ol
omoieg Ntav dopikd cvlevypéveg). O AOYOS 110GLYVOTHTOV TOV dVO KIVIGEDV TNG
TTEPLYOS, OTPEMTIKNG TPOG YPOUUIKY, MTav UIKPOTEPOG Oamd &va. AvEavoviag
TPoodeVTIKA TNV TayhTNTe. TOL €AevBepov  pevduatog, M wTEPLYR TiBETO OF
OLTOGUVTINPOVUEV] TOAGVI®MOY, G€ KOTOw KPIiouyn ToydTNTo, omodidOUeEv) GTO
agpodvuvapko eavouevo ‘stall flutter’. H kpioyun avt taydmmra ftav cuvaptnon g
APYIKNG YOVIOG TPOCTTOCNS TNG TTEPLYOS LEOVUEVT OTOV 1] YOVio aVTH aHENVE.

AVTOGUVTNPOVUEVES TOAOVIMGELS EEETAGTNKOV KOL G HIKPOTEPEG OO TIC

TOPATAVEO TOOLTNTEG EAEVOEPOL PEOATOG Yo TIG Oomoieg OUWG MTov amapaitnn M
apyIK OlEyEPCN TOV GCLGTNUATOG, EMPAALOVIOC WOV OTOTOUN UETATOMION TNG
ntépuyag. Me ypnon g texvikng 2D PIV kot avdivong tov  otiypuoiov mediov
ToLTNTOV TG pong nécm POD (Proper Orthogonal Decomposition) dwamictdOnke 0Tt
1 PON OMOKOAAATOL KO ETAVOKOAAATOL OO TV TAEVPA VIOTIECTG TNG TTEPVYAG KOTA
™ d1dpKela EOUEIMONG TNG YOVING TPOSTTMONG, TAPAYOUEVTS L0 O1vNg 6TO HETMTO
TPOGPOANG TNG.
Téhog, cLYKPIGEIS TOV TEPAUATIKOV OTOTEAEGUATOV LE OVTIGTOLES TPOAEEELS dVLO
VTOAOYIOTIKAOV KOOIK®V, MTOV OPKETO KAVOTOMTIKEG OTav 1 pon NTav povyun,
MyOTEPO IKAVOTTOMTIKEG OTAV 1) pON NTOV PN UOVIUN KOU OITOKOAANUEVY], €VO Ol
SLPOPES MTAY CULOVTIKEG GTNV TEPITTMOON TWV AVTOGLVTIPOVUEVOV TAAAVIOGEMY TNG
TTEPLYOG.



