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MSaktopikr) Avatpipn

TitAog: AAMNAENTISpAOT) L POVPEVOD EAIKOTITEPOL JIE TO £8AQ0G KO 1€ EPTIOSIA.
YmoAoyiotiki) Siepevvnon.

BcoAoyog Avépovikog, Yoynerog AiSaktopag
EmpAénov, BaciAng PiQiotng

IleptAnun

Zmv napovoa Sidaktopikn SatpiPr] peAeTaTon N AAANAETISpaOT €VOG CWPOVHEVOL EAKOTITEPOL
pHe to €8agog ko pe epmodia. H mepropiopévn PipAoypagic emi tou @oivopévouv TOC0 OF
UTTOAOYIOTIKO 000 KOl O€ TEIPAHATIKO MANIOI0 QMOTEAECE TO KIVITPO TNG €pynoiag. XToX0G NG
gpyaciag eivon n Siepehivnon TV EMMTOCEDV AVTNAG TNG KAANAETIOPACT|G GTNV TITIOT KIOPTOTG TOVL
EMKOTITEPOL KABADG KAl 1] avAALOT] KAl KXTNYOPLOTIONOT) T®V PUOTKMV QALVOHEV®V TTOL Aapavouy
XOPX.

Otav €va eENIKOTITEPO TIPOCYELOVETAL T] ATIOYELWVETAL 0 OHOPPOUVG TOV XAANAETIOPA HIE TO £6APOG KO
pe mopokeipeva epmédia. H moapamave koatdotaon odnyel oe peTtafoArég Twv @opTiov Kal Tng
amOd00N G TOL EAIKOTITEPOV, Ol OTOLEG AMOTEAOVV GLUVAPTNGOT) TOL AGYOL VYPOUG ALWPT|ONG-OLAHETPOL
TOL KUpLoL Spopéa. Me autd tov Tpdmo 1o medio porg S1aPopomoLEiTal OLGIWOMG CUYKPLTIKA HIE TO
QVTIOTOLKO TNG TITIOTG lPTOTNG HAKPLG oMb 0TEPEG GVVOPQ.

H nmtion cuwpnong eAIKOTTEPOL HAKPLA OTO TO £00QOG YopakTnpiletal amo T dnpovpyia HIKG
pONG SEOUNG TIOL EKMEUTIETOL QMO TOV KUPO OpPOHER, HE TOV TOUTOXPOVO OXNHOTIOHO €VOC
daxtuAiov otpofirotntag. IIpoidvtog Tov Xxpovov, 0 SAKTUAOG KUTOG AMOPAKPUVETAL HE oTaBepn
ToOTNTA. AvTiBeTa, OTaV €va EAIKOTITEPO ALWPEITAL KOVTH OTO £8Q(OG 1) O€ EUMOBIA, TIAPATNPELTOL N
Snpovpyia OPLAKOV OTPWHATOV TIAVE OTI( OTEPEEG EMPAVELEG, TX OMOIX AAANAEMSPOLV E TOV
doxtOA0 otpofirottag. H aAlAnAenidpaon twv mapoandve otpopdtov Sidtunong odnyel oty
dnpovpyia 1oXLP®V SOHAOV OTPOPIAGTNTAG, SIKHOPPAOVOVTAG HE XVTO TOV TPOTO Eva clvVBeTo Tiedio
POTG TTOL EMNPERLEL TNV POPTIOT) TOL EAKOTITEPOV.

H avaivon g alAnAeniSpoaong mepthafdvel TEIPOHATIKE OMOTEAECHATA KOl ULTIOAOYIOTIKEG
TPOCOHOIWOELG YO VX HOVTEAO €AKOTITEPOL LIO KAlHaKA. Ol S10TACELG TOUV EAIKOTITEPOL KOl TV
eunodiov €xouv vmootel avdAoyn Helwon 0VTWG OOTE va TPOCOHOIA{oLY TNV aAANAemidpaon
eEAKOMTEPOL pe KTNplo. H emAoyn twv MOPAUAETpV AEITOLpYIOG TOL LMO KAPHOKO HOVTIEAOL
TIPAYLOTOTIOWONKE pE TETOO TPOTIO MOTE 1 TAXVTNTH OKPOTMTEPLYIOL TOL KUPLO SPOpEéN v
dwatnpnBel otabepr). Ou petprioelg mpaypatonombnkav oe Tpix SLQPOPETIKA TAVEMOTHHIA KOl
gpevvnTIKa kévipa (IToAvtexveio tov Mihavo, TTavemotpio g IMaokofng, ONERA) yix oxetikd
xapnAovg apBpovg Re (pikpotepoug amd 300000). Ot MEPAUATIKEG PETPTOELG APOPOVV TIAPOHOLEG
S1aTaEEg e SIAPOPETIKEG TAPAUETPOVE WOTOC0. Me autd TOV TPOTO Kal GSIXGTATOTOIOVTING TX
QMOTEAECHATA, T CLUTEPACHATA TIOL €EAYOVTAL PHTTOPOVV KXTNyoplomnolnBoliv Baoel TV QLUOIKOV
(QOVOHEV®V KOl OX1 aVAAOYQX JIE TNV EKACTOTE TIEIPAPATIKT S1ATAEN.

MNa mv emPefaivon TV TEPAHATIKOV HETPNOEWV  TPAYHOTOTOWONKAV  LTOAOYIOTIKEG
TIPOCOHOIWOELG HE €pycAeia peoaiag Kol HEYOANG LMOAOYIOTIKNG TMOTOTNTOG. [TpOKOTOPKTIKEG
TIPOCOHOIWOELG TIOTOMOINCNV TNV KOAT] AEITOLPYIX TV EPYRAEIOV KOl THUTOXPOVA OVESEIEAV TOLG
nePOPOpong G KaBe pebBodoroyiag. To mMpaTo epyareio, €vog OOLUTIECTOG I OUVEKTIKOG
KQOSIKOG OLVOPLOKQOV OTOXEIV Kol oTolxeimv otpofirotntag GenUVP, emtpénel Ty mpocopoinon
HEYGAOL aplBUOL TEPUTTOCE®Y TPOAEYOVTONG LKOVOTIOUNTIKA QMOTEAECHATA. XE QLT TNV



katevBuvorn, avadeiyBnkav ot meplopiopol Twv pPn ouvekTIKOV HEBOS®V aPol gyyevag aduvatovv
Vo TIPOAEEOLY TNV SNH0VLPYIN OPLOKAOV CTPOUAT®Y.

INa va Eemepaotel N mapamdve advvapio, Xprnolpomnodnke emAekTikd pia vppidikn pébodog
vyPnAngG axpipelag. H péBodog avtr] ovvduddel péow piag enavoAnnuikng dwadikaoiag v Eulerian
S1TLMWON TV €§lI0MCEWV NG HNXAVIKNG TV PELOT®V He Vv Lagrangian ekdoyxn. Me autd tov
TPOTIO EMTLYXAVETAL N IKAVOTIOINOT] OA®V T®V OPLAK®V oLVONKAOV Tov Tediov, Kal EL0AYETAL OTIG
TIPOCOHOIWOEL T CUVEKTIKOTNTA TOL €8AQPOLE Kol TV epmodiowv. To amoteAéopata  Tov
naprxOnoav cuykpivovial mOAD KOAX pE TIG TIEPOHATIKEG HETPTOELG.

KataAnyovtag, Kavovtag xpron T000 TEPAPATIKOV OE60UEVAOV OO aveEAPTNTA MEPALOTK, 000
KOl DTIOAOYIOTIKOV OMOTEAETHATOV S10pOpwv HeBOdwV, e€dyovTon cupmepdopaTa yiot TO TPOBANHA
NG OAANAETIOpaOTG EAKOTITEPOL HE TO E60POG KAL JLE EPTIOSIA.
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Abstract

The interactional phenomena occurring when a helicopter hovers in proximity to the ground
and to bluff bodies are addressed in this thesis. The work is motivated by the limited
bibliography on this topic. Several surveys have been conducted both experimental and
computational, however a systematic work that categorizes and classifies the interaction
between the rotor and the ground/bluff bodies is missing. The present work takes into
consideration several experimental campaigns, analyzes the results and then by using tools of
different fidelity reproduces measured conditions. Through this process solid conclusions are
extracted, substantiated both by experimental and computational evidence.

When a helicopter takes off or lands, its wake interferes with the ground and obstacles. This
interaction, depending on the height-to-rotor diameter ratio, causes the altering of the rotor
loading and performance as compared to the unconstrained case and gives rise to the
development of a complex outwash flow in the surroundings of the helicopter. When a
helicopter hovers outside the ground effect, the jet flow of the main rotor and the strong tip
vortices of the wake travel without constrain below the rotor. As the rotor approaches the
ground or an obstacle the jet flow and the vortices interact with the surrounding environment.
This leads to the development of boundary layers on the surfaces of solid boundaries which
eventually change the flow field. In these cases different shear layers interact with each other
causing the formation of strong vortex structures that remain close to the helicopter.

The above phenomena are investigated by three different experimental campaigns conducted
by Politecnico di Milano, the University of Glasgow, and ONERA. The test rigs resemble to each
other but differ in certain parameters (rotor and obstacle dimensions, rotational speed, etc.).
The helicopters that are used, are Mach scaled models leading to relatively low tip Re numbers
(below 300000).

To complete the classification of the interactional phenomena, measurements are compared
against numerical predictions. Two different tools have been used. The first is a medium
fidelity potential solver in which solid boundaries are treated as inviscid surfaces and the
wake is modeled by free vortex particles. The velocity field is obtained by solving with a
particles mesh technique two Poisson equations. This solver is used for simulating the
majority of the cases because of its computational efficiency. Comparison between the
predictions of the potential solver against the experiments revealed the limitations of the
solver due to its inherent inviscid character. However, these limitations confirmed the first
conclusion from the experimental data, which dictates that viscous effects are dominating the
flow, especially when the rotor is in close proximity to the ground and the obstacle.

In the direction of overcoming the above limitations and further elaborating the analysis of the
interactional phenomena, a high fidelity hybrid solver is exploited. The hybrid solver couples a
Lagrangian flow solver that covers the entire flow field with overlaid Eulerian solutions



defined on confined regions around the contained solid boundaries. In this manner all
boundary conditions are met (both on the solid and the far field boundaries). Simulations of
the hybrid solver are performed in selective cases (those that the potential solver could not
reproduce) as the computational cost of the model is significantly higher than that of the
potential solver. Comparison of the hybrid model predictions to the experimental data,
confirmed the original hypothesis and helped to dive into deeper analysis of the physical
mechanisms that dominate the flow around a hovering helicopter in proximity to solid
boundaries.



