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gette thèse rélisée à l9snstitut de glul sntensif @sgsA de gentrle xntesD en ollE ortion ve le vortoire de reherhe en rydrodynmiqueD Énergétique et invironE nement etmosphérique @vriieAD est dédiée à l simultion numérique d9éoliennes )otE tntesF ille été (nnée pr iewig @est etlnti wrine inergy gommunityAD et s9intègre dns l strtégie de reherhe et développement de l région ys de l voire en énergies mrines renouvellesF v9ojetif de ette thèse été le développement d9un simulteur d9éoliennes )otE tntes utilisnt des méthodes d9une hute préisionF gette pprohe est omplémentire des tehnologies tuellement utilisées dns l9industrie pour l simultion d9éoliennes )otE tntesF gellesEi sont ien plus e0es grâe ux pproximtions importntes rélisées dns l modélistion de l physiqueF ves oûts de lul engendrés pr l9pprohe nouE vellement développée sont rédhiitoires dns le dre d9une utilistion industrielleD mis o'rent d9utres perspetivesF v simultion hute performne permet une desription (ne de l physique des phénomènes )uides pprissnt utour des éoliennes )ottntesF v vlidtion du design des strutures peut être e'etuée à l9ide de tels outilsF ves pprohes (nes permettent églement une lirtion des méthodes de simultion indusE triellesD qui intègrent des termes dé(nis empiriquementF ges enjeux sont présentés dns le ghpF IF v thèse eu pour ojetif le développement d9un simulteur d9éoliennes )ottntes à prtir de l iliothèque logiielle sgsEtehD dédiée à l simultion d9éoulements ve des pprohes huteEperformneF ne résolution des équtions de xvierEtokes dns un forE mlisme ritionl wultile est e'etuée pour otenir une desription (ne des éouleE ments )uidesF n millge de lul unique est généré grâe à un proessus d9dpttion de millge utomtiqueD les di'érentes phses du domine de lul étnt représentées à l9ide de fontions de phse de type 4levelEset4F v résolution des équtions de xvierE tokes est rélisée pr éléments (nisD dns une formultion monolithiqueF n shém de onvetionEréinitilistion est utilisé pour trnsporter les di'érentes phses )uides dns le domine de lulF ve millge utomtiquement généré est nisotropeD e qui permet de limiter le nomre de points dns le millge de lulD tout en onservnt une onne représenttion des géométries simuléesF ves oûts de lul engendrés restent mlgré tout importntsD et un formlisme hutement prllélisé permet de les distriuerD vi un déploiement sur des superlulteursF v méthodologie introduite peut être séprée en deux étpes priniplesF in premier lieuD l représenttion des di'érentes géométries dns le domine de lul est néessire pour l9étlissement d9éoulements préisF ve prdigme de frontières immergées est déE tillé dns le ghpF PD à prtir des fontions de phseF v9optimistion de ette méthodeD e'etuée à l9ide d9une struture 4otree4D est présentée en détilF v dépendne de ette dé(nition visEàEvis du millge de lul est disutéeD et l méthode d9dpttion de millge a posterioriD utomtique et nisotrope est introduiteF v gestion du prE llélisme est présentée ensuiteD vnt une pplition à des s d9éoliennes )ottntesF ves résultts d9immersion onsidèrent l préision de l reonstrution et l9e0ité des i méthodes implémentéesF hes tests de slilité ont été rélisésD insi qu9une rtériE stion des résultts d9immersion en fontion des prinipux prmètres dé(nissnt l reonstrutionF ves performnes prllèles de l9immersion sont stisfisntesF v résolution des éoulements est l deuxième grnde phse des lulsD qui peut être e'etuée à prtir d9un millge initil orretement dé(niF v méthodologie suivie est détillée dns le ghpF QF eprès une introdution présentnt les enjeux des équE tions de xvierEtokesD le prdigme élémentsE(nis pour leur résolution est exposéD et l formultion ritionl wultile inompressile en vitesse et pression est dériteF e(n de déduire les éoulementsD l visosité et l msse volumique du )uide doivent être onnues en hque point du millge de lulF v9étlissement de lois de mélnge est détilléD insi que le trnsport des phsesF v desription de l méthodologie suivie pour otenir les éoulements se termine ve des détils sur le proessus de résolution en luiEmêmeF ne deuxième setion de e hpitre se onentre sur le développement d9outils numériques dédiés à l simultion d9éoliennes )ottntesF n dispositif de lul de fores a posteriori est dé(niD et un ssin de houle numérique est mis en pleF our (nirD un formlisme d9intertion )uideGstruture implémenté dns l dre de l thèse est détilléF sgsEteh été utilisé dns d9utres trvux pour simuler des éoulements visqueuxF À l9inverseD le développement d9un simulteur d9éoliennes )ottntes implique des )ux érodynmiques et hydrodynmiques plus turulentsF ves omportements des )ux dns es ironstnes sont euoup plus errtiquesD et engendrent une omplexité plus imE portnte dns les simultionsF hes étpes de véri(tion et vlidtion ont été néessiresD et sont exposées dns le ghpF RF hurnt une première phseD les éoulements utour de pro(ls ont été étudiésD (n notmment de véri(er et vlider l9érodynmiqueF ves s tests utilisés ont été dé(nis dns et ojetifD ve des éoulements de plus en plus turuE lents et des pro(ls représenttifs de ples d9éoliennesF ne deuxième phse été dédiée à l véri(tion de l propgtion de hmps de houleF v9in)uene du millge nisotrope été prtiulièrement étudiéeF ne dernière phse de vlidtion s9est folisée sur le formlisme d9intertion )uideGstrutureF ves résultts ont été glolement déevntsD omme le montre l liste non exhustive suivnteF ves fores érodynmiques évluées sur les pro(ls ont été surestiméesD tndis que l dissiption numérique été importnte lors de l propgtion de hmps de vguesF v9dpttion de millge nisotrope notmE ment eu un impt importnt sur l qulité des résulttsF ves tests de )ottison destinés à vlider l9intertion )uideGstruture ont ussi outi sur des di'érenes notles ve les mesures expérimentlesD mis prohes de résultts otenus ve des méthodes simiE liresF hi'érentes pistes sont proposées en vue d9méliorer l qulité des simultionsD se onentrnt sur l9dpttion de millge ou l9ordre d9interpoltion des éléments (nisF ves onlusions priniples des di'érents hpitres ont été résumées dns le ghpF SF hes résultts préliminires ont présenté les enjeux du développement d9un simulteur d9éoliennes )ottntesF hns e dreD des éuhes de s Qh ou de hmps de vgues irréguliers ont été simulésF À prtir des résultts du hpitre préédentD les limittions tuelles du solveur ont été disutéesF hes perspetives à ourtD moyen et long terme pour le développement d9un simulteur plus préis ont été proposéesF ii Remerciements v rélistion de ette thèse été possile grâe ux ontriutions de euoup de perE sonnesD qu9il onvient de remerier 3 hns un premier tempsD je tiens à remerier les memres du juryD qui ont epté d9évluer mes trvuxF weri à ilie rhem et qrégory inon d9voir epté l hrge de rpporteurD et d9voir pporté de nomreux ommentires onstrutifs sur euoup de points di'érentsF weri à ndrine eurunD pour voir exminé régulièrement mon trvilD et à hierry goupezD pour voir présidé le juryF te tiens à remerier grndement vuis oh d ilv et tenEghristophe qilloteux pour m9voir permis d9e'etuer e dotortF veur endrement été extrêmement préE ieuxD à l fois préieux et onfortleF sl ontriué à l mise en ple d9un environE nement de trvil en reltive utonomie qui m9 grndement éné(ié u ours de es trois nsF te tiens églement à remerier hleureusement toutes les personnes ve qui j9i prtgé es trois nnées de trvil hrnéD mis ussi de onne rigoldeF weri à tous les memres de l9sgs que j9i ôtoyé u quotidienD ve qui les éhnges ont toujours été très enrihissntsF in prtiulierD meri à imonD le tontonD à xesrineD ve qui on prtgé toutes les péripéties de l9sgsD à ruguesD qui mérite une sttueD et à wnuD toujours dispo pour un on détF te veux églement réditer tous es gens ve qui on fit l fête u ours de es Q nsF etite pensée émue à elex le oloD prti trop tôt vers d9utres univers ensoleillésF eux ollègues dotornts xthnGwrieGhomsGet lD ve qui on su pro(ter des ons moments u quotidien ou en onfF eux niens olosD même si rien m9est (niF eux mis de gentrle à xntesF eux opins du sket d9ii ou d9illeursF À tous eux qui ont onnu l goutte à ppiF it ux utres oulie sûrementD et qui pensent qu9ils urient dû se trouver dns ette liste non exhustiveF gette formultion est empruntée à xiolsD toujours de on onseilD et que j9vis oulié de remerierF n immense meri doit ller à toute m fmilleD pour m9voir toujours soutenu dns tout e que j9i entrepris et pour m9voir mis sur des ons rilsF weri notmment u htD que je devis iter le jour de l soutenneD mis qui s9est élipséF our (nirD on ourge dns l leture de e mnusrit à tout eux qui ont préféré ommener pr lire es remeriementsD pr pure prorstintion prolementF iii Contents 1 Introduction 1
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)uene of the nisotropi meshing on the propgtion of wves F IQH SFP pirst developments towrds demonstrtor of pys F F F F F F F F F F F IQH SFPFI ottion of rigid ldes F F F F F F F F F F F F F F F F F F F F F F IQH SFPFP reliminry works on sieind sk PW F F F F F F F F F F F F F F F IQI SFPFQ impli(ed py demonstrtor F F F F F F F F F F F F F F F F F F F F IQI SFPFR owrds representtion of rel se sttes F F F F F F F F F F F F F F IQP SFQ erspetives F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQS SFQFI righerEorder piw F F F F F F F F F F F F F F F F F F F F F F F F F F F IQS SFQFP wesh dpttion for the propgtion of wves F F F F F F F F F F F F IQT SFQFQ widE to longEterm perspetives for n urte py simultor F IQU his thesis ws relized within the sope of the iy projetD funded y the ist etE lnti wrine inergy gommunity @iewigAF he ojetive of iewig is to federte the wrine enewle inergy @wiA eosystem of ys de l voire prenh egionD in the (elds of reserhD innovtion nd triningF wore thn 60 industrilists nd 30 reserh institutions re now involved in the development of wi t the regionl sleF eround 45 projets re supportedD nd severl hhs hve lredy een defendedF ell the themes relted to wis re onsideredD rnging from o'shore lw nd tehnoEeonomisD to topis fousing on the systems operting o'shoreF ell the tehnologies of wis re regrdedX tidl nd wve energyD yen herml inergy gonversionD nd o'shore wind energyD either ottomE(xed or )otingF he iy projet ssoites the righ erfomne gomputing snstitute @sgsA of genE trle xntes nd the eserh vortory in rydrodynmisD inergetis nd etmoE spheri invironment @vriieA of gentrle xntesF st is dedited to the development of highE(delity numeril model for the simultion of ploting y'shore ind urines @pysAF he softwre pltform sgsEtehD developed t sgsD initilly in the ontext of visous )owsD is used in this projetF he works relized during the hh nd detiled in this thesis onsisted in di'erent developmentsD veri(tion nd vlidtion steps iming t dpting the softwre pltform to the simultion of pysF his ghpF provides ontext nd introdues the issues rised y this new prdigmF pys re presented in eF IFID whih detils its min omponentsF e review of the literture onerning the simultion of pys is relized in eF IFPF he sope of this thesis nd omprehensive desription of its outomes re then detiled in eF IFQF 1.1 State of the art on oating oshore wind turbines 1.1.1 Why oating oshore wind turbines ? sf wind energy hs een exploited y humnity for millenniumD its development on n industril sle only strted t the end of the PHth enturyF sn the litertureD two min topologies previledX rorizontlEexis s @resA nd ertilEexis s @esAD presented in pigF IFIF xeverthelessD only res hve een deployed on n industrilE sleD thnks to etter power sorption performne s well s fewer virtion issuesF yver the lst PH yersD the instlled pity of s hs een multiplied y RH @IUFR q in PHHHD UHH q in PHIWAF he evolution of the size of s is presented in rmsu et lF @PHISAF he rotor dimeter hs lmost tripled @VH m in PHHH for P w resD PPHm for the rlideE IPw nnouned y qenerliletris @PHIWAAD while the turine pity ws multiplied y sixD from P w to IPwF sn this thesisD the fous is pled on horizontlExis sF he numer of wegwtts instlled eh yer in iurope hs progressively inE resed sine PHHH ording to indiurope @PHIVAD nd wind energy now provides 18% of the energy prodution pities in iuropeF ynshore s hve een operting for severl dedesD nd thus represent out 90% of the whole wind pityF ehnology reserh s hs essentilly foused over the lst dedes on n optimiztion of the deE signD espeilly for ldesD nd rely on vile industril seF ixperiene in instlltionD mintenne or onnetion to the eletril grid ontriuted to ringing wind energy to leding spot mong renewle energies in iuropeF roweverD the prodution pity of onshore s is limited y other ftorsF pirst of llD onshore wind is rther turulentD whih dereses the prodution pity nd n led to more ftigue on ldesF he impt of the turines on their environment is lso strong limittionD s lrger rotors generte hevier nuisnes tht n intert with wildlife or humn tivitiesF he intermitteny of wind energy prodution is nother P pigure IFIX rorizontlEexis ind urine @leftA nd ertilEexis ind urine @rightAD from fzilevs et lF @PHISAF issue often rised y opponentsD s oth too wek or too strong winds led to stop in produtionF pigF IFP presents the wind energy pity ftorD the rtio etween the eleE tril power produed nd the totl wind power pityF his ftor for onshore wind is of 22%D whih mens thtD on vergeD the eletriity produed orresponds to out fourth of the instlled onshore wind pityF hue to poor wind qulity preventing the turines from operting t their nominl power onversion speedD this ftor my e slightly inresed through moderniztion of nient ldes ut will remin rther lowF pigure IFPX ttistis out wind energy in iurope in PHIVD from indiurope @PHIWAF por ll those resonsD wind frms hve een instlled t se sine the erly PHHHsF he (rst frms used ottomE(xed foundtionsD diretly instlled on the seedD nd tody ll the ommeril o'shore wind frms use this onept in iuropeF y'shore winds re strongerD more onstnt nd less turulentD s illustrted y pigF IFQF pigF IFP shows tht the etter winds found o'shore enle to improve drstilly the pity ftor over the onshore windD t 37%D while the turulene is usully weker o'shore thn onshoreF woreoverD even if the design of the turines is similr in o'shore or onshore situtionsD indiurope @PHIVA noted in PHIV tht 6M W Eturines re ommonly hosen for o'shore wind frms instlltionD while 2M W Es re instlled onshoreF qiven the pity ftors nd the nominl power of turines instlledD rpid omputtion shows thtD in PHIUD the verge prodution of 10 o'shore turines ws equivlent to the one of 32 onshore turinesF es the tul trend is to trnsition to even igger o'shore turinesD Q this gp my grow very rpidlyF pigure IFQX ind resoure in estern iuropeD from iuropen ind etls of roen nd etersen @IWVWAF sn PHIV the ontriution of o'shore wind to iuropen energy prodution ws essenE tilly provided y the ottomE(xed industryF he mjor prt of the ommeril frms urrently instlled is loted in xorthern iuropeD in the xorth e or o'shore henmrkF he nture of the foundtions used for ottomE(xed sD hmmered or lying on the seedD re well suited for the reltively smll depths found in those regionsF roweverD the lods pplied to the struturesD s well s the omplexity of the instlltion proedureD redue the ompetitiveness of ottomE(xed o'shore s when the wter depth is supeE rior to 60 metersD s stted in tmes nd os @PHISAF pigF IFR presents the thymetry in estern iuropeD nd must e regrded in omintion with the wind resoure mp depited in pigF IFQF ery few sites feture the omintion of strong winds nd shllow wtersD whih limits the potentil of (xed o'shore windF es n exmpleD the strong winds found on the wediterrnen ost of prne nnot e exploited with ottomE (xed sF ytherD more insidious ftors limit the potentil of the ottomE(xed wind energyF he repetitive impt of wves on the strutures is induing ftigueD whih my limit the operting lifetime of the sF he impt of iofouling on the strutures is lso onernD urrently ddressed through severl reserh projets s it n modify the resonne frequenies of the supportsF pinllyD the mjor prt of the s instlled eing monopilesD they re hmmered inside the seedF his proedure is very noisyD prtiulrly dngerous for mrine mmmlsD whih imposes the use of sound protetions rther omplited to set upF hese limittions n e tkled y the instlltion of pysD whih is seen s n importnt wy of development for wind energyF he mjor tehnologil rekdown rought y the )oters o'ers new possiilities for the instlltion of wind frmsD whih ould tke prt in the energy trnsitionF he exploittion of wind using pys hs lredy strted in otlndD where (rst pilot wind frm ws instlled in PHIUF roE totypes re lso operting o'shore prneD uD xorwy or tpnD see tmes nd os @PHISAF ploters enle the instlltion of s in res where the wter depth rehes 300 metersD whih inreses the numer of sites ville for py settlingF sing )oters enles the towing of struturesD whih n redue the omplexity of the instlltion ompred to ottomE(xed turinesF revyEgoing mintenne proedures R pigure IFRX fthymetry in iuropeD from iwyhnet @PHIWAF n e optimized in the sme wyF he mjor ounterpoints to the use of )oters re relted to motions indued y the omintion of se nd wind e'etsD nd its impt on oth the performnes of the turines nd the ftigue induedF es onlusionD pys re the next instruments of the wind energy to e industriE lly deployedF hey llow the deployment in o'shore res where strongD onstnt winds o'er potentil for n importnt produtionD ut where the depth prevent the instllE tion of ottomE(xed turinesF he tehnologies re not mture yetD whih justi(es the development of highE(delity simultion engines llowing to optimize the design of the di'erent prototypes villeF 1.1.2 Horizontal-axis wind turbines Composition of a WT xowdysD onsensus hs een estlished round horizontlExis sF pin nd xoël @PHIHA relled tht strting reserhes on the sujet onerned oth upwind nd downwind oneptsD with vrious numers of ldesF he downwind onepts were supE plnted euse of erodynmi instilitiesD the rotor eing strongly impted y the wke generted y the mst of the turineF imilrlyD the ftigue generted y the twoElded rotor onepts ondemned their industril useF he industril onvergene is now estlished round upwindD threeElded sD known s the hnish oneptF his tehnology presents severl dvntges sineD thnks to its geometryD the lods re well lned over the whole rotorF sts energy prodution is lso mong the most e0ientF odyD most horizontlExis s shre the topology presented in pigF IFSF hree omposite ldes re omposed of irfoils mounted on shftF his forms the rotorD whih is put in rottion y the windF e gerox is onneted to the rotorD nd pled in nelle disposed t the top of mstF he gerox elertes the rottion speed proE vided y the wind energyD nd its highEspeed shft is onneted to genertorF enother tehnologyD known s diret driveD onnets diretly the rotor to the genertorF qetting rid of the gerox redues the eletril hin nd the risk of filureD ut inreses the omplexity of the instlltion proedureF por further detils out geroxes nd the diret drive oneptD see olinder et lF @PHHTAF he rottion speed of the rotor n e mnged thnks to pith ontrollers orreting the inlintion of the ldesF iletriity is produed nd trnsmitted to trnsformer loted down the mstF his ends the energy onversion hin t the sle of turineF he eletriity produed y eh is gthered t the sle of the wind frmD whih genertes issues tht re not ddressed S in this doumentF pigure IFSX hesription of D from xtionl enewle inergy vortory @xivAF everl hllenges hve een relted to sF pirst of llD the elements omposing them re disposed t the top of the mstF he enter of grvity of the turine is very highD whih rises issues onerning its stiliztionD espeilly in the )oting wind ontextD where huge turines re (xed on moving struturesF Aerodynamics of WTs and farm eects en opertionl extrts energy from the mient wind thnks to its ldesF he mient wind is turulent nd unstedyF husD the ehvior of the oundry lyers deE veloping on the ldes is very hrd to preditF he intertion etween the wind nd the rotor genertes vortiesD whih hve dynmi in)uene on the turine nd on the wkeF he tower shdow modi(es the wind distriution nd omplites the studiesF et the sle of the ldeD dynmi stllD whih orresponds to oundry lyer dethmentD my e oservedF his prtiulr e'et deteriortes the lift pplied on the lde lollyF por ll those resonsD the phenomen ourring round the turine re rther unpreditleF he rottionl speed of the turine n e determined from its design nd from the wind speed oserved t the rotorF e simple nlysis is su0ient to show tht the rottion of ldes is extremely fstF veroy @PHIVA relized study on horizontlExis pyD whose is 7 for wind speed of 11.6m.s -1 F he speed of the tip of the ldes for this test se is thus 7 times fster thn the mient wind speedD t 81.2m.s -1 F gonseE quentlyD the erodynmi veloity oserved t the tip of ldes is represented mostly y the reltive wind speedD generted y the rottion of the ldesF he veloity of the )ow is onsiderleD whih tends to inrese the omputtionl e'ort required to represent the erodynmisF he )ow round ldes n e hrterized using the eynolds numer ReD very lssil dimensionless mesure in erodynmisF por )uid of dynmi visosity η nd of density ρD its )ow of veloity u round n ojet of hrteristi length L is written in iqF @IFIAF he eynolds numer provides informtion out the oundry lyers developing round ojets under the tion of )uid )owsF por Re ≈ 1D the )ow is minly tthed to the geometriesF hen Re inresesD turulent strutures n e T oservedD even if the trnsition etween lminr nd turulent )ow diretly depend on the geometries simultedF por Re > 10 3 D the )ow is usully unstedyF sn the se of D the Re numers round lde is omputed from the properties of the surrounding mient )owD nd uses the lol hord of lde setions s hrteristi lengthF he Re oserved round the tip of ldes reh orders of mgnitude of 10 6 F his results in the genertion of highly turulent )ows in the wke of the turineD whih re hrd to preditF Re = ρuL η @IFIA he s operting for industril use re instlled in wind frmsF eside from grid integrtion nd other eletril onsidertionsD the wke intertions e'ets ourring t the frm9s sle re very importnt topiF henever is opertingD the erodyE nmi )ows round it re highly perturedF gonsequentlyD the opertionl ehvior of the s loted in the wke is strongly modi(edF he inoming ir)ow is muh more turulentD whih redues the energy prodution nd genertes ftigue on the struturesD thus reduing the life spn of the turinesF e fmous illustrtion of this e'et is presented in pigF IFTF his pitureD tken t the rorns ev wind frmD depits louds ppering in the wke of s euse of the pressure dropF trong intertions n e highlighted etween the downwind turines nd the wke of the upwind oneF es mentioned eforeD mjority of the turines re no longer operting in the optiml onditionsD nd limit the prodution of the whole wind frmF pigure IFTX ind frms wke e'etsX louds ppering in the wke of s t the rorns ev wind frm @henmrkAF iture tken y ghristin teinessD IP perury PHHVF es wind frm intends to produe s muh energy s possileD the opertionl time spent in the sitution of pigF IFT must e redued s muh s possileF o tht extentD the design of wind frms needs to e optimlF ind roses re mesured t the wind frm lotionD nd turines re pled depending on the previling windF etive ontrol strtegies n e implementedD where n upwind turine is ywed in order to de)et the wkeD whih n void the downwind turinesF Controlling WTs he ojetive of s is to extrt eletriity from the wind through mehnil hinF he wind impting the ldes generte lift foreD whih initites nd mintins the rottion of the rotor through the torque genertedF he intensity of the lift fore depends on wind speed nd on the orienttion of the ldeF he tion of the wind on the ldes lso generte drg foreD whih is ligned with the in)ow nd indues thrustF gontrol is pplied to the s to oth optimize the energy prodution nd the lifetime of the mhineF he ojetive of ontrol is to keep torque nd thrust s lose s U possile from the optiml on(gurtionF en exmple of the ontrol strtegy is displyed in pigF IFU for PwEF hi'erent operting modes n e identi(ed from this urveX when the wind is too wekD typilly lower thn 3m.s -1 D the is stoppedF hen the wind inreses ut remins inferior to the rted wind speedD ommonly round 15m.s -1 D the prodution is mximizedF he rted wind speed is the wind speed whih optimizes the performnes of the D iFeFD the optiml opertionl situtionF he ldes of the re tuted to produe s muh s possileD whih returns prodution t the nominl power of the F he tip speed rtio @AD whih hrterizes the rottion speed of the tip of the ldes regrding the mient wind speedD is optimized t the rted wind speedF st rehes vlue of round 7D whih orresponds to the idel for QEldedD upwind sF hen the wind speed inreses ginD the performnes of the hve to e ltered y ontrolling the pith ngles of ldes to keep produing t the nominl powerF he redution of prodution is neessry to preserve the integrity of the eletril hinF sn this operting modeD the of the rotor is progressively reduedF hen too strong winds re oservedD withD eFgFD stormy winds rehing 25m.s -1 D the turine is stoppedF Wind speed (m • s -1 ) Produced power of WT (MW ) rodued power xominl power pigure IFUX heoretil power urve of 6M W EF he rotor needs to e ligned s well s possile with the inoming windD to reh optiml prodution nd to etter lne the lodsD nd thus to limit ftigueF his lignE ment is otined with tive ontrol of the nelle9s yw ngleD s depited in pigF IFSF yne orret lignment is oservedD ommon strtegy to limit the prodution of the turine is to ontrol the ldes in pithF his ide n e regrded from Ph point of viewD s the setions of the ldes re erodynmi pro(lesF snresing the pith ngle inreses the reltive wind ngle of ttk of the lde setions hving the mjor onE triutions for power produtionF his orretion filittes the pprition of the stllD sitution for whih the lift is lrgely deresedF epplied individully or olletively on eh of the ldes for uniform windD it llows distriuting the e'orts pplied on the roE torF hen the turine needs to e stoppedD for high wind speeds or during mintenneD the pith of the lde is rought to sitution where the prodution is minimlD tending towrds zeroF e seurity rke is lso tivted on the shftD to gurntee n immoile rotorF yne of the hllenges of the ontrol lws is to identify the mode in whih the turine is opertingF iven if the nelle is equipped with n nemometer nd wind vneD or sometimes vidrD those sensors re loted in the wke of the turineF heir signls re lrgely pertured y the wke generted y the rotorD nd re not prtiulrly relileF woreoverD the reltive wind impting the ldes is not uniformD nd the informtion V otined t the rotor my not e su0ient for urte tive ontrolF gonsequentlyD the pith of the lde is ommonly ruled y the lods mesured on the ldesF his tehnique llows to ount for nonEuniform distriution of windD s the pith is ontrolled seprtely on ldesD through lne of lods mong the whole rotorF 1.1.3 Floating oshore wind turbines sf the oneption of s is the sme for )oting purposes s for onshore oneD the stronger winds found o'shoreD the smller intertion with humn tivities nd the tehnologil dvnes pve the wy for the use of gint sF es n nswer to resoureD trnsport or soil eptne issuesD the industry tends to fvor o'shore windF hile onshore turines usully hve Pw nominl powerD the )oting frm inE stlled o'shore otlnd during the seond semester of PHIU is omposed of Tw turE inesF roweverD the urrent development trend is to design even lrger turinesD eFgFD with qenerl iletris nnouning in PHIV the ommeriliztion of IPw turineF tmes nd os @PHISA noted tht the industry urrently think of igger s s wy to redue the vevelized gost yf inergy @vgyiA of o'shore windF he development of pys hs elerted over the lst dedeD s the (rst fullE sle prototypes were instlled round PHIHF tmes nd os @PHISA did n overview of the di'erent designs urrently developed or testedD with emphsis put on tehnology rediness nd on the di'erent hllenges to meet efore industril produtionF hile mny prototypes hve een studiedD they were ll omposed ofX )oter to ensure stilityD disposed on the )oterD severl mooring lines for sttionkeepingD nd n eletri le to onnet the turine to the gridF he di'erent elements re presented in the upoming usesF Floaters here re lot of hllenges to nswer when designing )oterF pirst of llD the )oter needs to provide uoyny nd stility for the whole strutureD nd oth the mssive size of the engines nd the grvity enter of the turine loted upwrds mkes it very hllengingF es the e'orts pplied on the ldes re trnsmitted to the )oting support through the towerD strong overturning moment n e imposedD espeilly on huge turinesF hese erodynmi e'ets re oupled to the wveEindue lodsD generE ted y the swell nd the wves diretly on the )oterF hese multiple omplex e'ets impting the dynmis of the )oter re hrd to predit urtelyF enother ojetive is to limit the unontrolled motion of the pysD to keep the est lignment possile etween the rotor nd the windF he ideD in the ontext of pysD is to optimize the vgyiF eduing the ost of the )oter is wy to redue the ostsD nd should e n industril ojetive to help the )oting wind energy rehing mturityF he understnding of the phenomen ting on pys is neessry for this optimizE tionF odyD the di0ulty to model meteorologil sttes with preisionD long with the strength of extreme events enountered o'shoreD eFgFD entennil wvesD often led to n oversizing of the )oterF he sme issue needs to e solved for the opertionl expendiE tures @yiAD s the lifespn of )oter will e ounted in deennilsF wore generllyD the initil nd reurrent osts of the )oter reD s well s the prodution pity of the D key inditors for the fesiility of n o'shore wind frmF gonsequentlyD the develE opment of optiml stility riteri for )oters is ritil for the )oting wind industryD s ompromise etween low expenses nd roustness will need to e foundF everl types of )oters hve een proposed sine the eginning of the reserhes on W @A hree di'erent onepts of )otersD spr @leftAD v @middleA nd rge @rightAD from futter(eld et lF @PHHSAF @A ixmple of semiEsumersile )oterD the huth ri)oterF pigure IFVX hi'erent onepts of )otersF the sujetF hey re lrgely inspired y the tehnologies used in the oil industryF hree min types of )oters existD s listed y futter(eld et lF @PHHSA nd depited in pigF IFVF yn the left of the pitureD spr uoy is presentedF his llstEstilized onept relies on llstD disposed deep down under the wter surfeD for its stilityF his mss enles to ring down the grvity enter of the whole struture under its enter of uoyE nyD whih gurntees stilityF sn the middleD the fmily of mooringElinesEstilized )oters is presentedF his onept is very di'erent from the spr oneD s the stndlone ssemly of the turine nd the )oter is unstleF ery good stility is provided y the tension in the mooring linesD nd this onept is thus nmed ension veg ltform @vAF he third onept of )oter is the rgeF his tehnology is designed to hve huge wterplne reD whih ompenstes for the tilting moment indued y the e'orts pplied on the rotorF e lst designD derived from rgesD is lso presented in pigF IFVF his oneptD known s semiEsumersile @semiEsuAD hs hydrodynmi properties lose to those of the rgesF sf usully omes with three olumns interonnetedD forming support on whih the turine n e mountedF gompred to rgesD the design of semiE su is more omplexD ut redues the quntity of mterils required for its onstrutionF o lssify )otersD methodology sed on stiliztion tringle n e usedD s presented in pigF IFWF ih edge of the tringle orresponds to one of the three stilizE tion modes ville for )oting strutureX using llstD the tension in the mooring lines or uoynyF hile n pproximtive positioning is proposed on the illustrtionD geometriesD mterils or mooring hoies hve n impt on the position of eh )oter inside this tringleF his methodology enles to store the di'erent tehnologies while de(ning the in)uene of ny type of stiliztionD nd futter(eld et lF @PHHSA showed tht the ontriution of the three types should e pproximtively the sme to minimize ostsF he prototypes developed initilly were omposed of steel for the mjor prtF his design ws inherited from mrine experieneD ottomE(xed foundtions nd o'shore oil engineeringD ut mjor drwk n e found for steelF he ost of steelE)oter tends to e very importntD nd some prototypes now strt to onsider onrete s n lterntiveF gonrete is lso lighterD whih o'ers the possiility to design smller )otersF iven if )oters designed in onrete re hevierD their ost remins lowerD whih IH pigure IFWX glssi(tion of di'erent )oters in stiliztion tringleD y forg nd gollu @PHISAF is pro(tle in ontext where gei hs to e redued s muh s possileF ome prototypes hve even een developed to e uilt either in steel or in onreteD depending on the opportunities ourring for eh projetD eFgF the rge from shiyvF Mooring lines he mooring lines re ritil for the stiliztion of the pysF hey gurntee the sttionkeepingD whih preserves the eletril le to enounter high urvturesD ut n lso provide neessry stility in the se of vF hree di'erent designs of mooring lines re used in the ontext of pyD depending on the prototypes instlled nd on the seedF hey re presented in pigF IFIHF pigure IFIHX hi'erent mooring oneptsX tenry lines @leftA Y tensionEleg moorings @enterA Y tutEleg moorings @rightAF he (rst onept uses tenry linesD whih stilize the pys with its own weightF et lest three mssive linesD usully rfted in metlD re tthed to the )oter on one hndD while the other end is nhored to the seedF hen lods re pplied to the )oting strutureD the inerti of the mooring lines limits its movementsF his tehnology is not suited for v pysD whose struturl de(nition requires mooring lines ringing tension s mtter of stilityF his tensionEleg onept relies on shorter lines nhoring II the )oter to the seedD ommonly using syntheti (er or wire ropesD whih n lrgely redue the gei invested in mooring linesF he lst tehnologyD the tutEleg mooringD hs een developed s n intermedite etween tenry nd vF he tutEleg onept fetures tension in the mooring linesD whih re not oriented vertilly s for v ut form n ngle of out 45 • F his tehnique provides interesting stilityD uses heper lines thn tenryD nd is less hllenging to instll thn the v oneptF Electrical connection he onnetion of wind frm to the grid is performed using highEtension eletril lesF hose les re uried into the seed to limit potentil degrdtionsF he most ommon tehnology used for eletriity trnsport is lterntive urrent @egAD s ommonly used onshoreF roweverD the losses when eletriity is trnsported on long disE tnes using eg inrese rpidlyF e solution is to use trnsformers to regulrly remplify the eletril signl reeivedD ut this solution mkes the energy distriution hin more omplexD thus inresing the risk of filureF es the tendeny is now to instll wind frms fr o'shoreD highEvoltge diret urrent @rhgA is nother optionD detiled y uiry et lF @PHHIAF rhg lines re less expensiveD s shorter les re neededD nd enounter limited losses during eletriity trnsportF roweverD this strtegy requires the onstruE tion of pproprited energy onversion instlltions onshoreF his reserh sujet is not further explored in the future developmentsF 1.2 Numerical simulation of FOWTs xumeril simultion of wind turines is topi tht hs emerged over the lst dedesD following n importnt rise in the numer of wind turines instlled onshoreF he deE velopment of urte nd omputtionlly e0ient tehniques helped the industry to reh mturityD while severl odes were vlidted ginst experimentl dtF he (rst o'shore wind turines were ottomE(xedD whih estlished onvergene point etween wind nd mrine renewle energy setorsF sn this ottomE(xed ontextD the erodynmE is nd hydrodynmis n e studied seprtelyD given the minor tions of ir on the supports nd of wter on the rotorF he impt of the wves on the struture require pproprited dimensioningD whih is relized thnks to n urte omprehension of the hydrodynmisF he motions of the o'shore ottomE(xed turines re omprle to the ones of onshore sD ndD onsequentlyD the erodynmi models designed for onshore wind re still pplileF his ility to split the oupled prolem etween erodynmi nd hydrodynmi ones redues the omplexity of the studiesF yn the ontrryD pys re muh more impted y environmentl onditionsD nd the irGwter intertions nnot e negletedF he di0ulties enountered with sin experimenttions highlight the importne of numeril simultion of pysD whih is presented in this eF he resolution of the erodynmis of s is presented in eF IFPFIF he simultion tehniques used for the hydrodynmis re presented in eF IFPFPF hi'erent methodologies pplied to the simultion of pys re presented in eF IFPFQF 1.2.1 Aerodynamic of wind turbines he simultion of pys is growing (eldD whih ene(ts from the experienes gthE ered y the onshore wind ommunityF imilrities n e found in the modeling of the rotorF iven if the )oting ontext inreses the interdependeny etween eroE nd hyE drodynmisD the redued omputtionl e'ort justi(ed the pplition of the e0ient methodologies developed for onshore wind to the o'shore ontextF his useF fouses IP on the numeril methods used to simulte s in the onshore ontextF ome of those methods re diretly pplile to the simultion of pysF Wind modeling sn prelude to the simultion of sD the representtion of urte erodynmis is neessry to gurntee the qulity of the results otinedF he wind pro(le s funtion of the ltitudeD the etmospheri foundry vyer @efvAD hs een prtiulrly studiedD nd is still under prtiulr ttention s the s grow iggerF he wind speeds re null t the ground nd progressively inreseD efore rehing plteuF he ehvior of the efv diretly depends on the terrin surrounding the re oserved nd of the ir stility in the tmosphereF he generl desription of efvs fouses essentilly on the de(nition of orret wind speeds nd diretionsF es presented in empreviv et lF @PHIHAD some di'erenes n e found etween onshore nd o'shore efvsF he simultion of efvs relies on the imposition of oundry onditions s input when xvierEtokes @xA solvers re onsideredF e fous ws pled on the genertion of oherent oundry onditions in floken et lF @PHHUAF ind lso omes with smllD vnishing erodynmi e'etsD whih nonetheless hve n importnt impt on sF hose ggregted e'ets form the turuleneD whih hs n impt on energy prodution nd on the lifespn of sF he hrteristis of turuleneD smll nd vnishingD mkes it very expensive to omputeF he size l K nd the durtion τ K of the smllest eventsD known s the uolmogorov slesD re expressed in iqsF IFP with η visosity nd the verge rte of dissiption of turulene kineti energyF

l K = η 3 1/4 @IFPA τ K = η 1/2 @IFPA
e orse pproximtion of writes = U 3 /LD with U nd L respetively the referene veloity nd lengthF por )ow of Re = 1M round tip of lde of setion L = 1mD the order of mgnitude of the smll sles re l K = O(10 -5 )m nd τ K = O(10 -4 )sF sn order to pture ll the physisD mesh ells of size inferior to l K re neessryD whih requires huge omputtionl resouresF gonsequentlyD severl wind modeling tehniques re either onsidering invisid wind or intending to pture the e'ets hrterized y long referene timeF he representtion of turulene is possile with n urte resolution of the x equtionsD iFeFD with viE or hxEtype formultionsD s desried in eF QFIF Rotor representation hi'erent modeling strtegies hve een developedF he most urte one onsists in the representtion of the whole ldesD whih re trked during their revolutionsF e (rst pproximtion simpli(es the geometry of the ldesD to redue the omputtionl e'ort ssoitedF implerD qusiEstedy pprohes only onsider the pressure drop ourring round the sD nd forget the motion of the ldesF ell these models im t mesuring the e'orts pplied on the rotor y the windD to evlute the erodynmi perturtions generted y the sF o tht extentD rotor models n e used in oupling with )ow solverF he de(nition of the reltive wind t the rotor is etter desried with oupled simultionsD nd the perturtions form wke of prtiulr interest for frm onsidertionsF he next prgrphs present di'erent rotor modelsF IQ he simplest rotor model is the etutor hisk @ehA methodD used in ørensen nd wyken @IWWPAF en xilD stedy potentil )ow is onsideredF he rotor is represented s porous diskD through whih the )ow n trvelD t the ost of pressure dropF en evlution of the thrust nd power oe0ients mesured t the turine n e otinedD whih llows mesuring the energy produedF hey re leled C T nd C P D nd re presented in iqsF @IFQA with u ∞ the mient veloity nd u d the veloity trveling through the diskF his pproximtion is prtiulrly used in the ontext of wind frmsD where huge numer of turines hve to e simultedF roweverD the wke indued y n eh does not tke into ount the rottion of the rotorF

C T = 4a(1 -a) @IFQA C P = 4a(1 -a) 2 @IFQA a = u ∞ -u d u ∞ @IFQA
enother tehniqueD the flde ilement womentum @fiwA methodD is n e0ient pproh omputtionlly speking to otin n estimtion of the lods pplied on rotorF en extensive study of fiw n e found in vnzfme nd wessin @PHHUAD nd omprison etween fiw nd eh tehniques n e found in wdsen et lF @PHHUAF his method opertes s stndlone methodD omining the eh theory nd lde element onsidertionsF gonsequentlyD this method is vlid for stedy nd xil )ows onlyF prom the spei(tion of lde geometryD espeilly the erodynmi pro(les de(ning the lde setionsD drg nd lift oe0ients re omputedD whih enle the determintion of foresF hey re respetively nmed C D nd C L D nd re expressed in iqsF @IFRAD with u the veloity of the )ow nd A the surfe of the irfoilF he drg nd lift oe0ients of the irfoil C D,a nd C L,a D whih depend on α the orienttion of the irfoil nd on Re the eynolds numer of the )owD re determined from tulted dtF his method hs een widely usedD ut the results presented in iqsF @IFRA re vlid for lignedD stedy )owF his sitution is utopinD nd severl orretions hve thus een proposed from empiril onsidertionsF

C D = 1 2 ρuAC D,a (α, R e ) C L = 1 2 ρuAC L,a (α, R e ) @IFRA
he empiril orretionsD presented y rnsen et lF @PHHTAD provide n extension of the fiw towrds rel opertionl situtionsF emong the mjor orretionsD the dyE nmi in)ow model provides n dpttion of fiw when the wke is not estlishedF st llows to orret the evlution of erodynmi oe0ients when rutl ngle shifts re oservedF e seond orretion is the ywGtilt modelD whih onsiders the mislignE ment etween the wind nd the rotorF he fores pplied on the ldes re pondered depending on their positionD nd the ldes positioned upwind indue weker veloities thn those loted in the wkeF e third orretion onsiders the dynmi stllF hen the pith of ldes is modi(edD dethment of the oundry lyers my ourF sn lsE sil fiwD the drop in C L is diretly ppliedF he dynmi stll tehnique provides etter smoothing to C L D through reprtition of the shift long ertin timeF enother orretionD known s rndtl9s tip lossD tkes into ount the vorties generted t the tip of the ldesF e lst ddition to the fiw n e used to generte relisti wind pro(lesF his method hs progressively lost in)ueneD s urte wind reprtition n now e otined thnks to oupling etween fiw nd gph solversF hose di'erent orretions enle to dpt fiw to opertionl situtionsF roweverD this ppliE tion keeps onsidering potentil )owD nd misses turineGwke intertionsF IR enother set of methods rely on n invisid hrteriztion of the )ow round the ldesD nd on the propgtion of the erodynmi e'etsF he fiw n e used on lde setion to generte vorties t the tip of the ldeD whih will then form the wkeF he vorties re propgtedD whih llows performing dynmi simultion of the wkeF e presried motion of the vorties n e de(nedD using onstnt wke veloity for the dvetionF his method is known s resried ortex ke @AF en extension of this method onsiders free motion for the vortiesD where eh vortex underE goes the in)uene of ll the othersF his methodD known s preeEortex ke @pAD provides n interesting ehvior in the sense tht vortex previously generted hs n impt on the newestF he dynmi ehvior indued o'ers the potentil to simulte urte wkes when the reltive wind t the rotor is vryingD eFgFD when )oting is onsideredF he freeEvortex methods provide etter preision thn fiwD espeilly for thin erodynmi e'etsD s stted in flondel et lF @PHITAF he uthors noted tht this limittion my disqulify fiw for )oting wind pplitionsD where the )uidEstruture intertions re onsiderleF roweverD the omputtionl e'ort required y the p pproh is onsiderleD s the wke genertion requires the propgtion of mny vorE tiesF e p method is presented in estin nd vkner @PHIPAF ixtensions of this pproh n e relized to get n enhned preisionF his ws doneD eFgFD y inon et lF @PHIUA to ount for the turulene in the wkeF heir study ws oriented towrds the simultion of tidl turinesD for whih the turulene issues re more importntF tillD this modi(ed p method is pplile to simultionF ell the previous methods onsidered invisid )owsF o ount for the visosity of the )owD the xvierEtokes equtions hve to e solvedF he )ow solvers developed n e oupled with the eh or fiw methods previously presentedF o get etter repreE senttion of sD the etutor vine @evA method ws developedF he ev models the rotor s set of linesD s presented in hen @PHHPAF hi'erent setions of the lde re studiedD nd the theoretil fore pplied y the )ow on eh setion is evluted using fiw pprohesF hose fores re sent k to the )ow solverD nd rete perturE tions in the wke of the turineF his tehnique genertes dynmiD rotting wkeF he dditionl omputtionl ost ompred to eh is notleD ut for the study of single D severl uthors preferred ev whih provides unstedinessF por pure eroE dynmi simultionsD this formultion llows to study the unstedy )ow ehind using monophsi simultionsD s relized y fenrd et lF @PHIVAF en extension of this method is performed with surfes insted of setions for the fore evlutionD s in hen et lF @PHHUAD to rete the etutor urfe @eA methodF iven if the ide is similrD e is supposed to ring dditionl preisionF roweverD little improvements re oserved from ev to eD nd the inresed omputtionl e'ort tends to limit the propgtion of this methodF he lst rotor representtion tehnique requires n ext reonstrution of the lde geometriesD long with n urte ssemly of the rotorF his pproh is extremely expensive omputtionllyD s the erodynmi oundry lyers hve to e ptured on ll the ldesF e is simulted using this pproh in fzilevs et lF @PHIIAF hile the fiw n e used s n industril tehnology in terms of rpidityD the p n e used only in 8h proessesD nd the fullErepresenttion tehnique my e 'ordle just for vlidtion of softwres omputtionlly heperF roweverD it o'ers the opportunity to ouple n eroelsti solver with the )uid solver usedD whih llows oserving very thin e'ets ompletely overlooked y the other pprohesF his strtegy ws developedD eFgFD in fzilevs et lF @PHIIA of ullen nd ing @PHITAF IS Coupling with CFD solvers es lredy mentionedD the less expensive numeril methods used to represent the solver onsider invisid )owF his pproximtion is eptle to get pproximtive resultsD ut gph solvers re required when urte numeril simultions re relizedF hose pplitions need preise representtion of the wind t the rotorD whih sometimes interts with the wkeF gomplex terrins require the modeling of the ostles perturE ing the )owsD nd turulene my e importnt under ertin onditionsF ell of these hrteristis require the use of )ow solverF he )ow solver refers to the resolution of the x equtionsD whih is introdued in eF QFIF sn ontextD the simultion ims t otining orret representtion of the wind distriution in time nd speF hepending on the preision required in the simultionsD di'erent pprohes n e used for the x resolutionF emong the di'erent options presented in urogstd nd iriksen @PHIQAD mjor prt used ex formuE ltion of the x equtionsD while some used viF hese formultions re presented in eF QFIF he simultion of py needs to e regrded s )uidEstruture intertion prolemF he presene of the strutures modify the )owsD whih hve n impt on the motionD nd potentilly deformtionsD of the forementioned struturesF e oupling needs to e estlished etween the model nd the )ow solver to relized simE ultionF he oupling strtegy diretly depends on the kind of rotor modeling seletedF hen stndlone methods suh s fiw re used for simultionD ommunition is estlished etween the )ow solver nd the modelF he mient wind omputed thnks to the )ow solver re used s input of the rotor modelF he outputs from modeling re rought k to the )ow solverD in prtiulr to pertur the wkeF yn the ontrryD when intrusive methods suh s fullErotor reonstrution re usedD the fores nd wke indued y the re diretly dedued from the erodynmi irultionsD iFeFD from the )ow solver resultsF hi'erent oupling strtegies n then e implementedD whih re presented with more detils in eF QFIF rtiulr ttention needs to e pled in the seletion of the models used for oth the )ow solver nd the modelingF he ury of these models in spe nd time needs to e similrD to otin numeril errors lned etween the two models usedF elong with the oupling strtegiesD the de(nition of the models must e representtive of the test se simulted tooF Limitations towards direct oshore applications he )oting tehnologies re highly impted y oth wind nd wvesF trong meteoE rologil events indue the motion of the )oting strutureD whih modi(es the reltive wind t the rotor9s huF estin nd vkner @PHIIA showed tht under wek wind onditionsD pithEk of the )oting struture genertes intertions etween the roE tor nd its wkeF hose erodynmi e'ets re not oserved in onshore ontextD nd onsequentlyD the lssil onshore simultion engines do not hndle itF woreoverD with the trend of going fr o'shoreD the size of the s tends to riseF ind speeds de(ned y the tmospheri oundry lyer nnot e onsidered onstnt over the whole rotor trveling reF his oservtion limits the pplition of models onsidering only the wind speed t the huD even if this sttement shll e moderted onerning o'shore situtionsD s stted y rk et lF @PHIWAF he models widely used for ottomE(xed wind need to e dpted to ount for the struture motionF he hydrodynmi lods pplied on the )oter hve to e ptured urtelyD to gurntee good estimtion of the displements enounteredF IT 1.2.2 Hydrodynamics he in)uene of the wves on the strutures supporting pys is ritil point for the development of the tehnologiesF he understnding of the dynmis of wvesD long with orret numeril representtionD is ruil to otin n urte simultion of pysF he hllenges relted to hydrodynmis re presented in this useF Wave theories he hrteriztion of wves is neessry to mesure orretly the movements of pyF he hydrodynmis re ruled y the x equtionsD whih hve long een proE hiitively expensive to solveF everl pprohes llowing to otin pproximtive results t moderte ost hve een developedD nd re rie)y presented in the followingF he (rst pproh historilly onsidered is the potentil theoryF his expression of the veloity potentil is otined thnks to the resolution of vple equtionD whih is simpli(ed from the x equtions onsidering n invisid nd irrottionl )owF he linerized potentil theory pplies to wves of smll mplitude onlyD ut nonEliner pprohes onsider ny kind of wvesF he foundry ilement wethod provides n e0ient resolutionD using qreen funtions to simplify the prolemF his method returns kinemti nd dynmi desription of the freeEsurfeF e lineriztion of the prolem otined enles to otin (rst pproximtion of the veloity potentilF his results in n expression of the freeEsurfe elevtionF en extension n e performed towrds high order methodsD tking dvntge of spetrl sis nd ylor expnsion in the resolutionD s presented in hurozet et lF @PHITAF hile these methods provide n e0ient nd urte representtion of the trE geted freeEsurfeD the perturtions indued y )oting struture does not pertur the freeEsurfe elevtion in the wkeF he resolution of the x equtions is the upgrde of the potentil )ow formultion in terms of preisionF st hndles ps ut omes with muh higher omputtionl expensesF roweverD no expression desriing the preeEurfe @pA n e diretly derived from the x equtionsF gonsequentlyD the genertion of wves hs to e hndled di'erentlyF st imposes to go k to the soures of wves in ntureX the wind nd the swellF Numerical generation of waves for CFD he omputtionl ost imposed y the genertion of wves from nturl soures is onE siderleF e ommon pproh to tkle this limittion is to simulte smller dominsD where trgeted windGwve onditions n e reproduedF he development of xumeril ve nks @xsA hs enled the genertion of highEpreision wve (eldsD ritil to mesure the hydrodynmi impts on )oting struturesF snspired y the experimenE tl studiesD the xs reprodue the min hrteristis of wter tnksX wveEmker trnsmits energy to the wter for the genertion of wves Y numeril eh limits the re)exion of the wves on the sin endF goherent oundry onditions long with n pproprited domin de(nition enle to generte wve (eldD otined thnks to resE olution of the x equtionsD in preferentil diretionF e literture review of numeril wve tnks is proposed y indt et lF @PHIVA in the ontext of wve energy onvertersD where similr hllenges re oserved when ompred to the )oting wind ontextF pive wve genertion tehniques n e distinguishedD nd re presented in pigF IFIIF sn @AD the relxtion re methods quire the solution of the x equtions s omE intion of trgeted solution nd omputed oneF he wves re generted thnks to the trgeted solutionD whih is nonEzero only in the relxtion re nd deys from IU pigure IFIIX ve genertion @A!@eA nd sorption @fA!@kA in numerE il wve tnksD from indt et lF @PHIVAF the sides of the dominD de(ned from wve theoryF sn @A nd @AD oundry onditions re pplied on domins nd provide energy to the neighoring wterF hose domins re respetively (xed or movingD whih hrterizes the stti oundry or dynmi oundry methodsF sn @dAD the mss soure method onsists in suessive ddition nd removing of mssF sn @eAD the impulse soure pproh uses soure term whih is inteE grted into the momentum equtionF hose lst two tehniques neessrily generte two wves propgted in oth diretionsF he re)exion of wves in xs n e limited using di'erent pprohesF ix fmE ilies of tehniques re identi(ed y indt et lF @PHIVAD nd presented in pigF IFIIF sn @fA!@hAD the three methods presented re similr to @A!@AD mentioned in the previous prgrph onerning wve genertionF his timeD the trget is oviously to extrt ll the energy from the inoming wvesF sn @iAD the numeril ehes de(ne regions where the energy of wves is dissiptedF his n e hieved with visosity inreseD veloity nelingD or dmping terms in the momentum equtionF sn @jAD the physil de(nition of the domin integrtes geometry reproduing ehD where wves rek ndD onsequentlyD dissipte their energyF pinllyD in @kAD the lst tehnique is to de(ne lrger dominD where mesh ells n e orsened t the rerF he numeril dissiption indued llows limiting the re)exion oservedF he genertion of wves needs to e done regrding prtiulr se stteF he energy trnsported y the wves is highly dependent on the mplitude nd frequeny of the wve trin studiedF he exittion of the strutures impted y this prtiulr wve trin n hve huge in)uene on the motion or deformtions oservedD s resonne my pperF he vlidtion of )ow solvers nd tnk de(nitions is neessryD s well s the hrteriztion of the se sttes modeledF o tht extentD the wve distriution oserved t ertin lotions hs een widely studiedD eFgF the tyxe spetrum in IV the xorth eF FSI of oating structures he sujet of ps is very importnt for the desription of the dynmi of pyF he ojets on whih ps is relized need to e represented s urtely s possileD nd the resolution should return the motions of the odies under the tion of hydrodynmi foresF he mjor issues of ps re IA to evlute the fores pplied y the wves on the struturesD PA to lulte the displements of the )oting ojetsD nd QA to ompute the tion of the strutures on the surrounding wterF hi'erent methods used for )oting ps re presented in the followingF por slender odiesD wveEindued lods my e lulted through the worison equE tionD proposed y worison et lF @IWSHAF his empiril formultion omines inerti nd drg terms to evlute the fores pplied y wves on strutureF his method introE due simpli(tionsD whih redue lrgely the omputtionl ostsF roweverD the visous e'ets re ompletely neledD whih prevents its pplition to turulent )owsF hile the foundry ilement wethod de(nes the wves from the wter )uxesD the worison eqution evlutes the fores pplied to immersed struturesF en importnt numer of pprohes returning the fores hve een developedD some of them re listed y forg nd gollu @PHISAF hey ll ome with their pros nd onsD ut often fous on simple geometriesF his n eome limittion whenever the strutures studied re omplexD eFgF when semiEsumersile )oter is modeledF his expression of the fores is stnE dloneD ut n lso e oupled with liner potentil theoryF he movements of the strutures my lso e otined from the liner potentil )ow theoryF he resolution is performed in the frequeny dominD for oth wves nd ody movements of smll mplitudesF he gummins equtionD detiled y gummins @IWTPAD enles to ring k the results to the temporl dominF he movements of osilltory ojets under wve (eld n e determined from this resolutionF erms inherited from the worison theory n e inluded in the gummins equtionF his formultion is supE posed to ring etter ury to the dynmi of the )oterF roweverD this eqution ontins memory termD whih needs the knowledge of ll the pst veloities of the strutureF gonsequentlyD this eqution is not solved in its originl formD ut must e treted to eliminte this prtiulr termF enother ps pproh onsiders the potentil theory of the seond orderF he onE strution of udrti rnsfer puntions @psA is possile from this theoryF wo min types of trnsfer funtions n e uiltD whih fous on prtiulr wve frequeniesF gonE sequentlyD fmily will e le to represent urtely the high frequenies pplied on strutureD while the other models e0iently the low frequeniesF es n exmpleD ik nd oesset @IWWTA dedited n hydrodynmi study using ps to tensionEleg pltformsD pplition lose from the prolemti of pysF gph models n e used to get )ow (eld pertured y the movements of the struE tureD t muh higher omputtionl expenseF gph n e relized in di'erent wysD using single solver for oth hydrodynmi nd struturl movementsD or with oupled solversF e prtiulr requirement is the pture of oth the freeEsurfe nd the struE turesF he evlution of the fores n e otined from one of the tehniques detiled previouslyF enother pproh is to determine the fores diretly from the pressure pE plied y the )uid on the ojetD eFgFD from struturl solverF yne the )oting struture is representedD the dynmi of the system is solvedF he movements of the struture n e either presried or solvedF resried motions re IW userEde(nedD nd do not respet the e'orts provided y the surrounding )owsF yn the ontrryD the solved motions diretly depend on the fores pplied to the )oterF he e'orts re dedued from the )owD nd my e mesured lolly from the )uid dynmisF he ontriutions indued y the displed ojet n then e used to impt the surE rounding wterF sn the ontext of rigid struturesD the fore pplied on Q di'erent points of n ojet is required to solve its movementsF roweverD hydrodynmi lods my indue deformE tions of the ojetD nd elstiity ould e required to get urte simultionsF he integrtion of struturl solver hs not een found in the literture in )oting wind ontextF he relevne of this study regrding the smll deformtions oserved is the min resonD long with the importnt omputtionl e'ort induedF e key spet of py is the intertion with the mooring linesD s evoked in uE seF IFIFQF o prevent the )oting strutures from driftingD the moorings must sor importnt hydrodynmi lodingsF hi'erent modeling pprohes hve een proposedD nd re presented in n exhustive study y hvidson nd ingwood @PHIUAF he simE plest one onsists in representing eh mooring line s unique sti'ness mtrixD in wek ouplingF fetter preision is hieved with springs modeling the di'erent mooring linesD whose sti'ness de(nes the spn of movements llowed for the )oting ojetF e more dvned pproh onsiders the dynmis or tenry lineD modeled s suession of weights interonneted using springsF hese di'erent models intert with the )oting struture y ommuniting the fores pplied y the mooring lines on the tth points pled on the struture itselfF 1.2.3 Existing numerical simulation tools for FOWTs his eF intends to mke n inventory of the methods urrently used to simulte pysF sn this prtiulr useFD fous is pled on the solutions used y the industry s design toolsF he disussion is extended y n overview of the methods developed during the lst dedeD whih trgeted high ury in the resultsF e prtiulr fous is pled on the models t the edge in terms of uryD silly gph onesF Engineering solutions for the simulation of FOWTs he solutions used in the industry to design nd ertify pys need to e s e0ient s possileF he simultions tools providing rpid nswers re fvored ompred to urte nd omputtionlly expensive odesF en overview of the di'erent softwres used for py simultion in the industry is presented y hxEqv @PHIWAX W simulte omplete pysD nd R re pure hydrodynmi softwresF he methods listed in the following prgrphs for industry use re desried in useF IFPFI for erodynmis nd in useF IFPFP for hydrodynmisF he presene of hydrodynmi odes in this list llows reduing the omputtionl expensesF hey ome with preomputed hydrodyE nmi dtseD providing for every simple geometry the orresponding hydrodynmi oe0ientsF he erodynmis re hndled in mjority of odes y fiwD using empiril orE retionsF rlf of the erodynmi odes lso hve method implementedF he other methods re rther on(dentilX only one ode fetures pD nd gph is ville for erodynmis in two softwresF iven if they ould ring higher (delity to physisD those methods re not fvored over fiwD euse of their longer omputtionl timesF he evlution of hydrodynmi lods n e relized in lmost every softwre using worison equtionF por etter uryD py eroGhydro softwres n solve gumE PH mins eqution with worison drgF he lirtion required y those methods for ny geometry or se stte is emphsized y hxEqv @PHIWAF ixperimentl studies or gph my e used s referenesF he pure hydrodynmi odes onsider p evluted from potentil )ow theoriesD whih ring more )exiilityD espeilly when the in)uene of the wind is negligileF roweverD in the ontext of pysD the in)uene of the wind on the strutures is rrely minorF gonsequentlyD lirtion is often required for p models tooF he uthors noted thtD despite their high omputtionl expensesD gph provides fr etter representtion nd understnding of the hydrodynmis round pysF he study of extreme se sttes using gph insted of multiple situtions with simpler models is wy to vlidte the ehvior of )oting supportsF he struturl modeling of pys is relized in engineering simultion tools using either multiEody system or (nite element formultionsF he reson for using rther urte models for strutures is dvoted y the eroelstiityD whih is ruil to get preise understnding of the dynmis of ldesF he moorings n e hndled using sti'ness pprohes in every simultion odeF e lrge mjority of softwres n tke dvntge of qusiEstti modelsD while (nite eleE ment methods nd multiEody system pprohes hve een implemented in hlf of the modelsF esults with n interesting (delity n e otined thnks to (nite elements or multiEody systemsF hese representtions llow understnding preisely the ehvE ior of tenry linesD using representtion s onneted emsF he e0ieny of the omputtions is gurnteed y the Ih hrteriztion of the mooring linesD whih still provides interesting reliilityF es summryD the py industry intends to simulte s preisely s possileD given prtiulrly strit time onstrintsF sn QhD multiEphysis ontextD fst nd urte re urrently inomptileF gonsequentlyD the omputtionl expenses re redued thnks to simpli(tions in the most expensive omputtionl physil modelsX the eroE nd hydrodynmisF he most used erodynmi modelD the fiwD hs een orreted exE tensivelyD ut keeps importnt physil shortomingsF he hydrodynmi models rely on potentil wve theoryD whih onsiders the wter invisidD nd need to e lirted efore pplition to pysF he need to get referene solutions to tune the engineerE ing models rought reserhers to more urte methodsD whih re presented in the followingF High-precision simulation of FOWTs in the research community he di'erent limittions nd pproximtions indued y the engineering odes led to further studiesD providing higher preisionF ixperimentl studies re wy to vlidte the ehvior of those odesF his is lso the se of new numeril methodsD usully more expensive ut ene(ting of suessive tehnologil dvnes to eome 'ordleF gph is n pproh whih ttrted ttention in the ontext of pysF he simultion of pys using gph is firly new topiD whih hs emerged during the lst dedeF st omes s omintion of hllengesD inherited from simultionD oen engineering or )uidEstruture intertionF he simultions require huge omputE tionl dominsD while smllEsle e'ets need to e representedF he sme ehvior is omputed on the time frmeD s long simultions re neededD while vnishing e'ets n e oservedF he meshing of the omputtionl domin n eome urdenD s the geometries of the )oters used re often omplexF por ll those resonsD gph simultion of pys remined rther on(dentil topiF everl di'erent gph models existD nd eh hs its hrteristi preisionF pollowing the inrese in the omputing resoures villeD gph models hve een enrihed to simulte the physis s urtely s posE PI sileF he oming prgrphs present the evolution of gphEsimultion odes towrds higher level of (delity to physisF he etter known nd one of the (rst numeril tools used for the simultion of pys is ypenpe @previously peAD from the xivF ypenpe hs een develE oped for vrious wind energy usgesD from wind frms to pysF st is thought of s set of stndlone odesD whih n e esily oupledF eddEons spei( to eh utiliztion hve een developedD eFgF eerodynD woordyn or rydrohyn for respetively eroED moorE ings nd hydroEdynmisF he study of tonkmn @PHHUA nd the distriution of pe hs elerted the development of the studies on pysF ine thenD lrge numer of reserhes hve een relized using peD lone or oupled with other odesD eFgFD y estin nd vkner @PHIPAD uvittem et lF @PHIPA or goulling et lF @PHIQAF he verstility of ypenpeD illustrted y the numer of ddEons villeD llows generE ting di'erent type of dtF he most ommonly regrded output re the movements of the pysD the lods pplied on the strutures nd the erodynmi torqueF hese dtsets provide ritil informtion onerning the energy prodution nd the stility of the pltformsF roweverD the numeril pproximtions relized in ypenpe tend to provide results with errors due to the modeliztion of the physil phenomenF he omprison ginst other odesD whih provide etter ury t higher omputE tionl ostD hs een reent reserh topiF es n exmpleD veroy et lF @PHIWA oupled sekeeping softwre with ypenpe9s eerohyn nd p odeD nd ompred the results otined with eh methodF o tkle the omputtionl e'ort required for omplete py simultionD n option is to simulte the dynmis of only one omponent of the simultionF wny uE thors dpted their developments relized on erodynmis in the ontext of onshore s to pysF e orretion of p method is proposed y estin nd vkner @PHIPAF e oupling etween ex solver from the ommeril ode pvix nd n unstedy fiw is relized in rn nd uim @PHISAF he representtion of n ext rotor is hieved y u nd xguyen @PHITAD nd ex solver implemented in ypenpyew is usedF hese studies fouses on the erodynmisD prtiulrly on the wind t the rotor nd on the power produtionF gompred to onshore windD the topi of wke e'ets is less present in the litertureF he urrent reserh seems to fous more on the prototypes nd their dynmiF he possiility to drw nlogies etween onshore nd o'shore wind frms is proly e the reson for itF enother pproh foused on hydrodynmisD to study the )ows round strutures or to hrterize the )otersD eFgFD xemtkhsh et lF @PHISA or feyer et lF @PHISAF hese hydrodynmi studies hrterized the dynmi of the )oting struturesF he motion of the )oter nd its hrmonis re the most ommon informtion presentedF ome studies even studied the tension in the mooring linesF wore dvned simultions rose during the pst yersF hey onsist in oupled eroGhydro studies of rigid pyD relized using gph pprohesF he oming prE grphs present the numeril methods used in these prtiulr situtionsF he reviE tions presented in the oming prgrphs re expliited in ghpF QFIF he pproh developed y glderer @PHISA onsists in the oupling of frE(eld solverD generting relisti environmentl dtD with nerE(eld solverD where the py is studiedF he freeEsurfe interfe is desried using levelEset funtionD nd viE pw monolithi pproh solves oth the erodynmis nd hydrodynmisF he rotor is represented using n ev methodD nd the fores pplied y tenry moorings re otined from lineriztion of the linesF he py is pled in wve tnkD PP where the genertion of wves is relized thnks to soureEterm wveEmkerF e sponge lyer is used s numeril ehF e nonEuniform strutured mesh is used for the )uid dominD while the ps is enled y meshing of the strutureF he simultions relized foused on the dynmi of the py under relisti se sttesD ut no error estimtion is providedF vele nd frkos @PHITA oupled three di'erent solversD llowing to get test se representtive of pyF he hydrodynmis were ruled y r solverD while wultiEfody wodel nd moorings representtion ount for rigid )oter movementsF e pinite olume solver using ex formultion of the x equtions @exEpwA ws used for erodynmisD nd full desription of the rotor is performedF he wves re generted using hinged wve mkerD nd dissipted using slope on the other endF e odyE(tted mesh desries the rotor geometriesD nd sliding pln is used to prevent the remeshingF e di'erent strtegy is hosen y ullen nd ing @PHITAD where the rotor is gin extly representedF e helyed hethedEiddy imultion formultion of the x equE tions is hosenD iFeFD vi pproh is used fr from D while ex one rules nerE)owF e pw solver permits the resolution of the ir)owD while the freeEsurfeD de(ned using levelEset pprohD is enfored using fgsF e oupling is estlished with mooring line modelD nd ontroller is implemented to ontrol the F he meshing is hndled using n overset of regulr grids of vrious preisionF he erodynmi fores nd the motion of oth the rotor nd the pltform re presentedF yne ginD no errors hve een mesuredD s this study opertes s proof of onept for the oupling of the di'erent solvers usedF n et lF @PHITA took dvntge of n isogeometri nlysis to fully represent pyD nd used levelEset funtion to model the freeEsurfeF e virtulEwork struE turl solver is implementedD nd oupled to the )uid oneF he full system ws solved using monolithi viEpiw pprohF he mooring lines re represented using sets of rtiulted emsF rtiulr ttention ws given to the hydrodynmisD nd pistonE type wveEmker is used for the wve genertionF en evi frmework is used for the meshing of the omputtionl dominD whih llows ounting for the displements of the di'erent phses representedF he dynmis of the pltform re veri(ed ginst referE ene dt otined using simpli(ed pprohD whih highlighted good overll shpe nd notle di'erenes in mplitudeF he dynmis of the pltform re then presentedF viu et lF @PHIUA omputed the erodynmi nd hydrodynmi e'ets using ypenE pyew with exEpw solverD where op pproh de(nes the freeEsurfeF he rotor is represented extly thnks to odyE(tted meshingF e stti modeling of the moorings is performed with onnetion of weightsF he wves re generted from fgsD while sponge lyer prevents the re)exion of wvesF e rotting mesh hndles the motion of the D nd himer grid pproh enles the ommunition with kground (xed meshF his study is the most omplete in terms of results presentedD s the simultor is vlidted ginst downsled py experimentsF he pressure oe0E ient round py ldes re ompred ginst experimentl dtD whih vlidted the erodynmisF he fore mesured on the mooring lines nd the motion of the )oting pltform re lso vlidtedF eerodynmi thrustD torqueD nd py motion re then presented for stedy wind nd regulr wvesF PQ 1.3 Aim and scope of this thesis he developments presented in eF IFP introdued the priniples governing the numeril simultion of pysF en overview of the di'erent methods used during engineering proE esses nd the evolution of highlyEurte simultions ws performed in useF IFPFQF emong the di'erent pprohes ville for the simultion of pysD this thesis ims t developing highEury numeril tools t the edgeF his nswers to need to ring more physis in this (eldD nd intends to provide thin representtions of the )ows round pysF he results otined with suh methods enle to lirteD or extend the engineering models urrently usedF st my highlight e'ets of prtiulr importneD espeilly for the hydrodynmis round )oting supports with omplex geometriesF he highEury results otined will lso hve the potentil to feed mhine lerning pE prohesF gph is wy to reh high level of understnding of the dynmis of pysD through the resolution of modi(ed x equtionsF emong the di'erent gph tehniques villeD it is importnt to distinguish the levels of ury o'ered y the x forE multions villeF his thesis fouses on formultion providing the est preision hievle when working t the sle of pyF he shortomings of the gph pE proh re linked to the omputtionl expenses required to run itD espeilly s high preision requires expensive omputtionsF he pplition of highEury gph to the simultion of pys is dependent on the optimiztion of oth the numeril methods nd the omputtionl pltforms usedD suh s superomputersF hese topis re disE ussed in this thesisF huring this thesisD developments hve een relized towrds the dpttion of the softwre pltform sgsEteh to the simultion of pysF sgsEteh proposes fullEgph pE prohD where ll the geometries immersed in the omputtionl domin re representedF he reonstrution of elements tkes dvntge of n impliit oundry pproh nd of n utomtillyEdptedD nisotropi meshing engineF he nisotropy enles to redue the numer of mesh points used to preisely represent the geometriesD nd thus limits the omputtionl footprint of the simultionsF he x prolem is then solved under wEpiw formultionD in monolithi pprohF hese numeril tools re mssively prllelizedD whih llows the deployment of sgsEteh on superomputersF hese methods llow simulting urtely the )owsD while the prllelism nd numeril optimiztion enle the reliztion of lrgeEsle simultionsF his highlights the potentil for sgsEteh to provide n urte representtion of the lods pplied on pysF he numeril tools implemented in sgsEteh n e split into two mjor prtsF he (rst set is omposed of the methods relted to the reonstrution of immersed geometriesF hey re presented in ghpFPD where n pplition to the reonstrution of pys is performedF he seond set of methods orresponds to the resolution of the x prolemF he numeril tools involved re presented in ghpFQD long with the di'erent developE ments relted to the simultion of pysF sgsEteh hs long een used for the urte modeling of visous )owsD while py opertes in qusiEinvisid environmentF sn ghpF RD vlidtion steps towrds the simultion of urte highEeynolds )ow nd hyE drodynmis re relizedF he perspetives nd developments further required for the dpttion of sgsEteh to the simultion of pys re presented in ghpF SF PR o perform simultions on pysD the geometries desriing the pys must e repE resented in the omputtionl dominF his proess will e desried s reonstrution or immersion in this doumentF sn order to reonstrut the pysD two mjor tehE niques n e usedF he (rst one uses meshes (tting extly to the geometriesF his methodologyD followed in the ontext of py eFgFD y n et lF @PHITA or ullen nd ing @PHITAD positions points of the omputtionl mesh on the frontiers of the struE turesF his llows omputing e0iently the lods pplied to the pysF roweverD the de(nition of the odyE(tted mesh is hllengingD espeilly when moving ojets re simE ultedF his limittion is etter hndled y the other reonstrution pprohD whih onsiders impliit oundriesF ith this methodD the geometries to represent re de(ned from the positioning of mesh points or mesh ells inside or outside the ojet to immerseF he onsidertion of the mesh res deteted inside the ody de(nes the reonstruted odyF he min dvntge of this tehnique is tht ny kground mesh n e usedF he reonstrution is dependent on the mesh usedD whih needs to e re(ned round the frontiers of the immersed geometries to get urte resultsF roweverD the omputtion of the e'orts pplied to the strutures eomes more hllengingD sD sttistillyD no mesh point will e pled on the frontier of the ojetsF en immersed method is used for the simultion of pys yD eFgFD viu et lF @PHIUA or rn nd uim @PHIVAF his impliit oundry method is used in sgsEteh tooF he numeril frmework linked to the reonstrution of immersed geometries is presented in this eF 2.1.1 Theory of the mesh immersion using level-set functions he reonstrution of )oting wind turines in sgsEteh is hieved thnks to mesh immersion proedureD whih uses levelEset funtionsF his tehnique is wy to de(ne interfes impliitly in omputtionl dominD whih n e pplied to ny phse of the dominF e levelEset funtion Φ de(nes the frontier of the immersed phse it represents through the points x for whih Φ(x) = 0F st shll lso respet ∇Φ = 0 t the interfe of the phsesD in order to get proper resolution of trnsport prolemsD neessry for the simultion of )uid phsesF his method is indeed prtiulrly suited for the repreE senttion of )uid interfesF en erly pplition to twoEphse )ows ws proposed y ussmn et lF @IWWRAF his pproh is implemented in sgsEteh s followingF he reonstrution proess onsiders the position of eh point of the omputtionl meshD nd ompres it to the ojets to immerseF he only requirement for this methodology is the existene of frontier for eh ojetD from where n interior nd n exterior n e de(nedF his uthorizes the evlution of signedEdistne funtion α to this frontier t eh point of the omputtionl dominF he de(nition of α is presented in iqF @PFIAD for the immersion of n ojet ω of frontier Γ in omputtionl domin ΩF xote tht no restritions exist for the geometry of ωD whih n even e de(ned s n ssemly of nonEonneted elementsF

α = d(x, Γ) if x ∈ ω -d(x, Γ) if x / ∈ ω , x ∈ Ω. @PFIA
Γ is de(ned y the lotions where α = 0D while the interior orresponds to α > 0 nd the exterior to α < 0F he reonstrution of ω n e hieved using funtion (ltering the vlues of αD eFgFD with reviside funtion returning 1 for the interior nd 0 for the exteriorF uh funtion introdues disontinuitiesD through the de(nition of shrp interfeF his formultion is not prolemti for visuliztion purposesD ut gets more hllenging s numeril simultions must e ondutedF sn multiphse ontextD when n impliit oundry method is used for the reonstrutionD the de(nition of shrp PT interfes genertes singulrities in the ells rossing ΓF he pplition of mixing lws on these ells will e prolemtiF es n illustrtionD for highEdensity rtio etween ω nd the outsideD the highest vlue of density will hve muh higher in)ueneD independently on the proportion of the ell loted inside ωF e solution to suppress the disontinuity is to spred the trnsition from ω to the outside long severl ellsF e levelEset funtion Φ ε D presented in iqF @PFPAD n e designed to hrterize this trnsitionF st tkes dvntge of the properties of the hyperoli tngent funtionD qusiEliner if α is lose from zero nd qusiEonstnt if |α| → ∞F his formultion onentrtes the grdient of the levelE set funtion round ΓF his will e ler dvntge over αD for whih |∇α| = 1D one the trnsport of immersed phses will e requiredF

Φ ε (α) = ε tanh α ε . @PFPA
his levelEset funtion llows the de(nition of smoothed reviside funtion H ε D whih is presented in iqF @PFQAF e trnsition is estlished round ΓD while H ε rnges from 0 to 1D to onserve the properties of reviside funtionF

H ε (α) = 1 2 1 + Φ ε (α) ε @PFQA
en exmple of reonstrution is proposed for omplex geometry in 1m × 1m squreF he distne funtion αD drwn in pigF PFID hs grdient of onstnt norm in speD whih trnsltes to uniform evolution of the distne (eldF e omprison n e mde with H ε uilt for ε = 10 -2 mD shown in pigF PFIF e ler trnsition is oserved round Γ in this seD while the isosurfes α = 0 nd H ε = 0 re identilF foth α nd H ε hve een otined with the mesh from pigF PFIF his mesh ws generted for this prtiulr test se nd fetures the expeted preision in the trnsition reF he guidelines used for the genertion of meshes propose to use 10 mesh ells ross the trnsition reD whih orrespond to minimum mesh size of ε/10F @A ignedEdistne funtion α nd isoline α = 0mF @A moothed reviside Hε for ε = 10 -2 mF @A ε = 10 -3 mF pigure PFIX smmersion of geometry ωF he prmeter ε opertes s ontroller of the trnsition reX inresing ε widens the smoothing regionD while deresing it tends towrds shrp interfeF his sttement is vlid only if the omputtionl mesh fetures enough points in the trnsition reF en illustrtion of the reonstrutions hieved with three di'erent vlues of ε is presented in pigsF PFPD PFP nd PFPF he reonstrution of the immersed ojet is lerly in)uE ened y εD s pigF PFP hs ehvior loser to shrp interfe thn the other test sesF hese results were otined using meshes ontining enough mesh points in the trnsition resF gonsequentlyD the size of mesh ells round Γ is smller for ε = 10 -3 m thn for ε = 10 -1 mF PU @A ε = 10 -1 mF @A ε = 10 -2 mF @A ε = 10 -3 mF pigure PFPX moothed reviside funtionsD for vrious εF his levelEset pproh for mesh immersion is hevily dependent on the preision of the mesh usedF es previously mentionedD n importnt numer of mesh points is reE quired in the trnsition re to represent urtely the geometriesD s well s the physi propertiesF he onstrution of Φ ε is relized from αD whih is evluted t eh point of the omputtionl meshF reneD lrge mjority of points needs to e onentrted round ΓD iFeFD in the region where the representtion of the levelEset funtion is ritil for the qulity of the reonstrutionF goupling this pproh with n utomti mesh genertion proedure hndles this dependenyF his utility is presented in eF PFPF en illustrtion is provided y the meshes drwn in pigsF PFQD relted to the reonstrutions found in pigsF PFPF @A ε = 10 -1 mF @A ε = 10 -2 mF @A ε = 10 -3 mF pigure PFQX gomputtionl meshes relted to pigsF PFPD for vrious εF he illustrtions presented in this useF highlight the importne of ε nd the tight reltion estlished etween it nd the meshingF his now needs to e regrded with fous on the geometries simultedF e (rst oservtion onerns the size of the omputtionl meshF he numer of mesh points required in the trnsition round Γ is onstntD while the re of this region deresesF o onserve the resolution of the kground mesh while deresing εD the numer of points in the omputtionl mesh thus needs to e inresedF his ehvior is on(rmed y the meshes presented in pigsF PFQ!PFQF he numer of mesh points is onstnt in those meshesD nd deresing ε redues lrgely the size of ells fr from ΓF gonsequentlyD very thin desription of the geometries my led to prohiitive omputtionl e'ortF e seond remrk onerns the hoie of ε in omprison with the size of the ojets to representF hen smll geometries need to e representedD using too ig ε nd its orresponding meshD the miniml size of ells n e too importnt to llow good pture of the thin e'etsF en exmple is presented for modi(tion of the geometry used in this useFD s little hole is dded in the ojetF he reonstrution is relized using ε = 10 -1 m in pigF PFR nd PV with ε = 10 -2 m in pigF PFRF he results otined with the lrger ε show perturtion of H ε round the holeD ut no hole n e deteted using the isoline H ε = 1/2F sing smller ε nd thus thinner meshD the hole is pereivedF he sme type of error n e oserved for smll vritions t the surfe of immersed ojets or for shrp nglesF he levelEset tends to lur the interfeD nd the isoline H ε = 1/2 n (nlly e loser from n 4verged4 vlue of H ε thn from the rel interfeF hese oservtions remin vlid for ny ωF he hoie of ε will lwys e n importnt step in the reonstrution of geometry in sgsEtehF

@A ε = 10 -1 m @A ε = 10 -2 m
pigure PFRX eonstrution of modi(ed ojet with meshD H ε nd isoline H ε = 1/2D for vrious εF 2.1.2 Immersion of objects represented by a set of elements he reonstrution of immersed ojets relies on ωF e lot of options re villeD s the only requirement is the de(nition of frontier Γ splitting the spe etween interior nd exteriorF he simplest tehnique relies on α eing funtion of the speD returning slr (eldF his pproh gives esily H ε ut is inpplile to omplex geometriesF pys fll in the seond tegoryD nd thus must e represented y di'erent mnnersF e ommon pproh is to disretize the surfe of the py ΓF e set of elementsD eFgFD xf or fetsD is onneted to form meshD n e used to hrterize ωF he de(nition of eh element determines its orienttionF hnks to proper positioning of the elementsD n interior n e otinedF he distne α is then dedued from itF he determintion of α is neessry to get H ε F es slr (eld is requiredD this evlution needs to e performed t eh point x of the omputtionl meshF hen α is de(ned using funtion of the spe f (x)D H ε is esily determinedD s H ε (α) = H ε (f (x))F fut when ω is de(ned using set of elementsD the evlution of α must e done in two stepsF et (rstD the distne |α| hs to e mesuredF he losest element mong the set hs to e found nd seletedD for eh point xF his fores the evlution of mny disE tnes if no optimiztion is ondutedD whih uses the omputtionl e'ort to inrese very rpidly with the numer of points in the dominF yn seond timeD the sign of α hs to e determinedF his step is lmost immediteD thnks to the orienttion of the losest elementF sn prtiulr situtionsD eFgFD when onsidering mesh loudD no inforE mtion on the sign of lph n e otined from the losest elementD here pointF he determintion of the surfe9s orienttion eomes muh trikierF xeighorhoods round the losest point need to e onsideredD whih rings onsiderle numeril hllengesF PW e method is proposed in ntoso @PHIVAF hen set of elements de(nes ωD the detetion of the losest element must e done for eh point of the domin meshF he omputtionl urden linked to the numer of distnes evluted is entuted y the ft thtD for some pointsD severl ndiE dtes re seleted s losestF heir orienttion my e di'erentD whih n imply for the omputtionl point swith etween interior or exteriorF en illustrtion is presented for the distne to set of oriented elementsD here segmentsD when suh sitution is oservedF wo segments re onsideredX fD old horizontl lueD nd D old inlined redD oth feturing their norml pointing towrds the exteriorF prom the point of view of single segmentD its interior is de(ned y the hthed semiEpln positioned opposite of the norml @slsh diretion for fD kslsh one for AF he douleEhthed nd unE hthed regions expliitly determine respetively n interior nd n exterior for oth f nd F yn the ontrryD singleEhthed regions present n miguityF st is neessry to hoose etween interior nd exterior without flling into defult hoiesF he (rst riterion n e the distne to f or D onsidering tht the losest element provides the most interesting informtionF roweverD even with this segregtionD two resD olored in greenD remin undeterminedF por point of the omputtionl mesh loted in these regionsD the distne to f is identil to the distne to F o (nlly mke hoieD the qulity of the projetion onto the elements n e evlutedD nd the most importnt one orresponds to the most representtive elementD thus llowing to segregte etween interior or exteriorF B R pigure PFSX sllustrtion of the distne to set of two segments f nd s funtion of point position in the plnF rthedX interiors de(ned y eh segmentF qreenD oloredX egions where the qulity of projetion is requiredF he de(nition of the immersion proedure onsiders n ojet to reonstrut ω whih n e omposed of union of seprte geometriesF he levelEset funtion representing ω needs to ount for ll of these ojetsD whih requires the onstrution of signedE distne αF ome ollisions n e found etween these geometriesD whih need to e ounted for during the de(nition of αF e simple illustrtion n e mde with nive shem of us drwn in pigF PFTX retngle represents the ody of the usD while tires re modeled thnks to smll ylindersF he levelEset funtion Φ ε of ω needs to ount only for ΓD nd not for the frontiers of the immersed shpesF he de(nition of Φ ε thus needs to exlude the dshed oundries in pigF PFTF his is done simply through the evlution of severl signedEdistnesD one for eh geometry omposing ωF huring the onstrution of αD the highest vlue returned y the distne omputtions is fvoredD iFeFD the innermost position found y the union of geometriesF his prdigm enles to de(ne ω s unionF yther optionsD suh s intersetions or sutrtions ould e onsideredD ut hve not een implemented for the momentF he proedure detiled ove is not omplitedD ut n rpidly eome urden QH pigure PFTX sllustrtion of n ojet formed y the union of distint geometriesF linX isoline Φ ε = 0 de(ning ΓF hshedX prontiers of the geometries exluded from ΓF when the meshes provided ome with defultsF sf the orienttion of either f or is wrongD the interior de(ned will e ompletely unrelistiF roweverD with the meshing engines used nowdysD those serious mistkes re rely enounteredF wore ommon re the joint issuesD when the point presumly shred y f nd is slightly de)eted for one of those elementsF his leds to mjor errorsD eFgFD if 9s top point is positioned slightly ove f9s oneF pollowing the lgorithm presented in the previous prgrphD the greenEolored region loted on top of pigF PFS is onsequently onsidered inside the ojetF elignment errors our tooD when mesh ells re slightly de)etedD whih retes sperities on presumly smooth surfesF ell these soures of error impose the setEup of seuritiesD tuned for eh ojet reonstrutedD whih omplite the immersion proE edureF woreoverD the omputtionl omplexity rought y this methodology eomes onE siderle when M Eelements mesh is immersed in N Epoints omputtionl meshF he omplexity of the levelEset pproh s presented in the previous prgrphs is N × M D mostly due to the distnes to evluteF he determintion of the interior eing esE sentilly omposed of ifEloopsD its ost is reduedF he optimiztion of the immersion proedure n e redued in two wysF he (rst one is to prllelize the omputtionsD whih llows speedingEup the evlution of α y mesuring distnes on severl oresF he set of elements n lso e splitD llowing eh proessor to lod only the elements meningful in its omputtionl reF his enles to onsider huge set of elementsD whih ould hrdly e loded y single proessorD nd therefore should not e dupliE ted on eh oreF he opportunities o'ered y the prllelism re interesting if either M or N is resonly inresedD nd re ville in sgsEtehF etD for extremely expenE sive sesD eFgFD when oth M nd N roketD the omplexity eomes too importnt even for highlyEprllelized pltformF he omputtionl osts n then e redued through the onstrution of tree strutureF he implementtion of treeD nmed 4otree4 for Qh pplitionsD is detiled in useF PFIFQF xote tht the usge of the nme otree is generlized in the following to desrie the tree struture implementedF 2.1.3 Tree-optimization of the reconstruction procedure he mesh immersion proedure omes t high omputtionl ost whenever the mesh immersed is omposed of huge numer of elementsD s stted in useF PFIFPF es α still hs to e determined for eh point of the omputtionl meshD optimiztion n essenE tilly e onduted on the evlution of α for given pointF his ws relized through the implementtion of treeEstrutureF hese lgorithmi onstrutions re ommonly used to redue the omputtionl omplexity in numeril odesF reeEstrutures hve vrious (elds of pplitionD nd re ommonly used for mesh genertionD eFgFD y ehri et lF @PHIUA or uudel et lF @PHITAF his study proposes to use treeEstrutures for the optimiztion of the reonstrution proessF he elements omposing the ojet to represent re segregted depending on their positionF por given pointD the treeErowsing then llows seleting the losest elE QI ements of the immersed meshD nd distnes n e evluted on them onlyF foth the onstrution of the tree nd the determintion of the losest element is relized using ounding oxesD to redue the omputtionl expensesF hi'erent de(nitions re possile for the ounding oxesD whih re detiled y hing et lF @PHHRAF he implementtion presented here uses xisEligned ounding oxesD the lest expensive method omputE tionllyD whih is e0ient for smllD onvex elementsF he de(nition of the treeEstruture llows lrgely reduing the numer of distnes to ompute during the evlution of αF he omplexity of the lgorithm is rought downD within theoretil minimum of N × log(M )F he ddition of the tree struture into the mesh immersion proedure n e split into two stepsF he (rst one onsists in the onstrution of the otreeD while the seond one fouses on the evlution of αF foth re detiled in the followingF pigure PFUX ytree re(nement proedureD through reursive divisions of the omputtionl dominF yn the left is highlighted the re(nement of tree element into 8 new elementsF he ue on the right presents the geometril positions of the otree elementsF Construction of the tree structure his dt storge onept is uilt reursively from the set of M elements de(ning the immersed geometryD independently from the omputtionl meshF he ounding ox of the whole set of elements is onstrutedD nd ll the elements re lloted to the domin retedF his omposes the initil treeF e(nement steps re then proessedD nd the tree domin onsidered is split into two segments of equl length long eh dimensionF udominsD or hildrenD re genertedD s presented in pigF PFU in QhF xote tht the nme otree omes from the Qh ehvior of the treeD whih splits eh domin into 8 suE domins during the re(nement proedureF efter re(nement stepD the elements must not e ontined in the initil otree dominD ut re lloted to every hild they intersetF his llows elements to e duplited if they interset severl hildrenF efter re(neE ment stepD eh hild is exmined with emphsis on the numers of elements it ontinsF sf sudomin remins emptyD iFeFD no elements interset itD it is immeditely deletedF sf too mny elements re found in this hildD the re(nement proedure is repeted in this prtiulr sudominF he reursivity ontinues untilD either n eptle numer of elements is otined in the deepest sudomins @lefAD or the mximl depth of the otree is rehedF he numer of elements llowed per lef N max nd the depth of the otree needs to e determined for eh setF he ojetive of this proedure is to split the elements etween otree levesF he est e0ieny of the tree struture is otined with smll QP N max D even if the numer of leves is onsiderleF he ide ehind this hoie is tht the numer of distne to elements is redued when smll leves re onsideredF he (lters rought on the evlution of the distne perform etter in this on(gurtionF he depth of the otree should e hosen orrespondinglyD s smller leves re quired from more re(nementsF et the sme timeD N max needs to ount for the geometry of the set onsideredF he onentrtion of elements in ertin res limits the potentil of the otreeD eFgFD when more thn N max elements re onneted to single pointF he otree leves loted in this region will reh the mximl depth of the otreeD nd the elements n e duplited onto huge numer of neighor levesF gonsequentlyD the de(nition of the otree depth n e done from the reltive size of the elements ompred to the ounding ox on whih the set is lotedF he determintion of N max n then e relized from the onentrtion of ells expeted in those resF en illustrtion of the methodology generting tree struture of mximum depth 4 is drwn in pigsF PFVD from the exmple of set of elements presented in pigF PFVF por mtter of lrityD the initil otree domin is de(ned using the lk squreD nd not from the ounding ox of the elementsF he rest of the proedure remins identilD nd pigF PFV presents the otree otined fter the (rst re(nementF he sudomin ontining numer of elements inferior to the one required is not re(nedD nd the reE sult otined fter seond re(nement is shown in pigF PFVF he empty sudomins re deletedF efter P more re(nementsD the (nl otree is otinedF st is presented in pigF PFWF he ells drwn in red orrespond to the otree levesF @A yjet immersed in Ph doE minF N<Nmax @A ytree fter re(nement stepF

N<Nmax Ø Ø Ø Ø Ø Ø Ø Ø Ø
@A ytree fter two re(nement stepsF

pigure PFVX e(nement for the onstrution of n otreeF he reprtition of elements into the hildren is hndled using xisEligned ounding oxesF his de(nition onsists in determining the mximl nd miniml positions of eh element long eh xisD whih o'er di'erent dvntgesF pirst of llD these oxes re very esy to determineD oth omputtionlly speking nd onsidering dt essF st lso llows reduing the omputtionl e'ort for the determintion of the interseE tions with the otree dominsD s oxes nd tree domins re oriented long the sme xisF pinllyD this hoie enles to generlize the otree to very di'erent usgeD fromD eFgFD (ers to Qh fets used to de(ne surfe meshesF he min drwk rought y these ounding oxes lies in the intersetions with the otree domins when huge ndGor highlyEstrethed elements re onsideredF his leds to multiplying duplited elements in leves they my not intersetF enother limittion is found when very long elements re positionedD proportionlly to the size of the omputtionl dominD s gin the elements my e highly duplitedF QQ his strtegy hrterizes the 4tree4 lss used in ojetEoriented progrmmingF st is omposed of sptil domin ndD either set of elements ontined inside the lssD or pointers towrds its hildrenD whih re otined fter re(nementF he (nl tree hs s entry point n ojet of type 4tree4D whih ontins the ounding ox of the geometry to reonstrut s sptil domin nd pointers towrds eh of its hildrenF he elements omposing the immersed geometry re split etween ll the leves of the otreeD hene none re ontined t the depth zero if hildren existF ivery hild ontins its sptil dominD nd either set of elements or pointers towrds its hildrenF his pttern is reprodued reursivelyF Evaluation of the signed-distance using the tree structure yne the tree struture is uiltD the evlution of α n strtF wo mjor improvements re oservedF pirst of llD for given point of the omputtionl meshD the otree enles to selet the losest elements from the point onsideredD iFeFD the 4est ndidtes4 for the determintion of αF o tht extentD the notion of leves is essentilF he seond dvntge is rought y the ounding oxesF huring the proess of seleting the est ndidtesD no ext evlution of the distne from the urrent mesh point to ny eleE ment of the immersed geometry is performedF en upper ound of this distneD otined thnks to the ounding ox of the elementD is preferredF he omputtionl ost of n ext evlution n indeed e very expensive to ompute when the enpsulted eleE ment is omplexF his hoie llows omputing very limited numer of ext distnes during the evlution of αD espeilly when smll elements ompose the ojet to reonE strutF es lredy mentionedD it lso gurntees the verstility of the mesh immersion proedureD s ny geometry n e immersed in the otree using its ounding oxF he methodology used for the evlution of α egins with the determintion of the losest lef L c from the omputtionl point P onsideredF his is hieved using reursive rowsing of the otreeF por n ojet of type 4tree4D the presene of geometry elements is testedF sf some re foundD the miniml distne from the sptil domin of the urrent tree ojet to P is mesuredF sf none existsD then the tree ojet ontins hildrenD on whih the sme proedure is reursively ppliedF sing this funtion t the entry point of the otree llows (nding the losest lef from the point onsideredF he pplition of this pproh on the test se introdued in pigsF PFV is detiled in pigsF PFWF he otree presented in pigF PFW is returned t the end of the re(nement proessF por the point P onsidered on pigF PFWD the lef drwn in green is the losest oneF Ø @A pinl tree struture otinedF Ø P @A sge of the losest elementF Ø P @A gndidte lefsF pigure PFWX hetermintion of the losest element for given omputtionl pointF yne the losest lef L c hs een determinedD there is still inertitude out the QR lef in whih is loted the losest elementF heoretillyD it n e ontined in ny of the leves interseting dis of enter P nd of rdius the mximl distne to the sptil domin of the lefF qrphillyD it orresponds to the dshed lk irle found on pigF PFWD whih interset 7 levesF roweverD using rowsing of the elements onE tined inside L c D the size of this irle n e reduedF he mximl distne to the ounding oxes of the elements ontined in L c is evlutedD nd the miniml one d c is seletedF gonsidering d c D s it is initilly de(ned s mximl distne to ounding oxD t lest one element hs distne to P whih is smller thn d c F gonsequentlyD the losest element is loted in dis of enter P nd of rdius d c D whih orresponds to the plin lue irle drwn in pigF PFWF he numer of leves potentilly ontining the losest element is reduedF sn the exmple provided on the illustrtionsD only Q leves re intersetedF hey re olored in greenF he elements ontined in the leves seleted re rowsedD nd the miniml distne etween the mesh point nd their ounding ox is mesuredF hen the vlue otined is inferior to d c D the rel distne from the mesh point to the element is mesuredF he losest elementD nd then αD re dedued from the rel distnes evlutedF he proedure detiled ove highlights the interdependene etween the tree struE ture nd the loliztion of the elements representing ωF he otree is uilt from the positioning of the di'erent elementsD nd relies hevily on it to evlute the distnes to mesh pointsF hispling some elements my move them from otree leves to othersF sn these onditionsD the otree needs to e updted to gurntee the qulity of the disE tne evlution proedureF efter one itertionD the elements representing the geometry immersed re exminedD to identify if they moved from otree leves to othersF nder prtiulr situtionsD when the displements of the elements hve limited impt on the struture of the otreeD si modi(tions fousing essentilly on the ssignment of elements to hildren n e su0ientF fut when the whole tree struture is modi(edD the simplest pproh is to reonstrut the otreeF he omputtionl osts indued y the reonstrution proedure hve to e tken into ountD even if the results presented in eF PFR tend to show tht they re qusi negligileF 2.2 Mesh adaptation wesh dpttion is essentil for the mesh immersion proedure detiled in eF PFID ut is lso selfEstnding softwre unit of sgsEtehF he mesh dpttion intends to inrese the preision of the simultions through modi(tions of the omputtionl meshF e fous is pled on res of interestD whih n e presried or utomtilly genertedF hey n e de(ned either a prioriD from the spei(tion of physil prolemD or a posterioriD from the results of simultionsF everl mesh dpttion strtegies n e found in the litertureF he hEdpttion strtegy onsists in lol re(nements of the omputtionl meshD with dditions of mesh pointsF mller ells re designedD eFgFD through suessive divisions of ells long eh dimensionD s in kers et lF @PHIRAF e mesh of higher resolution is found in the zones of interestD whih improves the results of the simultionsF he rEdpttion keeps n identil numer of pointD ut tends to move points towrds the res of interest of the meshD s in fél et lF @PHHIAF his method is lighter omputtionlly spekingD ut does not interfere with the numer of points in the meshD whih hs to e orretly hosen sine the eginning of the simultionsF e lst pproh is known s pEre(nementF snsted of displing the mesh pointsD it fouses on the order of interpoltionD whih is enrihed in res of interestF his strtegy n e omined with the hEdpttionD s in ehri et lF @PHIUAD in order to pture very smll e'ets without using extremely thin meshesF QS he di'erent referenes proposed to illustrte the meshing strtegies re(ne the mesh identilly long eh dimensionD thus generting isotropi meshesF enother pproh evlutes the requirement to re(ne the mesh long eh dimensionD nd deform the mesh orrespondinglyF he mesh otined fter dpttion is nisotropiF ery smll mesh sizes re oserved long the dimensions where events ourD while lrge lengths re found when the domin is uniform lolly long stright linesF enisotropi meshes hve tE trted ttentionD s it llows to lrgely redue the numer of points in the disretiztion of omputtionl dominsF his meshing tehnique is usedD eFgFD y pormggi nd erE otto @PHHIA or prey nd eluzet @PHHSAF sn this thesisD n nisotropi a posteriori hEdpttion strtegyD proposed y goupez @PHIIAD is used in IEpinite ilement prdigmF prom the results of the simultionD this method uilds n error estimtorD whih is then postEtreted to deform the meshF he onstrution of the error estimtor is presented in useF PFPFPD while the dpttion proedure itself is detiled in useF PFPFIF e more omprehensive desription of the mesh dpttion proedureD nd of its usgeD is desried in useF PFPFQF 2.2.1 Anisotropic mesh adaptation with a metric eld he mesh dpttion proedure used in this thesis tkes dvntge of iemnnin metri (eld MD uilt on the omputtionl dominF et eh point of the domin9s meshD se relted to the lol mesh size in the iuliden spe n e onsideredF he metri opertes s distorting mirrorX using trnsition to iemnn speD it deforms the pereption of the distnes oserved in the iuliden seF sn prtieD the iemnn spe omes with slr produt tht is di'erent from the lssil iuliden oneF he slr produts re presented in iqF @PFRA for two vetors v nd w of the iuliden speF iuliden v, w = t vw @PFRA iemnnin v, w M = t vMw @PFRA he evlution of the distnes in oth spes n e dedued from these expressionsD nd re given in iqF @PFSAF iuliden

v = √ t vv @PFSA iemnnin v M = √ t vMv @PFSA
e iemnn se is otinedD whih resles the mesh lollyD from the eigenvlues λ 1 nd λ 2 of MF en illustrtion is presented in pigF PFIH for the pereption in the iemnn spe of referene elementF he sme ehvior n e found in Qh ontextF rowE everD even if the referene is resled from the iemnn point of viewD the mesh in the iuliden spe is not modi(edF he mesh dpttion proedure used in sgsEteh intends to use very thin mesh ells in the regions of interestF es some phenomen re developed with preferentil diretionsD nisotropi meshing is good opportunity to redue the omputtionl e'ort while keepE ing similr preisionF he mesh dpttion proedure relies hevily on iemnnin distne evlutionF e metri (eld M is uilt to ount for the vritions oserved in the dominF et eh point of the omputtionl meshD the ojetive of the mesh dpE ttion is to visulize length of 1 for every edge of the mesh in the iemnnin speF prom n nlogy with pigF PFIHD the trnsformtion drwn in pigF PFII is otinedF o

QT 1 1 Euclidean Riemannian λ 1 λ 2
pigure PFIHX heformtion of referene element using the metri (eld MF see n orthonorml se in the iemnnin speD deformed se is required in the iuliden speF he mesh ell otined is nisotropiD smll in the horizontl diretionD lrge in the vertil oneF hese hrteristis re typil ofD eFgFD horizontllyEoriented )owsF

Euclidean Riemannian 1/λ 1 λ 2 1 1 1 pigure PFIIX iemnnin distne evlution for the nisotropi mesh dpttionF he mesh dpttion tools pply this frmework to every edge of the omputtionl meshF et given point X i of the meshD eh edge onneted to X i needs to e onsideredF his ondition would write s in iqF @PFTAD with Γ(i) the set of points onneted to

X i D X ij = X j -X i for j ∈ Γ(i) nd M metri to determineF ∀j ∈ Γ(i), X ij , X ij M = 1 @PFTA
es X ij is split etween X i nd X j D nd euse the metri (eld is uilt t the points of the omputtionl meshD this ondition is formulted s sum over the neighorhood of eh pointF he ondition otined is written in iqF @PFUAD with

|Γ(i)| numer of points in Γ(i)F j∈Γ(i) X ij , X ij M i = |Γ(i)| @PFUA
fy deriving this equtionD n expression n e otined for the metri t eh node M i D presented in iqF @PFVA for d dimension of the domin onsidered nd ⊗ tensor produt opertorF

M i = 1 d |Γ(i)|   j∈Γ(i) X ij ⊗ X ij   -1 @PFVA
en ext solution of this eqution is expensive to determineD s mtrix inversion is required for eh point of the omputtionl meshF he vlue of M n e determined t lower omputtionl ost through the resolution of n optimiztion prolemD s in iqF @PFWAF

M i = arg min M   j∈Γ(i) X ij , X ij M -1 2   @PFWA
QU he theory developed in goupez @PHIIA preises tht the iqsF @PFVA nd @PFWA re equivlent when t lest one nonEdegenerte element is onneted to X i F his ondition is lmost trivilD s it n e ful(lled despite very low mesh regulrityF hese di'erent steps detiled in this useF llowD for ny point X i of nonEdegenerted meshD to uild metri (eld mesuring ny edge onneted to X i s unity in the iemnnin speF he formultion otined depends only on the topology of the meshD ut does not ount for other prmetersD eFgF )uid )owsF he oming useF presents the onstrution of the metri tht minimizes the interpoltion error of solution (eld uF 2.2.2 Metric construction using a posteriori error estimator he dpttion of mesh ells s presented previously rely on the de(nition of res of interestF hese res n e userEde(nedD when the evolution of the physil prolem in spe is smllF e more polyvlent pproh uses error estimtorsD whih evlute the error produed in the omputtionl dominF irror estimtors n e de(ned a prioriD from the interpoltion error produed on mesh regrding referene solutionD strtE egy followed yD eFgFD pormggi nd erotto @PHHIAF his implies to possess informtion out the output requiredD whih is not evident in the ontext of omplex )owsF enother pproh onsiders a posteriori error estimtorsD whih re uilt from the outputs of simE ultionsF he interpoltion error produed y the resolution is evlutedF ome of these methods use ressin of slr (eldD seeD eFgFD prey nd eluzet @PHHSAF ythers prefer reovery grdient from the given slr (eldD suh s proposed y elmeid et lF @PHHHAF he mesh dpttion proess presented here is sed on the equidistriution of the error in ll the omputtionl dominF e (rstD intuitive prllel with unity vetors in iemnnin spe n e drwnF en a posteriori error estimtor is uilt t eh node of the omputtionl meshF he mesh is dpted in res of interest de(ned from this estimtorX highEerror res need to e re(nedD while low error regions n e orsenedF he evolution of the error is exmined long the edges of the meshD where points n e inserted if the vlues found re too lrgeF e metri (eld is uilt from edge errors in order to deform the meshD lwys with n error homogeniztion golF ling ftors re de(ned for eh dimensionD s well s the metri (eldD from whih the nisotropi hrteristi of the mesh risesF he dpttion depends on the onstrution of the error estimtorF e generi introE dution of the mesh dpttion proedureD relized in goupez @PHIIAD de(nes the error estimtor e s funtion of slr (eld uF his de(nition rises from gé9s lemmD whih ounds the interpoltion errorD s written in iqF @PFIHAF he vlue of e nd u t the point

X i re expressedD respetivelyD e i nd U i F e i < c u -U i @PFIHA
sn the ontext of I meshesD u is interpolted using (rstEorder polynomilsF he slr (eld otined is written u h F he grdient of the u h D written ∇u h D is disontinuousD onstnt per mesh ell onlyF roweverD the projetion of the grdient on n edge remins ontinuousF en evlution of the error produed long eh edge is proposed in iqF @PFIIAF his formul pves the wy for the onstrution of glément interpolntD s explined y grstensen @PHHTAD nd uses the ressin mtrixD whih is expensive to evluteF his n e voided through the de(nition of reovery grdientD uilt from projetion of ∇u on the edges of the meshF his orretion is dedited to the de(nition of n error estimtor voiding the onstrution of ressinF

|(∇u h -∇u (X i )) • X ij | ≤ max Y ∈[X i ,X j ] ∇ 2 u(Y )X ij • X ij @PFIIA
QV he (rst step onsists in the reonstrution of I grdient G of u h D de(ned t eh point of the meshF he error estimtor expressed on n edgeD presented in iqF @PFIQAD is dedued from the reonstruted grdientD given in iqF @PFIPAF

G i = dM i U i @PFIPA e ij = |G ij • X ij | @PFIQA
his formultion of the error is vlid only on omplete edgeF e generliztion onto portions of edges is possile using the I interpoltion hrteristisD following the expression proposed in iqF @PFIRAF e mximiztion of the error produed on n edge n e performed t the sme timeF

e ij (s) = |G ij (s) • sX ij | ≤ s 2 e ij , s ∈ R + @PFIRA
he whole error generted on n element K is then evlutedD from the di'erene etween u nd u h F he di'erent equtions proposed in this useF trnslte to n estimtion of the error produed on n elementD s funtion of e ij nd of the reGvolume of KD written |K|F he expressions otined for Ph nd Qh pplitions re presented in iqF @PFISAF

KD Ph = 1 8 |K| i,j=1,..,d e ij @PFISA KD Qh = 1 30 |K| i,j=1,..,d e ij @PFISA
he eqution otined sttes tht ontrolling e ij for ll the edges of n element implies the ontrol of the interpoltion error relized on this elementF his is highly omptile with the metri formultion presented in useF PFPFIF he metri M i n e uilt using the error estimtor e ij F henever the iemnn slr produt is usedD the trget of the dpttion is to otin n error of 1 long eh edgeD iFeFD to equidistriute the errorF e wellEdpted mesh onsequently positions nodes regrding the errorD nd not the topology or mesh sizeF woreoverD the distriution of the error in ll the domin llows generting errors of similr orders of mgnitude for eh ellF he metri used in this formultion is presented in iqF @PFITAF

M i = 1 d j∈Γ(i) s 2 ij X ij ⊗ X ij -1 with          s ij = λ e ij -1 λ = i j∈Γ(i) e p p+2 ij Nn p+2 p @PFITA
he prmeter N n orresponds to the mximl numer of nodes llowed in the meshF his orretion provides sfegurd to the mesh dpttion proedureF sn the se when the error rokets lollyD the dpttion tends to re(ne the mesh towrds very thin networkF his my require very importnt numer of nodes in the meshD whih my e un'ordleF hnks to the limittion of the numer of nodesD the omputtionl e'ort n e reduedF roweverD this orretion prevents the ontrol of the error s detiled previouslyF he qulity of the mesh generted thus needs to e exmined with reful ttentionF vimiting the numer of nodes in the mesh does not prevent the dpttion to diving into the errorEroketing regionF edding mximl error tends to limit the size of mesh ellsD nd is wy to void in(nitely smll ellsF imilrlyD null error over n edge QW e ij tends to resize this edge towrds n in(nite oneF sn order to tkle these limittionsD the orretions presented in iqF @PFIUA re pplied to e ij D with min nd max prmeters ruling respetively the miniml nd mximl vlues llowed for

e ij F    e ij = max |G ij • X ij | , min |X ij | 2 e ij = min |G ij • X ij | , max |X ij | 2 @PFIUA
huring the dpttion proedureD the mesh is either re(ned or dere(ned lollyF hepending on the vlue of s ij D points n e inserted or suppressedF es the strething oe0ients s ij re evluted long the edgesD the point ddition proess is simpli(edF he edge onerned is splitD nd the elements djent to this edge re split tooD in order to integrte the newly reted pointF he node suppression proess pplied to point X i onsiders its neighorhood Γ(i)F e point X j of Γ(i) is seletedD nd the new mesh ells re reted through onnetion of the di'erent points of Γ(i) to X j F sllustrtions of these proedures re presented in pigF PFIPF

X i X j X i X j X k X i X j X k X j X k
pigure PFIPX roedure for point ddition @upA nd removl @downAF 2.2.3 Mesh adaptation in practice he theory presented in the previous usesF detils the dpttion s introdued y goupez @PHIIAF wthemtillyD the metri formultion shows the potentil to dpt mesh through single exeution of the proess presented oveF roweverD this idel view is ontrdited y omputtionl onsidertionsF gorretions rought to e ij ring new onstrintsD with mximl numer of nodes N n llowedD or through ddition nd removl of mesh nodesF reneD itertions re required to get fully dpted meshD utoE mtilly generted from potentilly orse initil meshF e huge shre of mesh nodes tends to e gthered in the res of interestD de(ned using omintion of the levelEset funtions otined from mesh immersionF wore generllyD ny slr (eld derivle twie n e used for the dpttionF es n exmpleD when the resolution of the x equtions is hievedD the veloities found in the )ow n e tken into ount tooF he mesh dpttion proedure is used to generte meshes dpted on the di'erent levelEset funtions represented in the dominF his opertes s prelude to x resoluE tionsD whih requires dpted meshes to gurntee the onvergene of the shemesF he dpttion proedure strts from potentilly orse initil meshF he immersion of the RH di'erent geometries represented in the domin is performedF vevelEset funtions of poor preision re onstrutedD due to the undpted meshF he dpttion is relized using n error estimtor estlished from the levelEset funtionsD s presented previouslyF he inurte reonstrution of the phses genertes high grdients in the levelEset funtionsD whih re identi(ed y the dpttion proedure s res to re(neF e new reonstrution is performedD nd the sme proedure is repetedF efter severl itertionsD n dptedD nisotropi mesh is otinedF en exmple of dpted meshes generted from levelEset funtion ws presented in pigsF PFQ!PFQF hese pigsFD generted with three di'erent εD show three levels of preisionF he miniml size of mesh ells is (xed to ε/10D whih trnsltes to orser representtion in pigF PFQD while pigF PFQ provides the est preision in very thin lyer onlyF his exmple fetured only one levelEset funtionF et similr results re otined when dpttion is performed on severl geometriesF he di'erent levelEset funtions just need to e linerly weightedD to form single slr (eldF his forementioned exmple is presented for sequentil pplitionF he reonE strution proedure is integrted into sgsEtehD mssively prllelized softwre pltformF he prllelism onsists in the distriution of the omputtions on lusterD omposed of severl proessorsF he omputtionl mesh is split mong the di'erent ores implied in the simultionD whih requires severl implementtionsD introdued in the oming eF 2.3 Highly-parallelized framework in ICI-tech he development of sgsEteh relies on highlyEprllelized rhitetureD whih llows deploying it on lustersF he omputtionl domin is prtitionedD to tke dvntge of the importnt numer of oresF he prllel meshing s implemented in sgsEteh is presented in useF PFQFIFo gurntee the e0ieny of the prllelismD omputtionl ottleneks need to e suppressedD or t lest reduedF he di'erent utilities omposing sgsEteh thus need to e optimizedF he prllel implementtion of the mesh immersion nd mesh dpttion proedures into sgsEteh is presentedD respetivelyD in usesF PFQFP nd PFQFQF

Parallel meshing in ICI-tech

he prllelism relies on prtitioning to seprte the omputtionl domin into di'erE ent resD lloted to the proessors on whih the simultion pltform is deployedF he omputtionl mesh is splitD nd the mesh points nd ells re lloted to the di'erent oresD without ny geogrphil isF his tehnique llows spreding the omputtionl lodD eh proessor getting sensily equl proportion of the meshF ih ore ontins lol meshD nd the ssoition of ll lol meshes forms the whole omputtionl meshF en illustrtion is proposed in pigF PFIQD where mesh is olored y the proessor simulting lollyF huring the deployment on lusterD the prtitioning proess seprtes the mesh points nd ells mong the di'erent gs usedF ih point or ell is positioned on single proessor onlyD with points de(ned y its oordintes nd ells y the identi(ers of the points omposing itF roweverD when point is used to de(ne ells lloted to distint gsD one of these ells is loted on ore where the point is notF o get selfEstnding representtion of this ell nd to limit the ommunitions etween the proessorsD this point hs to e duplitedF e 4ghost4 point is retedD whih is distinguished from the lol points of the oreF he retion of lol points is relized t the interfes etween the res of di'erent proessorsF he prllelism implies rise in the numer of points in memoryD through the ddition of ghost pointsF his inrese diretly depends on the RI pigure PFIQX gomputtionl mesh olored y the proessor on whih mesh points re storedF rtio etween the numer of points in the omputtionl domin nd the numer of gs on the lusterF 2.3.2 Parallel reconstruction in ICI-tech he optimiztion of the mesh immersion proedure is presented in useF PFIFQD for omputtionl mesh of N points nd for set of elements M F he implementtion of n otree enles to redue the expenses linked to the immersionD without ny onsiderE tions regrding M or N F he prllelism llows splitting the di'erent meshesD in order to limit N nd M through the use of multiple oresF he limittion of N is done nturllyD following simple prtitioning on n p proE essors s presented in useF PFQFIF he immersion is done for eh omputtionl point through the evlution of H ε D without onsidering the ghostsF gonsequentlyD eh proessor will need to ompute H ε for pproximtively N/n p pointsD insted of N in sequentil runF his leverge gins importne nd in)uene when N risesF e omplementry pproh ts on M F he simplest prllel mesh immersion lgoE rithm would duplite the set of M elements onto eh oreD efore the reonstrution strtsF roweverD for given omputtionl pointD the mesh immersion proedure s presented in eF PFI needs only the losest element from the set of M F qeogrphil segregtion of the set of elements n e done for eh gD sed on the lotion of the omputtionl points it ontinsF his o'ers the potentil to selet only the meningful elementsD to move from M to M p < M F his redution in the lod of the set hs n impt on the evlution of H ε D even if the elements suppressed re mostly loted fr from the omputtionl pointD nd re thus (ltered y the otreeF he other impt of this redution is the distriution of the set of M elements into sets of smller sizeD loted in interest res regrding eh proessorF his my llow the reonstrution when M is too importnt to e loded on single oreD nd therefore n not e shred with eh g of the lusterF 2.3.3 Mesh adaptation in the highly parallelized context of ICI-tech he mesh dpttion proedure is prllelized with prtiulr regrd on the di'erent res elonging to eh proessorF ih g re(nes utomtilly the mesh in its regionD exepted its frontier ellsF es previously notedD the points linked to these ells n e duplited mong di'erent proessorsF es the dpttion relized y eh g my not e identilD to void miguitiesD these ells re not dptedF efter remeshing stepD the domin is reprtitioned to redistriute the omputtionl lodsD s ll the proessors need to hndle similr numer of nodesF huring the reprtitioningD the frontier ellsD whih hve not een modi(edD re preferly moved inside gF his llows redimenE sioning these ells in the next remeshing itertionsD whih is neessry for wellEdpted RP meshF efter severl dpttion inrementsD the di'erent itertions ensure tht ll the ells hve een dptedF huring the remeshing proessD some mesh points nd ells re moved from g to nother oneF his step requires ommunitions etween the di'erent proessorsD to trnsfer the missing points nd ells to the reeiving gF 2.4 Representation of WTs in ICI-tech his eF presents di'erent test ses onsidering the immersion of pys in sgsEtehF he surfe mesh of smllEsled py is used in the di'erent studies presented herefterF uessivelyD the immersion of one pyD of IHH pysD nd slility study re performedF 2.4.1 Reconstruction of a single WT e (rst pplition se onsiders the immersion of singleD smllEsled pyD omE posed of nd its semiEsumersile )oter of pproximtive size 2m × 2m × 2.5mF he pigsF PFIR present the steps followedF he surfe mesh of prototype studied in wind )ume y vze et lF @PHIRAD omposed of pproximtively 75K oriented tringlesD is immersed in omputtionl mesh of out 120K pointsF e view of this mesh is proE posed in pigF PFIRF e slie of the mesh otined t the end of the immersion proedure is presented in pigF PFIRF his slie intersets the rotorD nd onsequentlyD the high onentrtion of points 'ords to guess the position of the ldesF he prmeter ε used to generte the meshD to de(ne the width of the dpttion reD is of out 1/1000Eth of the overll sizeF he order of preision of the immersion is of the entimeter for fullEsle D whih is pproprited for visuliztion purposesF he reonstruted depited in pigF PFIR looks similr to the surfe mesh immersedD even if some impreiE sions n e found in hllenging regionsD suh s the tip of ldesF @A smmersed surfe mesh @A lie of dpted mesh @A ssosurfe Φε = 0 of the reonstruted py pigure PFIRX eonstrution of sledEdown py es explined in eF PFPD the omputtionl mesh is generted from the levelEset Φ ε ε of the reonstruted geometriesD here the downEsled pyF en error estimtor is uilt from Φ ε D to detet the res requiring more dpttionF he errors oserved re due to the disretiztion of the omputtionl dominF iven if the solutions re ext t the RQ nodes of the meshD these positions re disreteF he pinite ilement frmework impleE mented in sgsEteh uses liner interpoltion to de(ne the vlues of the di'erent (elds outside of these pointsF he liner desription is suited for n ext representtion of plnes onlyF sn ontext where omplex geometries re representedD espeilly urved surfesD the ext desription of the immersed ojets then relies on the ddition of points in the dominF es the miniml size of ells is limited to ε/10D the desription of omplex geometriesD eFgFD shrp ngles or regions of strong urvtureD n not e inde(E nitely improvedF he highest vlues @e > 2A provided y the error estimtor for fully dpted mesh of 200K pointsD with ε = 2 • 10 -2 m nd ε = 2 • 10 -3 mD n e viewed in pigsF PFISF hese res re onentrted round the surfe of the immersed pyF por ε = 2 • 10 -2 mD the errors re exlusively found round the shrp interfes of the immersed meshD eFgFD the triling edge of the ldesF hin regions suh s the heve pltes of the )oter or the tip of ldes lso generte errors round itD up to distne orresponding pproximtively to εF ith ε = 2 • 10 -3 mD the errors re muh etter spred long the frontiers of the pyD in ll the regions where the surfes re not plneF

@A ε = 2 • 10 -2 m @A ε = 2 • 10 -3 m
pigure PFISX ssovolume of the error estimtor e > 2D for di'erent εF wo oservtions n e mde from the error estimtor (elds printedF pirst of llD orse ε struggles to pture urtely the shrp interfesD s the miniml size of mesh ells is limitedF he errors re nturlly onentrted in these regionsF ith thinner εD these res re etter representedD thus the dpttion of the mesh n fous on other regionsF he seond oservtion onerns the vlue of the error estimtor for eh test seF sntuitive thinking ould stte thtD s the reonstrution is less preise with orser εD the error estimtor would reh higher vluesF yn the ontrryD the numer of res onerned y e > 2 is more importnt with ε = 2 • 10 -3 m thn with ε = 2 • 10 -2 mF his n e relted to the seond derivtives on the levelEset funtionsD from whih the error estimtor is uiltF sn prtiulrD the derivtion mkes ε -1 term pperD whih tends to inrese e when ε deresesF woreoverD the error is dimensionless nd mesured long the edges of the meshF he dimensioning proess fores division y the length of the edgeD whih lso inreses the estimtion of the errorF he evolution of the errors estimted with the prmeter ε n e studied more preiselyF everl reonstrutions of the py represented y the surfe mesh from RR pigF PFIR hve een performedD with onstnt lod for the meshD t 200K pointsF he width of dpttion ε is vriedD nd the errors otined re mesuredF he vPE nd in(niteEerrorsD respetively written e 2 nd e ∞ D produed on the omputtionl points of Ω re onsideredF he de(nitions re presented in iqF @PFIVAD with e i the vlue of the error estimtor t point iF

e 2 = Ω e 2 i 1/2 @PFIVA e ∞ = max |e i | @PFIVA
he errors re drwn in pigF PFIT s funtion of εF he error urves otined on(rm the ehvior oserved in pigsF PFISD with the error estimtor e tending to return higher vlues when ε is deresedF iven if this sttement n e tmperedF he vrition of oth the vPE nd in(niteEerrors mesured remin in n order of mgnitudeD while ε is divided y 100F he vrition is prtiulrly limited for e ∞ D whih hrterizes the highest error deteted y the error estimtorF he rise in e 2 depits glol inrese in the errors found in the omputtionl dominF his n e linked with the explntions previously proposedD with the ε -1 term nd mesh size involvedF e drop is oserved in e ∞ with ε = 10 -3 mD while the evolution of e 2 plteuedF his proly (nds its origin in the numer of omputtionl points ville in the meshF he dpttion strts to struggle to generte wellEdpted meshD even if the reonstrution provided orret resultsF
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pigure PFITX istimtion of the error produed during the immersion of D with omputtionl meshes of 200K points nd vrying εF st is importnt to note tht the error estimtorD for ll the informtion it providesD is highly dependent on the mesh genertedF woreoverD it n not e used to evlute the preision of the reonstrution performedF o tht extentD riterion hs een de(ned to mesure the di'erene etween the immersed geometry nd the isoEsurfe Φ ε = 0 reonstrutedF his riterion is inspired y the rusdor' distneD whih hrterizes the di'erene etween two surfes A nd BD s written in iqF @PFIWAF

d(A, B) = max sup x∈A inf y∈B d(x, y) , sup y∈B inf x∈A d(y, x)
@PFIWA RS @A histne from A omputtionl mesh to B immersed geometryF @A histne from B omputtionl mesh to A immersed geometryF pigure PFIUX histnes mesured for the onstrution of the rusdor' distne with A mesh representing the immersed py nd B isoEsurfe Φ ε = 0 with ε = 10 -1 mF lot of the distne sling from 0 to 10 -1 mD zoom round ldeF he onstrution of rusdor' distne would require the omputtion from A to B nd from B to AF pollowing this pprohD A orresponds to the mesh representing the immersed ojetD nd B to the isoEsurfe Φ ε = 0 reonstrutedF sn prtieD oth A nd B re disretized using surfe meshes of tringlesF yne of these meshes is onsidered s omputtionlD nd the distnes re mesured from eh point to the set of tringles omposing the other meshF iven if the distne from the points of A to the surfe of B is not equivlent to the distne from A to BD the position of mesh points onentrted round the interfes llows this pproximtionF huring n pplition to the immersion of pyD the most hllenging region to represent is the rotorD s thin geometries need to e representedF e rusdor' distne is omputed etween the immersed mesh of py AD drwn in pigF PFIRD nd the meshed isoEsurfe Φ ε = 0 BD otined thnks to rviewF hen poor reonstrution is performedD eFgFD with ε = 10 -1 m in pigsF PFIUD the tip of ldes re rrely representedF he evlution of the distnes s presented in pigF PFIU is muh more representtive of the qulity of the reonstrution thn the results otined in pigF PFIUF imilrlyD even when muh thinner representtion is hievedD eFgFD with ε = 10 -3 m drwn in pigsF PFIVD the evlution of the distnes etween A nd B returns higher vluesF he regions where these errors re importnt re loted in the most hllenging plesD eFgFD t the triling edgeF por these resonsD only the distne from A to B is onsidered in the followingF he 4error4 produed during the reonstrution is thus represented using the distne from the immersed mesh of py to the reonstruted isoEsurfe Φ ε = 0F he expression written in iqF @PFPHA is usedF

e AB = sup x∈A inf y∈B d(x, y) @PFPHA
he evolution of the reonstrution error e AB with ε is plotted in pigF PFIW for the immersion of the py presented pigF PFIRF wo di'erent phses re oserved on the urveF prom ε = 10 -1 m to ε = 2 • 10 -2 mD very rpid derese is oservedF his e'et is relted to the miniml size of mesh ells diminishingD llowing to etter pture the hllenging resD eFgFD the tip of ldesF prom ε = 2 • 10 -2 m to ε = 10 -3 mD the derese is muh slowerF he geometries re glolly well representedD nd deresing ε llows smll improvementsD whih tend to etter model smllD lol geometriesF his whole development n e summrized from the identi(tion of the redD dshed lineF yn the right of this lineD iFeFD with lrge εD huge errors re mde during the reonstrutionD nd whole setions of the geometry re not pturedF yn the left of this lineD with smll εD lol improvements re performed t eh derese of εD whih provides slow evolution of e AB F RT pigure PFIVX histnes mesured for the onstrution of the rusdor' distne with A mesh representing the immersed py nd B isoEsurfe Φ ε = 0 with ε = 10 -3 mF lot of the distne sling from 0 to 10 -3 mD zoom round ldeF
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pigure PFIWX irror e AB mesured fter the reonstrution of pyD for di'erent εF es this funtion is sed on n upper ound of the distneD lol impreisions in the mesh n hve huge impt on e AB D espeilly when ε is highF en illustrtion n e given from the exmple used for ε = 5 • 10 -2 mF he size of mesh ells is not thin enough to get good representtion of the tip of ldesD whih hs distnes on the order of 10 -2 mF hen mesh points hppen to e orretly positionedD the tip of ldes n e properly reonstrutedF yn the ontrryD n illEpositioned point hs huge in)uene on e AB F he di'erenes oserved on pigF PFPH etween the lde loted on the left nd the ones on the right provide good exmpleF he lde on the left is rther well reonstrutedD s the distne is higher thn 10 -2 m only for hllenging resD suh s the tip or the triling edgeF yn the ontrryD the tip of the other ldes is not reonE strutedD whih leds to onsiderle distne in these regions nd (nlly 'ets on e AB F en importnt vriility is expeted for e AB F he estimtion of the error relized during the mesh dpttion proedure will e muh lower for the lde loted on the leftF es equidistriution of the error is trgetedD the mesh round this lde will e orsened during the next dpttion stepD while re(nement is expeted round the two other ldesF his justi(es the rpid vritions of e AB etween dpttion inrementsD whih questions the ury of the positions of points with the lrgest ε on pigF PFIWF e remrk onerning the genertion of n dpted mesh n e doneD from the study of the omputtionl mesh presented in pigF PFIRF he slie of the mesh highlights the RU pigure PFPHX histne e AB with A mesh representing the immersed py nd B isoE surfe Φ ε = 0 with ε = 5 • 10 -2 mF lot of the distne sling from 0 to 10 -2 mF presene of orse ells fr from the turinesF his meshD whih is too orse for )ow simultionsD n e re(ned to e used t the eginning of omputtionF he dpttion proedure oupled with the resolution of the x prolem genertes re(nement sed on the veloity of the )owD whih will led to thinner ells in res of interestF xote tht more thn one illion points re required to otin the sme preision with regulr gridF his se llows highlighting the omputtionl svings provided y the otreeF he onstrution of the otree ws performed s presented in useF PFIFQ with limit of 200 elements per sudomin nd mx depth of 12F he ost of the evlution of distnes during the immersion of the wind turine mesh in the dpted omputtionl mesh is presented in F PFIF he fous hs een pled on the omputtion of the distnes euse this step fetures the highest omplexityF woreoverD the evlution of the distnes is often required during simultion yleD s explined in useF PFIFID nd its optimiztion is n solute needF he omputtionl time required for distne evlutions is divided y out 235 only y the ddition of the otreeF he rowsing of the otree to selet the losest neighors for eh point enled to lrgely redue the numer of distnes to evluteF sn this pplition seD only 0.081% of the ext distnes from omputtionl points to mesh fets re proessedF he ost of the otree rowsing inreses the verge time needed to ompute distne y ftor of out 5D whih is resonle onsidering the lrge redution in the numer of evlutions doneF his exmple ssesses the huge interest of the otree struture for distne omputtion lgorithmD nd y extension for mesh immersion proedureF histnes evluted ime for distne evlution ime per distne @sA xo ytree ∼ 8693M @100%A 9minD 51s @100%A 6.8.10 -8 ytree ∼ 7M @0.081%A 2.5s @0.4%A 3.5.10 -7 le PFIX sn)uene of otree for wind turine immersion 2.4.2 Reconstruction of a large number of wind turbines he otree implementtion intended to limit the omplexity of the distne lgorithmF en ide of the slility of the immersion proedure is otined with test se of 100 pysF he mesh presented in pigF PFIR ws duplited 100 timesD nd the meshes otined were rndomly dispersed in omputtionl domin of size 50m × 50m × 2.5mF

RV es mtter of omprisonD the dimensions of the omputtionl domin used for the reonstrution of single wind turine were 2m × 2m × 2.5mF he immersed mesh onsequently fetures 100 times more fetsD the results of immersion re presented in pigsF PFPI nd PFPPF pigure PFPIX eonstrution of 100 )oting wind turines his test se is not representtive of n opertionl wind frm in terms of positionE ing or of meshingF rere the levelEset funtions re used only for the representtion of the pysD without ny freeEsurfe or dynmi onsidertionsF roweverD this e'ort ws relized in order to prove the onsisteny of the mesh dpttion proedure in the situE tion of lrge numer of sF ery smll mesh elements re required to mesh the tip of wind turinesD inside lrge omputtionl dominF he mesh dpttion proedure n detet these e'ets on rndomlyEpositioned sD whih would e impossile with trditionl pprohes re(ning the omputtionl mesh in identi(ed interest resF pigure PFPPX oom on Q s nd mesh slie he omputtionl mesh used for the immersion ontins 18M nodes for the sme preision s in the single turine test seF he numer of nodes used hs een multiplied y out 150D while the immersed mesh ws 100 times iggerF he min reson for this rise is the inresed size of the omputtionl dominF hespite these test seErelted onsidertionsD the rise in the numer of nodes needed hs een well limitedF woreoverD the rise of omputtionl times n e ontrolled with orresponding inrese in the numer of proessors usedF he olors depited on the wind turines in pigF PFPI orrespond to the prtitions used for the immersionF he lotion of the res onsidered y the di'erent gs is not prede(nedD whih explins tht smllD dividedEup olor regions pper on the pysF his test se ws quntittiveD nd do not present the omputtionl timesF RW 2.4.3 Scalability of the immersion of FOWTs he slility of the immersion proedure is studied in this useF from the test ses of immersed pysF wo di'erent studies re presentedX they onsistD respetivelyD in wek nd hrd speedEup studiesF he speedEup hrterizes the elertion of the simultions when prllelism is involvedD to evlute the potentil gins nd losses due to the size of the luster usedF he perfet speedEup would e otined y dividing the omputtionl times y N CP U when the numer of gs is multiplied y N CP U F his vlue is purely theoretilF es the numer of proessors risesD the ost due to the ommunitions inresesF he prolem n e illEsuited for prllel omputtionsD eFgFD euse of smll numer of points in the omputtionl meshF ell those resons tend to provideD when the numer of g is multiplied y N CP U D omputtionl time divided y ftor M < N CP U F the ojetive is oviously to get ftor M/N CP U s lose from 1 s possileF everl prmeters n e tuned to optimize prllel simultionsF emong themD the most importnt is the numer of gs involvedF peedEup studies intend to evlute the in)uene of the numer of proessors used in the simultionsF here is di'erene in prdigm etween wek nd hrd speedEupF he wek speedEup intends to keep the omE puttionl lod similr on the gsD nd to run di'erent test ses of vrious sizesF he numer of points in the omputtionl mesh is thus multiplied y N CP U D extly like the numer of proessorsF ek speedEup then presents the time required to solve eh test seF en idel prllelized test se will return the sme time expends for the di'erent vlues of N CP U F roweverD whenever simultion is distriuted on severl proessorsD the e0ieny of the resolution is never idelF gommunition etween the proessorsD prtiE tioning nd prllel ottleneks limit the slilityF hnks to wek speedEup studiesD the omputtionl e'ort put into the setEup of the prllelismD eFgF due to the ommuniE tions or the prtitioningD n e evlutedF he e0ieny of the resolution when the size of the test se rises is lso ruil informtion efore running mssive simultionsF he hrd speedEup uses nother prdigmF he test se is now (xedD nd only the numer of proessors vriesF he omputtionl time would idelly e divided y N CP U when the numer of gs is multiplied y N CP U F his proess presents the elertion oserved on given test se with di'erent N CP U D whih o'ers the potentil to evlute the prlleliztion proedure s wholeF he ε ws identil for the di'erent simultionsD in order to reh the sme level of preisionF e onverged mesh ws rehed in oth seF gse xodesGore edpttion @sA smmersion @sA sGy @sA I 25K 6.2K le PFPX ek speedEup study with T s per proessor e reonstrution of pys desried y the mesh depited in pigF PFIR is relized with di'erent numers of proessors nd onstnt preision of the reonstrutionD gin on the order of the deimeter for fullEsle turineF he simultions strted from orse initil mesh nd took 50 inrements to perform full dpttionD leding to fully dpted meshF he prmeters used to generte the otree were lso kept onstntF he dt in F PFP form wek speedEup studyD performed with onstnt numer of 6 gs per pyD for 1D 10 nd 100 turinesF he dpttionD whih orresponds to out 95% of the overll omputtionl timeD hs proven to e very slleF his oservtion ws lredy done in higonnet et lF @PHIUAD for mssively prllel isotropi nd nisotropi meshingD on simpler test sesF he immersionD whih showed interestE ing slility for 10 turinesD tended to e limited y the otree prmeters for the lst SH seF roweverD n interesting ehvior is oserved etween the I nd IHs test sesF pinllyD the sGys seem to e the lest slle prt of the reonstrution proeE dureF he writing of the output (les is t stke hereD nd the only option to elerte it would e to use inry (lesF his wek speedEup study highlights the slility of the reonstrution proedureF st lso emphsizes the importne of good tuning of the otreeD suited to the test se onsideredF he ddition of elements in the representE tion of the immersed geometries shll led to deeper otreeD in order to remin e0ientF pigure PFPQX ime required to reonstrut IH s with vrying numer of proessorsF he totl time presented is omposed of oth the dpttionD immersion nd sGy9s expensesF e hrd speedEup study ws lso performedD with the reonstrution of 10 s using mesh of 250K points nd vrying numer of proessorsF he results re presented in pigF PFPQF iven if the omputtionl osts for the dpttion re not presentedD the logrithmi sle view mke it similr to the 4totl4 oneF he slility of the reonE strution proedure is gin interestingD s the sme tendeny ws oserved for oth the dpttion nd the immersionF hile n idel slope of -1 n e rehed for the slility urvesD slope of pproximtively -0.85 is otinedD whih is stisfyingF his mens thtD when the numer of gs is multiplied y k CP U D the omputtionl time is divided y k 0.85 CP U hese studies prove the pity of sgsEteh to hndle lrge ompuE ttionl lodsF roweverD in order to evlute its potentil for o'shore wind pplitionsD the fous must lso e pled on the solverD whih is done in the followingF

Conclusion on the reconstruction of FOWTs

his ghpF presents the impliit oundry tehnique implemented in sgsEtehF en exE hustive presenttion of the methodology used for the reonstrution of ojets n e found in eF PFIF he mesh dpttion on whih the mesh immersion relies for the ury of the results is detiled in eF PFPF he integrtion of those riks inside the highlyEprllelized frmework of sgsEteh is detiled in eF PFQF pinllyD n pplition of these tehniques to the simultion of pys is proposed in eF PFRF huring the developments of ll the utilities presented herefterD n orienttion toE wrds the optimiztion of the omputtionl osts hs lerly een givenF his thesis followed these guidelinesD prtiulrly during the development of the reonstrution proE edure onto new sgsEteh pltformF he otree hs een developed for the immersion SI of rndom elementsD with fous on the e0ieny nd reliility of the methods usedF he reonstrution of pys shows interesting resultsD oth in terms of preision or of slilityF he representtion of lrge numer of pys show potentil for sgsEteh9s mesher to represent very smll ojets dispersed in lrge omputtionl dominsF he developments lso intended to produe verstile treeEstrutureD suited for vrE ious (elds of pplitionF he otree produed n e used for the reonstrution of ny geometry de(ned using di'erent types of elementsD thnks to systemti reourse to ounding oxesF he development of the otree ws relized s softwre rikD to gin inrese its potentilF his tehnologil hoie llows the ll to the treeEstruture for other rg requirementsD eFgFD to ut huge meshesF his llows splitting lrge sets of elementsD impossile to lod y eh proessorD into severl smller setsF SP Chapter 3

Numerical framework for the resolution of the ows around FOWTs SQ he simultion of pys requires the modeling of oth the erodynmi nd hyE drodynmi e'ets ting round the struturesF he orret representtion of these phenomen is ritil for the design of pyD whih will frequently e under the e'et of extreme environmentl onditionsF gurrentlyD simpli(ed pprohes re used in the industry for the simultion of pysF es explined in ghpF ID rotor models re urrently usedD to limit the omputtionl expenses linked to the resolution of the eroE dynmisF he hydrodynmis re lso solved using simpli(edD heper methodsD eFgFD with the worison equtionF hese pprohes n provide stisfying results for prtiulr mesuresD eFgFD lods pplied to the struturesD under spei( environmentl onditions nd one they re lirtedF he de(nition of urte simultors of pysD on whih the )ows re urtely solvedD is omplementry pproh to the industril solutionsF he dt required for the lirtion n e otined t redued ost thnks to thin numeril simultionD espeilly when experimenttions re too hrd ndGor expensive to set upF he uE rte resolution of )ows round pys is lso interesting to highlight spei(D unstedy nd dynmi e'ets ppering in prtiulr onditionsD tht my e hrd to reprodue in experimentsF woreoverD preise resolution of the )ows is neessry to onsider the )uidE struture intertion of high uryD espeilly with )oting struturesF por ll those resonsD the developments of softwres llowing thin resolution of the )ows round pys is interestingF he desription of the )ows is otined in theory from the xvierEtokes equtionsF his prolem is onsidered in n inompressile formultion in this thesisF nder this on(gurtionD it solves the veloity nd pressure of the )owD depending on the properties of the )uid nd on the environmentl onditions spei(ed for the omputtionl dominF ome generlities out the resolution of the xvierEtokes equtions re proposed in eF QFIF he resolution of the xvierEtokes equtions is oupled in this work to the reonE strution tehniques nd mesh dpttion introdued in ghpF PF snteresting omptE iility is found etween those methodsD with the potentil to simulte urtely the ehvior of pysF he geometries re represented extlyD using the reonstrution tehnique nd the mesh dpttion proedureF e high onentrtion of omputtionl points is found round the surfe of the pyD whih llows pturing the )uid )ows up to the oundry lyersF he omputtionl osts indued y this pproh re onE siderleD s thin meshing is required for oth the geometries nd the )uid e'etsF roweverD the level of ury enled y this methodology is very importntF he temE porl nd sptil disretiztionD long with the type of resolution of the xvierEtokes equtionsD re ritil for the preision of the resultsF he methodology followed for the resolution nd the issues relted to it re presented in eF QFPF he numeril simultion of pys requires the representtion of the environmentl onditions under whih the systems re opertingF woreoverD the movements of the py need to e representtive of the one oserved in relityF o tht extentD severl implementtions hve een relized within the sope of the thesisD to mke the simultions of pys possileF he di'erent dditions re presented in eF QFQF 3.1 Generalities on the resolution of the incompressible Navier-Stokes problem he xvierEtokes @xA equtions rule the evolution of )uid )owF heir resolution is hllengeD tht is ddressed in this eF hi'erent pprohes to simulte inompressile SR )uid )ows using the x equtions expressed in veloity in pressure re presentedF he pproximtions required in the formultion of the x prolem for its resolution re presented in useF QFIFID while the di'erent issues relted to the resolution itself re evoked in useF QFIFPF 3.1.1 Modeling the ow with the Navier-Stokes equations his thesis is dedited to the simultion of pysD whih imposes the onsidertion of multiphse )owsF he levelEset pproh presented in ghpF P llows the determintion of the properties of the )uid everywhere in the omputtionl dominF he next step onsists in the resolution of the )owsF his useF intends to present the di'erent tehniques used to represent the )owsF he pplition of the xvierEtokes prolem to ontinuum medi in n inompressile formultion nd the equtions t stke re presentedF he issues rised y turulene re exmined in seond timeF

Navier-Stokes equations he xvierEtokes @xA prolem de(nes the ehvior of the )uidsD nd is omposed of two equtionsX one gurntees the ontinuity of the solutions otinedD while the seE ond one sttes tht the momentum will e onservedF he prolem is presented in the following in veloity nd pressureD s this formultion is used in the ontext of )oting wind turinesF he ontinuity eqution sttes thtD for ny volume inside the omputtionl dominD the mss entering the volume is equl to the mss leving itF he ontinuity eqution for )uid is presented in iqF @QFIAD with ρ )uid densityD u )uid veloityD t time nd ∇ di'erentil opertorF

∂ρ ∂t + ∇ • (ρu) = 0. @QFIA
his doument is fousing on )ows round )oting wind turinesF he )uids simuE lted re wter nd ir whihD in this ontextD my e onsidered inompressileF sn this seD the density of the )uids is onstntD nd the ontinuity ondition n e rewrittenF e physil interprettion of this phenomenon is possile with wter going through tunnelX no ompression is llowedD soD to stisfy the ontinuity onditionD the veloity outwrds is inresedF reneD iqF @QFIA is redued to iqF @QFPAF ∇ • u = 0. @QFPA he momentum eqution is the seond one omposing the x prolemF st sttes tht the momentum is onserved lolly t eh point of the dominF his eqution is presented in iqF @QFQA for n inompressile formultion with p the pressureD η the visosity nd f the exterior foreD eFgF grvity or nother mss foreF

ρ( ∂u ∂t + u • ∇u) -η∆u + ∇p = f. @QFQA
he omprehension of )uid )ows requires the resolution of the x equtionsF he prolem is solved on domin Ω of frontier ΓD where the x equtions re veri(edF his formultion is ompleted y n initil solution u 0 nd y hirihlet nd xeumnn oundry onditions @fgsAD pplied respetively on

Γ D nd Γ N D verifying Γ D ∪ Γ N = Γ nd Γ D ∩ Γ N = ∅F he visous tensor σ nd the unit vetor norml to Γ N pper in this SS expressionF he whole inompressile x prolem then redsX                ∇ • u = 0 in Ω ρ( ∂u ∂t + u • ∇u) -η∆u + ∇p = f in Ω u = α in Γ D σ • u = β in Γ N u(t = 0) = u 0 in Ω @QFRA
roweverD no trivil solution n e found for the x prolemF he existene of smooth solutions to the x prolem in Qh with given initil solution hs even een nmed s willennium rize prolem in mthemtisF his limittion is due to the nonEliner term u•∇u ppering in the momentum equtionF gonsequentlyD s ontinuous solutions of the x prolem re not knownD the domin Ω hs to e disretized to enle the quisition of pproximte solutionsF enother issue intrinsi to the x prolem is the turuleneF his phenomenon eomes very omplex when the eynolds numer of the )ow risesD whih genertes n importnt omputtionl lodF e ommon pproh is to modify the formultion of the x equtions to hndle the turuleneF hi'erent levels of ury n e hievedD depending on the lterntive prolem solvedF hese formultions re tightly linked with the disretiztion hosen for ΩF hese topis re detiled in the followingF Modeling turbulence with the Navier-Stokes equations he turulene is physil phenomenon hrterized y vorties ppering in disE tured )uid )owF sf visous )uid is onsideredD its ontriution will e minor omE pred to the visous e'etsF roweverD when high eynoldsEnumer )ows re onsideredD eFgF erodynmi e'etsD the omprehension of turulene is ritil for good represenE ttion of the phenomen ourringF he vorties initilly indued y )uid e'ets hve diret in)uene on its viinE ityD nd progressively lose energyD dispersed in the neighoring )uidF mller vorties re genertedD rete even smller eddiesD whih (nlly vnish s the visosity of the )uid eomes dominntF his sde of energy hs een hrterized y uolmogorov @IWRIAF prom this oservtionD n urte simultion of the )uid imposes the pture of ll the vortiesD iFeF to use disretiztion thinner thn the size of the smllest eddiesF roweverD in the se of highEeynolds )ows the omputtionl ost required for oth the meshing nd the resolution of )ows imposes the usge of simpli(ed formultion of the x prolemD s depited in pigF QFIF he iggest hllenge omes with the nonEliner term in u • ∇uD whih genertes the turulene nd is omplex to pproximteF sn the next prgrphsD three min pprohes used for the resolution of the x prolem re presentedF he hiret xumeril imultion @hxA formultion of the x prolem is n pE proh tht intends to solve ll the sles of the )owD followedD eFgFD y rdovelli nd leski @IWWWAF his pproh requires the pture of eh eddy ontined in the )owD to mesure its evolution nd deyF he preision required is dedued from the uolmogorov sdeD with hrteristi length depending on the eynolds numer of the )owF hx is urrently un'ordle for engineering ses feturing omplex geometries nd highEeynolds )ows suh s )oting windD s the resolution required in the disretiztion of the omputtionl domin leds to prohiitive meshingF his tehnique is nowdys most ommonly used for turulene studies on demi test sesF ome uthors now fous on ldesD eFgFD huoin et lF @PHIUA for voniusEtype eF roweverD future dvnes in the omputtionl re ould pve the wy for highly urte engiE neering simultionsF ST pigure QFIX uolmogorov sde nd formultions of the x prolemD from fkker @PHHTAF hx solves ll the sles of the )owD while ex models the mjor prt of turuleneF vi opertes s n intermedite pprohF he ex formultion of the x equtions is prdigm tht ims t modeling ll the turulene in the )owD t resonle omputtionl expensesF he strtegy is to redue the omputtionl expenses through (ltering of the turulent struturesD to keep only the onstnt prt of the )owF his n e viewed s timeEverging of the x equtionsD iFeF resolution of the x prolem ignoring the ∂u/∂t termF he in)uene of turulene is modeledD through term inluded in the x prolemF ex n e modi(ed to mke it timeEdependentD when the evolution of the system n e expressed using oundry onditions vrying slowlyF his pproh is lled exD for nstedy exD nd ws usedD eFgFD y ullen nd ing @PHITA in the ontext of pysF he omputtionl expenses re lrgely redued thnks to the ex formultion of the x prolemF he timeEverging llows getting n ide of the )ow with the simulE tion of single time stepF orties re not trkedD whih llows orser disretiztion of the dominD nd onsequently fster simultionsF roweverD the results otined do not highlight the perturtions oserved in the )owD s proposed in pigF QFPF ex tkles the timeEonstnt limittionD even if the )ow resolved will still hve smooth ehviorF ome phenomen re lso impossile to represent using timeEverged x equtionsD one of the est known eing the urmn vortiesF vi is n intermedite pproh etween ex nd hx in terms of preision nd omputtionl e'ortF he turulent strutures re resolved up to ertin hrteristi lengthF he end of the energy sde is mthed using visous terms representing the sugridEenergy dey of the vortiesF en extensive study of the turulene modeling in vi is performed y weneveu nd utz @PHHHAF wthemtillyD the vi formultion of the x equtions is reted y sle sepE rtion in veloity u = u h + u D u h eing the resolved veloity nd u the smll sle oneF he nonEliner term of the x equtions genertes losure prolemD where the sugridEsle stress needs to e modeledF wore informtion n e found in rughes et lF @IWWVAF w is n lterntive pproh proposed y rughes et lF @IWWVA nd godin et lF SU pigure QFPX urulent jet solved with di'erent formultions of the x equtions from wries et lF @PHIPAX hx @leftAD vi @enterAD nd ex @rightAF @PHIUAD operting s n impliit viF e similr sle deomposition is proessed in wD nd two distint prolems re uiltX lrgeEsle one nd susle oneD oth of them inluding eh veloity omponents u h nd u F he susle veloity u is pproximted nlytilly using the (neEsle prolemD nd repled k into the orseEsle oneF his llows uilding formultion providing similr preision to viD without ny expliit orretion of the prolemF wixed tehniques hve lso een developed to otin preision nd omputtionl e'ort loted somewhere inEetween vi nd exF iFgF hethed iddy imultion @hiA is omintion of the ex nd vi prdigmsD used in prtiulr for simuE ltion round odiesF o limit the preision required for the mesh round the odyD ex pproh is used in this regionF yn the ontrryD the resolution of urte fr )ow is hieved thnks to viF 3.1.2 Resolving numerically the ow from the Navier-Stokes equations es mentioned previouslyD the resolution of the x prolem is not strightforwrdF henE ever omplex geometries re simultedD pproximted formultions of the x equtions re requiredF fut even with those modi(ed formultionsD no immedite solutions n e otinedF he resolution is hieved in prtie thnks to disretiztion of the re where the x equtions re solvedF imilrlyD disretiztion in time is requiredF woreE overD s this thesis fouses on the simultion of pysD the prolemti of )uidEstruture intertion @psA needs to e disussedF he upoming ususesF present those issuesF Spatial discretization techniques and meshing he disretiztion of the geometries is ritil for n urte resolution of the x equE tionsF he (rst step is the de(nition of n pproprited omputtionl dominD depiting s well s possile the shpe nd hrteristis of the prolem simultedF e point set is uilt to represent the omputtionl dominD nd trnsformed into meshF he SV distriution of the points de(ne ells of vrious size in the dominD whih trnslte to )ututing levels of preision hievleF etD s mentioned in useF QFIFID the hoie of formultion for the x eqution lso hs huge impt on the ury of the results otinedF gonsequentlyD s for ny simultionD the numeril frmework hosen for the resolution of the x prolem nd the mesh generted needs to e omptileF o tht extentD di'erent soures of errors must e regrdedF pirst of llD the size of the mesh ells need to e pproprited everywhere in the omputtionl dominF he hrteristis of the )ow eing di'erent depending on mny ftorsD eFgFD geometries or oundry onditionsD this trget length n vry in the dominF woreoverD the results otined with given formultion written need to onverge towrds solution when the mesh eomes thinnerF his onverged solution needs to e vlidtedD ompred with experimentl resultsD to prove the ury of the solver usedF uessive re(nements of n initil orse mesh should then provide solutions onverging towrds the 4relity4F pinllyD the numeril error produed y the formultion of the x equtions must e put in perspetive with the sptil error generted y the meshF o illustrte these sttementsD the x frmeworks desried in useF QFIFI n e onsideredF e timeE vergedD turuleneEmodeled ex formultion evluted with very thin hx mesh mkes no senseD s it leds to prohiitive omputtionl e'ort for only minor improveE mentsF vikewiseD hx formultion evluted on ex mesh will provide poor resultsF hi'erent types of onnetions n e usedF he most ommon re omposed in Ph of tringles or qudrilterlsD while Qh meshes use for the mjor prt tetrhedr or hexE hedrF eside from these di'erent mesh typesD two mjor fmilies of meshes existX strutured mesh reprodues prtiulr ptternD nd its onnetivity is de(ned sptilly Y on the ontrryD unstrutured meshing genertes irregulr gridsF hi'erent pprohes n e used to solve the x prolemD suited for ertin kinds of disretiztionF ome of them re detiled in the oming prgrphsF he pinite hi'erene wethod tkes dvntge of strutured mesh to optimize the omputtionsF he eqution is written t eh of the omputtionl pointsD nd ounts for the vlues t the neighor nodesF his tehnique is pplile with strutured meshes onlyD when the distne etween two onneted grid points is esily evluleF he whole set of equtions n e reformulted into mtriil formultionD whih is then solvedF his method llows evluting the equtions onsidered t every omputtionl pointsD nd is reltively 'ordleF roweverD the formultion is solved extly only t the grid pointsD nd do not ount for the phenomen ourring elsewhereF his type of results is relile when thin grids re onsideredF he omintion of smll distnes etween points nd homogeneous grid trnsltes to n importnt omputtionl e'ortF e (nite di'erene solver with vi formultion of the x equtions is used for the simultion of wind frms y toulin et lF @PHIWAF he pinite olume wethod does not onsider the point netD ut insted relies on onE trol volumes de(ned round eh node for the resolutionF he equtions to e solved re written on the whole ontrol volumeD nd trnsferred to its frontiersF e )ux formultion ppersD whih is onservtive nd onsequently llows the resolutionF he prolem is onstruted under mtriil formt for the resolutionF foth strutured or unstrutured meshes n e used with this frmeworkF his hieves mss onservtion during the simultionD mking this tehnique rther populr for the resolution of the )uid )owsF glderer @PHISA used (nite volume solver for the resolution of the x equtions under vi formultion in the ontext of pysF he pinite ilement wethod @piwA lso onsiders ells for its resolutionF eginD the equtions re written on whole elementF he pproh relies on the lineriztion of the SW solution on eh elementD using solutions t the nodes of the mesh nd se funtions for interpoltionF he initil equtionD lso nmed strong formultionD is not diretly solved in piwF ek formultionsD uilt from the integrl over n element of the strong formultion multiplied y test funtionsF he whole prolemD pplied to ll the elements simultneouslyD is written under mtrix formultion nd solvedF piw meshes n e either strutured or unstruturedF n et lF @PHITA used piw frmework to solve the x eqution in vi formultion for the simultion of pysF pigure QFQX gomprison of piw results otined with (rstE nd seondEorder se funE tionsF he preision of the results otined with the piw is diretly dependent on the lineriztion hosen for eh elementF o tht extentD the order of the interpoltion is ritilF righerEorder shemes will require the resolution t more quss interpoltion points nd uses more se funtionsF roweverD the preision hieved with higher order n e lrgely improvedD whih llows orsening the mesh usedF e Ih illustrtion of this sttement n e found in pigF QFQF he results otined enle muh etter (tting of the desired solutionD while the funtion is evluted t the sme numer of pointsF his tehnique provides nother possiility in the ontrol of the disretiztion error when using piwF everl tehniques using prtile pprohes hve een developed over the yersF hese methods do not require mesh to solve the )owsD ut only set of pointsF sn prE tiulrD the moothedEprtile hydrodynmis @rA nd the vttie foltzmnn method @vfwA hve ttrted lot of ttentionF sn r the displement of the )uid is inherited from the movements of the prtilesD whih re solved from the x equtionsF r is e0ient to solve freeEsurfe )owsD prtiulrly for )uids of low visosityF roweverD in n irGwter ontextD no erodynmi results re provided y rD nd nother solver needs to e oupled to it for py simultionF vele nd frkos @PHITA used r solver to solve the hydrodynmis for the simultion of pyF sn vfw the x prolem is not solvedF he movement of the prtiles is otined fter the resolution of the disrete foltzmnn equtionD whih inludes ollision model tht n e dpted to the ontext simultedF he foltzmnn methodD similrly to the pinite hi'erene pprohD needs regulr gridD whih limits its pplition in the ontext of pysF en exmple of simultion using the foltzmnn method is proposed y heiterding nd ood @PHITAF Time discretization techniques tust like the omputtionl domin hs to e disretizedD the presene of derivtive over time in the x equtions imposes time disretiztionF he x prolem will e solved t distint instnts of the timeD seprted y time stepF he hoie of the time step t eh instnt needs to e well thought to pture the )uid e'ets required y oth the numeril formultion nd the sptil disretiztionF o tht extentD the hrE teristi time ruling the evolution of phenomen need to e regrded in orrespondene with the meshingF es n exmpleD hx formultion requires the pture of smllD TH vnishing vortiesD thus requiring very thin meshingD nd onsequently very smll time stepsF he time step n e optimized during omputtionF ime dpttion tools evlute the )ow in the omputtionl domin t given instntD nd de(ne time step gurnteeing oth good ontrol of the time error nd n optimized omputtionl e'ortF hen disretizing in timeD two di'erent prdigms n e hosen for the resolution t the time step n + 1X the solution n either depend on the results t the time step nD or ntiipte the evolution towrds the timestep n + 1F his writes s presented in iqsF @QFSA for the resolution of Ax + bF he (rst option is known s expliitD while the seond is impliitF

x n+1 = Ax n + b x n+1 = (I -A) -1 b @QFSA
hen the prolem to solve is nonEliner in timeD the in)uene of the timeEdisretiztion is ruil for the ury of the simultionF sn prtiulrD the numeril shemes re known to provide onvergene issues when the time step hosen is too lrgeF he respet of the gournt!priedrihs!vewy @gpvA ondition is neessry to ensure onvergene in this situtionF he gpv ondition is presented in iqF @QFTAD with ∆t time stepD ∆x i mesh size long eh eh dimensionD u x i veloity of the )ow long eh dimensionD C max onstntF

∆t i u x i ∆x i < C max @QFTA
he vlue of the onstnt C max depends on the shemes usedF sf expliit shemes re usedD C max is out 1D ut its vlue for impliit shemes is lrgerF smpliit shemes onE sequently llow higher time steps thn expliit onesF he shemes presented in iqF @QFSA shre the sme onvergene rteD 1D whih mens tht when the time step is divided y N D the error is tooF hemes with higher onvergene rtes n e de(nedD eFgF ungeE uutt onesD whih n reh order 4F he higherEorder shemes re usully uilt s mixed expliitEimpliitD s the nonEliner evolution of the solutions re etter pproxiE mted when oth the previous nd the urrent solutions re onsideredF en exmple whih provides seondEorder uryD known s the grnkExiholson shemeD is given in iqF @QFUAF

x n+1 = (I -A i ) -1 (A x x n + b) @QFUA
Boundary conditions he x prolem presented in iqF @QFRA requires oundry onditions @fgsAF fgs re imposed in prtiulr regions of the omputtionl domin onsideredD to impose the )ow in those resF he most ommon types of onditions reD nmelyX the hirihlet onesD whih impose vlue for vrile of the prolem Y the xeumnn onesD whih hrterize )ux for one of those vrilesF he fgs re ommonly imposed on the orders of the dominD to de(ne the in)ow nd out)owF hey n lso e pplied in the insideD espeilly when geometries re dispersed in the dominF he fgs re lwys pplied on the vriles of the prolem onsideredD nd onsequentlyD x resolutions involve onditions in veloity nd )uxF he fgs re neessry to uild the prolemD thus they hve to e imposed efore the resolution of the x equtionsF he integrtion of the fgs is then performed through the disretiztion shemesF he resolution uses the informtion provided to solve the prolemF ih disretiztion method uses the fgs in di'erent mnnerD ut the onept ehind the resolution is lwys to ommunite them through the neighoring mesh TI points or elementsF he mtriil formultion of the x prolem then llows the full resolutionD with in)uene orded to the fgsF Fluid-structure interaction hen )uid )ow round geometries is simultedD the orret representtion of the oE jets dispersed in the domin is ritil to get urtely resolved )owsF he physil shpe of the ojets must e well reproduedD nd their in)uene on the )ow hs to e orretly tken into ountF sf the ojets hve )owEdriven motionD the in)uene of the )ow on their movements is ritilD ut the perturtions indued y the ojets on the neighoring )ow re very importnt to pture tooF sf the ojets re deformleD the fores pplied y the )ow on the oundries of the ojets re required to mesure the deformtions induedF wo di'erent methodologies n e followed for the resolution of psF he prtiE tioned pproh relies on two di'erent solversD solid nd )uid oneD whih re used independentlyF he )uid solver is used to generte )uid )owD whose results re inE putted inside the struturl solverF sn prtiulrD the fores pplied y the )uid on the strutures re neessry to mesure the de)etion of the geometriesF e weklyEoupled prtitioned pproh onserves the results otined y oth solvers nd dvnes to the next time stepF yn the ontrryD stronglyEoupled one ontinues to iterte lterntively on )uid nd struturl solverD until onvergene ondition is hievedF he use of two stndlone solvers imposes the oupling of softwres lredy existingF he only hllenge is the orgniztion of the ouplingD whih n eome rel hllengeF eklyEoupled ps solutions tend to e unstleD while the onvergene of hrdEoupled prtitioned proE edures n e very timeEonsumingF his strtegy ws followed y vele nd frkos @PHITA in the ontext of pysF e monolithi pproh onsiders oth the )uid nd struturl e'ets using single solverF e solution needs to e implementedD whih solves the x equtions in the )uidD nd struturl prolem in the solidF his diret solving n e very expensive omputtionllyD s the system my e hrd to uild ndGor slow to onvergeF roweverD this pproh llows to use single meshD nd lrgely redues the ommunitions etween the solversF n et lF @PHITA used qusiEdiret ouplingD derived from monolithi pprohD to hndle the ps of pysF he representtion of the geometries n e relized in severl wysF he most strightforwrd one is to use odyE(tted meshesF hose meshes of the omputtionl domin feture holes t the position of the di'erent ojetsD whose oundry is meshed extlyF en exmple n e found on pigF QFR for xege HHHV pro(leF foundry onditions n e pplied on the orders of the ojet to de)et the )owD nd otin resolution round odyF his tehnique enles to urtely de(ne geometryD nd onsequently to otin orret representtion of the )owF yne the )ow is solvedD if neededD the fores n e omputed diretly on the frontier of the ojetF he odyE(tted mesh isD in this situtionD lso solutionE(ttedF his hoie imposesD when the ojet is deformed or displedD to remesh ll the domin hs from srthF o tkle these limitE tionsD tehniques suh s the eritrry vgrnginEiulerin @eviA pproh hve een developedF he evi permits remeshing when the displements of the mesh points re smllF hen n pproprited time disretiztion is usedD evi mkes the mesh follow the motion of the strutureF ps simultion of ldes ws relized y fzilevs et lF @PHIIA with evi formultion moving the )uid meshF en lterntive to odyE(tted meshing onsiders odies reonstruted impliitlyD eFgF usE ing the immersed oundry pprohF his methodology uses unique mesh nd signedEdistne funtion to reonstrut the ojetF he points of the omputtionl mesh re segregted etween inside nd outside the ojet to representF reneD the TP pigure QFRX fodyE(tted mesh round xege HHHV pro(leD for low eynolds )ow @Re = 100AF geometry otined in the omputtion does not extly represent the ojetD ut is deE pendent on the qulity of the meshing round its frontiersF emeshing is still neessryD ut n e hieved using the signedEdistne funtionF yne the representtion of the immersed ojet is urteD mixing lws n e pplied to hrterize the )uid or solid t eh omputtionl pointF he )uid nd solid prolems n then e solvedF rhem et lF @PHIPA used n immersed volume method for )uidGsolid simultionsF his formultion is pproprited for oth the monolithi or prtitioned ps pE prohesF he meshing inside the omputtionl domin llows solving diretly the struture eqution on this mesh inside monolithi formultionD ut n overset grid n lso e usedF wo di'erent frmeworks n e used to de(ne impliit oundriesD whih re exempli(ed in the following for the immersion of )uidF he (rst one is the olume of pluid @opA pprohF he omputtionl mesh is exminedD nd the proportion of )uid found in eh ell is mesuredF his method is e0ientD ut the ells with very low proportion of )uid tend to omplite the resolution of the )owsF he seond pE proh uses levelEset funtionsD whih re sed on the signedEdistne from eh point of the mesh to the interfe of the )uid representedF his signedEdistne otined is rerrnged to otin smoothEreviside funtionD whih is le to represent urtely the interfes of the )uid immersedF his pproh inreses the omputtionl ostsD nd is hllenging when the interior of the ojet is hrd to de(neF st lso represents more preisely the interfesF sn the ontext of )uid )owsD oth methods require the resE olution of trnsport eqution to solve the position of the )uid9s freeEsurfe itertively in timeF e lst onsidertion out ps meshing n e done on the de(nition of the oundry onditions t the orders of the omputtionl dominF he )ow is nturlly de)eted when geometries re positioned in n ir)owF sf the omputtionl domin is too smllD the de(nition of the fgs n provide dditionl perturtions to the )owD thus genE erting impreise resultsD even if good onvergene is hieved for the solverF hose on(nement e'ets must e voidedD s they ompromise the good representtion of the system simultedF 3.1.3 Navier-Stokes equations for high-resolution simulations of FOWTs his thesis foused on urte simultions of pysF his useF highlight the onsidE ertions ehind the development of simultor providing highEuryF es mentioned in eF IFPD the resolution of the xvierEtokes equtions provides the est preision mong the di'erent strtegies followed for the simultion of pysF sn eF IFID the issues ssoited to the simultion of relisti opertionl pys re presentedF es TQ rellD se sttes need to e reproduedD s well s the erodynmisF he intertions of the py with its environment re requiredD nd severl di'erent situtions need to e distinguishedF he erodynmi e'orts pplied on the ldesD nd the rotor ehvior re importnt to hrterize the energy produed y the pyF he motion of the whole struturesD nd the deformtion linkedD eFgFD to eroelstiityD would e needed to get the est preisionF he dynmi of the moorings is lso very importntD to ensure tht the sttionkeeping of the py is ssuredF he setEup of n urte frmework for the resolution of the dynmis of py requires the hndling of threeEphse simultionF wo )uids @ir nd wterA de(ne freeEsurfeD whih interset solid @the pyA evolving t its surfeF he py endures )owEdriven motionD whih is limited y mooringsF he resolution needs to hndle oth the )uid nd solid ehviorsD hene oupling is requiredF he de(nition of hrd oupling strtegyD sed on monolithi pprohD hs the est potentil in terms of preisionF o limit the oupling etween )uid softwresD the erodynmis nd hydrodynmis n e solved using single softwreF his hoie requires the pture of the irGwter interfeD nd its trking in timeF o tht extentD n immersed volume pproh is reE quiredD long with n pproprited meshing of the freeEsurfeF iither the sme methodE ology n e used for the de(nition of the solid struturesD or odyE(tted mesh needs to e de(nedF sn the (rst situtionD lot of e'ort needs to e pled in the positioning of omputtionl point round the )uidGsolid interfeD while the other strtegy imposes the de(nitionD t eh time itertionD of pyE(tted omputtionl meshF he ury of the )ow resolved depends on the formultion hosen for the x equtionsF e hx prdigm is unhievle omputtionllyD whih pushes viEtype formultions forwrdF he omputtionl mesh ells thus need to pture the lrgest eddies hrterizing the uolmogorov sdeD whih impose the use of reltively thin meshesF es highEeynolds )ows re oserved for py simultionsD the turulene generted redues the size lolly required for mesh ellsF his smll size of mesh ells nnot e used everywhere in the omputtionl dominD euse of the e'orts it genE ertes in terms of memory nd resolutionF e(ned res need to e de(nedD in interest res where the )uid nd solid e'ets will e importntF he genertion of this mesh n e done using userEde(ned interest zonesD generting higherEresolution pthesF enother strtegy onsists in utomti dpttionD whih re(nes the mesh in regions de(ned from simultion resultsF he resolution of the x prolem is performed on the omputtionl mesh generE tedF emong the sptil disretiztion methods evoked in this eFD n optiml ury is otined using pinite olumes or pinite ilements wethodsF he pinite hi'erene nd vttieEfoltzmnn pprohes re ompetitive only on regulr gridsD whih omE promises their ury for multiphse )owsD while the r method n solve only the hydrodynmisF prom the order of onvergene of the error produed sptillyD time disretiztion sheme of orresponding order n e seletedF he representtion of the rotor is nother issue for simultor of pyF sn frmeE work solving the x equtionsD two di'erent lterntives re foundF e model n e used to ount for the e'et of the rotorD mong the solutions proposed in uE seF IFPFIF he other option onsists in the representtion of ll the geometriesD inluding the ldesF his option indues higher omputtionl e'ort due to lde meshing nd ll the erodynmi e'ets developing roundF st lso o'ers the potentil to simulte ll the physis with etter preisionF imilrlyD models n e used to ount for moorings TR in the simultionsD whih provide vrious levels of preisionF en optiml simultion would still onsider eh mooring line nd ondut n elstiity study on the fully meshed on itF sn the setEup of simultor of pysD onsidertion n e mde out the oundE ry onditionsF es relisti se sttes nd wind pro(les hve to e genertedD lot of ttention needs to e pled in the de(nition of fgs t the inletF e propgtion of the wve (eld must e relized in order to reprodue se onditions efore it impts the pyF his llows getting rid of perturtions tht my produed y wve genertion tehniquesF he implementtion of slip fgs on the sides of the domin onstrins well the wter )uxF roweverD the dynmis t the freeEsurfe my e impted ner the sidesF he py simulted thus needs to e pled in the middle of rther lrge omputtionl dominF imilrlyD the erodynmi e'ets re impted y the presene of fgs too lose from the rotorF sn the mentimeD onstrining ll the omputtionl domin to impose the )uxes is not 'ordleD s it would rek the inompressiility onditionF eres must e left 4open4D where reirultion my e estlished during the resolutionF hese perturtions must e limitedD eFgFD through the ddition of visous lyersF he numeril methodology followed during this thesis for the development of pltform dedited to the simultion of pys use severl presriptions detiled in this useF he preliminry works relized up to now imply tht some simpli(tions re still used in the design of the simultorD while other topis re not onsidered t llF sn the followingD eF QFP detils the numeril frmework for the resolution of the x equtions in sgsEtehD while eF QFQ presents the implementtions nd dvnes reltive to the simultion of pysF 3.2 Monolithic nite element formulation for the incompressible Navier-Stokes equations he inompressile xvierEtokes equtionsD whose resolution is introdued in eF QFID re relled in iqF @QFVAF

               ∇ • u = 0 in Ω ρ( ∂u ∂t + u • ∇u) -η∆u + ∇p = f in Ω u = α in Γ D σ • u = β in Γ N u(t = 0) = u 0 in Ω @QFVA
es lredy mentionedD the resolution of the x prolem requires dvned omputE tionl tehniquesF his eF presents the pinite ilement frmework used in sgsEtehF 3.2.1 Finite Element formulation e pinite ilement @piA pproh is used in sgsEteh to hndle the resolution of the x prolemF he theory of pi relies on the de(nition of oolev spesD presented in iqsF @QFWAD on whih the solution is pproximtedF hese spes re de(ned on the omputtionl domin ΩD with L 2 (Ω) the spe of funtions whose squre is integrle on

ΩF TS H 1 (Ω) = u ∈ L 2 (Ω) | Du ∈ L 2 (Ω) @QFWA V = u ∈ L 2 (Ω) | u = α in Γ D @QFWA Q = u ∈ L 2 (Ω) Ω udΩ = 0 @QFWA V 0 = u ∈ H 1 (Ω) | u = 0, t ∂Ω @QFWdA
he slr produt of L 2 (Ω) (., .) is de(ned s followingF

∀(u, v) ∈ L 2 (Ω), (u, v) = Ω uvdΩ @QFIHA
he pi method relies on wek formultion of the equtions onsideredF es opposed to the strong formultionD whih writes R(u) = f for R di'erentil opertor nd uD f de(ned on ΩD the wek formultion onsiders the slr produt y funtion de(ned on ΩF he wek formultion is written in iqsF @QFIIA forD respetivelyD the integrl or the slr produt formultionsF

∀v ∈ L 2 (Ω), Ω R(u)vdΩ = Ω f vdΩ @QFIIA ∀v ∈ L 2 (Ω), (R(u), v) = (f, v) @QFIIA
he resolution of iqsF @QFIIA onsists in otining solution u respeting the wek formultionD whih is equivlent to solving R(u) = f F roweverD it is lmost impossile to (nd n nlytil solution to this type of prolemD espeilly in the ontext of the x equtionsF o tht extentD disretiztion of the prolem is proposedF he ompuE ttionl domin Ω is disretized nd split into simplexes KF he set of KD written T h D forms the omputtionl meshF xew pi spes n e de(nedD V h nd Q h D presented in iqsF @QFIPAD orrespond to (rstEorder pi written for veloityGpressure prolemF roweverD pi formultion eing I in veloity nd in pressure does not respet the frezziEfushk onditionD whih genertes numeril instilitiesF en enrihment of the veloity is performed thnks to the spe V 0,h F his de(nes ICGI pi formuE ltionD revited IEpi in the followingF he spes use the nottions C 0 (Ω) nd P 1 (K) desriing respetively the spe of funtions ontinuous on Ω nd the spe of polynomils of degree I on KF

V h = u h u h ∈ C 0 (Ω), ∀K, u h|K ∈ P 1 (K) n @QFIPA V 0,h = {u h | u h ∈ V h , ∀K, u h = 0 on ∂K } @QFIPA Q h = p h p h ∈ C 0 (Ω), ∀K, p h|K ∈ P 1 (K) @QFIPA
he resolution of the pi prolem is hieved on eh element K through liner omintion of the ontriutions of eh point i of KF hpe funtions N i of P 1 (K) re de(nedD respeting N i (j) = 1 if i = j nd N i (j) = 0 if i = jD for i nd j of KF he interpolted solution t point X loted in KD simplex omposed of D K nodesD is written in iqsF @QFIQAF he vlue of u t the node i is written u i F sn the ontext of IEpiD u h|K for rndom x ∈ K depends only on node vluesF sn the ontext of higherEorder piD more interpoltion points re requiredF he sme ehvior is found for

p h F u h|K (x) = D K i=1 u i N i (x)
@QFIQA TT he pi pproh onsiders n interpolted (eld in eh element KF he preision of the results diretly depends on the order of interpoltionD iFeFD the degree of the polynoE mils N i F sn the ontext of IEpiD the shpe funtions N i re of order ID whih trnsltes to ∇u h nd ∇p h eing onstnt in KF his pproximtion genertes errorsD whih n e tkled in di'erent wysF he interpoltion order n e inresedD the size of K n e reduedF he resolution of the xvierEtokes equtions n not e diretly relized with the ICGI formlism introduedF pirst of llD s mentioned in useF QFIFID the turulene of the )ow needs to e modeledF everl pprohes hve een proposedD whih rely on the modi(tion of the x equtions to hrterize the sugridEsle )owF he seond issue with the urrent ICGI prdigm ppers when onvetive )ows re onsideredF he solutions tend to integrte numeril osilltionsD whih require the ddition of stE iliztion terms to e suppressedF es Re numers round ldes hve n order of mgnitude of 10 6 D the )ows re lerly onvetionEdominntF e resolution performed in ICGI formultion would thus generte numeril osilltionsF snsted of onsiderE ing modi(ed x equtionsD the methodology followed in this thesis uses ritionl wultile @wA prdigmF his formultion proposes n nlytil pproximtion of the sugridEsle turuleneD whih integrtes stiliztion terms suited for pi resoE lutionF sn the followingD the resolution of the inompressile x equtions in the w frmework is desriedF 3.2.2 Variational MultiScale of the Navier-Stokes equations he wek form of the inompressile x prolem is presented in vritionl form in iqF @QFIRA with u the veloity nd p the pressureF prom here onD di'erentition is estlished in the nottions etween veloity nd pressureD s they re represented respetively y vetor nd slr (eldsF gompred to the x prolem written in iqF @QFVAF

∀(v, q) ∈ V 0 × Q, ρ(∂ t u, v) + ρ(u • ∇u, v) + 2ηε(u) : ε(v) -(p, ∇ • v) = (f , v) (∇ • u, q) = 0
@QFIRA sgsEteh uses ritionl wultile @wA formultion s presented y rhem et lF @PHIHA to solve the x prolemF he vritionl formultion onsiders pi expresE sion of the x equtionsD with the wek form presented previouslyF he w prdigm opertes s n impliitEvi @vrge iddy imultionAF eloity nd pressure re split eE tween the orse slesD whih re solvedD nd suEgrid slesD whih re modeledF o link this with the developments proposed in useF QFPFID the orseEsle ontriutions orE respond to the results otined from interpoltion on eh simplex KF he sugridEsle ones orrespond to the error produed y the pi pproximtionF he omplementry spes to V D V 0 nd Q n e de(nedF hey re presented in iqsF @QFISAF he sle seprtion indued in veloity in pressure is written in iqsF @QFITAF

V = V h + V @QFISA V 0 = V 0,h + V 0 @QFISA Q = Q h + Q @QFISA u = u h + u @QFITA p = p h + p @QFITA
TU he x prolem otined fter this sle seprtion is presented in iqF @QFIUAF his set of equtions fetures oth orse nd smll slesF sn viD visous term is inorE ported in the x equtions to ompenste for the e'et of the sugridEsle turuleneF sn wD the x prolem is reformulted to dd impliitly the ontriutions from the sugridEsle veloities in the formultionF

∀(v h , q h ) ∈ V h × Q h , ∀(v , q ) ∈ V × Q ,      ρ (∂ t (u h + u ) , (v h + v )) Ω + ρ ((u h + u ) • ∇ (u h + u ) , (v h + v )) Ω + (2ηε (u h + u ) : ε (v h + v )) Ω -((p h + p ) , ∇ • (v h + v )) Ω = (f , (v h + v )) Ω (∇ • (u h + u ) , (q h + q )) Ω = 0
@QFIUA he orthogonlity etween orse nd smll sles o'er to split iqF @QFIUA into orseEsle nd suEsle prolemF hey re written respetively in iqF @QFIVA nd iqF @QFIWAF

∀(v h , q h ) ∈ V h × Q h , ∀(v , q ) ∈ V × Q ,      ρ (∂ t (u h + u ) , v h ) Ω + ρ ((u h + u ) • ∇ (u h + u ) , v h ) Ω + (2ηε (u h ) : ε (v h )) Ω -(p h + p , ∇ • v h ) Ω = (f , v h ) Ω (∇ • (u h + u ) , q h ) Ω = 0 @QFIVA ∀(v h , q h ) ∈ V h × Q h , ∀(v , q ) ∈ V × Q ,      ρ (∂ t (u h + u ) , v ) Ω + ρ ((u h + u ) • ∇ (u h + u ) , v ) Ω + (2ηε (u ) : ε (v )) Ω -(p h + p , ∇ • v ) Ω = (f , v ) Ω (∇ • (u h + u ) , q ) Ω = 0
@QFIWA he w formultion relies on reformultion of the (ne sle prolemF ome simpli(tions n e onsidered in iqF @QFIWAF he rossed visous terms n e neE gletedF he pressure susles re modeledD see iqsF @QFPHAF wo more pproximtions re onsidered y rhem et lF @PHIHAF he susles re treted s qusiEsttiD whih returns ∂ t u = 0F he susle veloity is negleted in onvetive veloityD so tht

(u h + u ) • ∇ (u h + u ) ≈ u h • ∇ (u h + u )F
hese lst two pproximtions re mentioned in godin et lF @PHIUA s perturing the x prolemF tiliztion terms nd residuls re introdued in iqsF @QFPHAD long with the pE proximtion relized for the (neEsle pressure p F he expression of τ C is inherited from godin @PHHHAD where c 1 nd c 2 re two onstnts nd h de(nes hrteristi length of the elementF

p ≈ τ C R C @QFPHA R M = f -ρ∂ t u h -ρ u h + u • ∇u h -∇p h @QFPHA R C = -∇ • u h @QFPHA τ C = η ρ 2 + c 2 c 1 u K h 2 1/2
@QFPHdA e simpli(ed susle prolem is otinedF

∀(v h , q h ) ∈ V h × Q h , ∀(v , q ) ∈ V × Q , ρ (u h • ∇u , v ) Ω + (2ηε (u ) : ε (v )) Ω + (∇p , v ) Ω = (R M , v ) Ω (∇ • u , q ) Ω = (R C , q ) Ω @QFPIA
TV he resolution of veloityGpressure equtions requires n enrihment of the formulE tionF esidulEfree ule shpe funtions b K re de(nedF he smll sle veloities n e rewritten s in iqF @QFPPAF

u = K∈T K u K b K @QFPPA
he I hrteristis of the pi onsidered here o'er to express u t the sle of eh simplex K s funtion of R M F his pproximtion n e omined with n upwind orretion of the ule shpe funtionsD to stilize the onvetive terms of the xvierEtokes equtionsF he formultion otined is similr to tremline pwind etrovEqlerkin @qA frmeworkD with smllEsle veloities u D whih n (nlly e expressed s depited in iqsF @QFPQAF he term b u K refers to the upwind orretions rought to the ulesF

u K = τ K R M @QFPQA τ K = b K K (b K + b u K ) dΩ ρ u h • ∇b K , b u K K + (2µε (b K ) : ε (b K )) K @QFPQA
ustituting k the (neEsle equtions otined into the orseEsle onesD the (nl x w prolem n e de(nedF he full prolemD expressed with IEpi nd solved in sgsEtehD is presented in iqF @QFPRA

∀(v h , q h ) ∈ V 0,h × Q h ,                ρ (∂ t u h + u h , ∇u h , v h ) Ω + (2ηε (u h ) : ε (v h )) Ω -(p h , ∇ • v h ) Ω + (∇u h , q h ) Ω -(f , v h ) Ω + K∈T h τ K (ρ (∂ t u h + u h .∇u h ) + ∇p h -f , ρu h ∇v h ) K + K∈T h τ K (ρ (∂ t u h + u h • ∇u h ) + ∇p h -f , ∇q h ) K + K∈T h (τ C ∇ • u h , ∇ • v h ) K = 0 (∇.u h , q h ) -K∈T h (τ K R M , ∇ • q h ) Ω = 0
@QFPRA he hrteristi length of the element h is evluted lollyF sn the ontext of nisotropi meshingD the determintion of h is hllengeF por n element KD edges of vrious sizes n e foundD without ny gurntee on their orienttionsF o ount for this e'etD goupez nd rhem @PHIQA used lol de(nition of h on eh simplex KD where the lol veloity of the )ow is onsideredF his expression is presented in iqF @QFIQAD with V K the verties of K nd N i the shpe funtions of KF

h K = 2 |u h | V K i=1 |u h • ∇N i | @QFPSA

Mixing laws

he inompressile x equtions require the knowledge of the hrteristis of the )ow t eh point of the omputtionl meshF sn prtiulrD the visosity η nd the density ρ de(ne the ehvior )uid )ows for given prolemF wixing lws re pplied to interpolte them from the properties of the di'erent mterils or )uids in the simultionF he ontext of multiphse )ows requires the representtion of severl phsesF o tht extentD di'erent mixing lws hve to e ppliedF sn sgsEtehD these mixing lws re resolved suessivelyF por the immersion of two phses of levelEset Φ 1 nd Φ 2 D the proedure presented in iqsF @QFPTA is followedF he visosities η 1 D η 2 nd η d hrterize the two phses nd the omputtionl dominF he levelEset funtions llow to design TW reviside funtions H 1 nd H 2 F he proedure presented herefter is vlid for threeE phses )ow using liner lw for eh immersionF e generliztion n oviously e relized to more omplited multiphse )owsD with more phses nd di'erent lwsF

η = Hη 1 + (1 -H)η d @QFPTA η = Hη 2 + (1 -H)η @QFPTA
e liner lw sed on reviside funtion H is presented in iqF @QFPUA for the immersion of n ojet of visosity η o in domin of visosity η d F he onstrution of H is performed t eh omputtionl pointD whih helps to uild slr (eld for ηF he de(nition of H tends to hrterize the 0lition of the urrent point to the phses onsideredD whih llows orret interpoltionF

η = Hη o + (1 -H)η d @QFPUA
hi'erent hoies re ville onerning the reviside funtion used for the immerE sionF he only requirement for H is to de(ne ijetion in the trnsition re returning results etween 0 nd 1F roweverD onstrint rises from the numeril frmework used in sgsEtehF por the se of two )uidsD the only informtion known t eh time step out their interfe is provided y the levelEset funtion Φ ε F gonsequentlyD H needs to e de(ned from Φ ε for the onstrution of )uidG)uid mixing lwF por the ske of generliztionD the de(nition of H is performed in sgsEteh from Φ ε D nd is thus written H ε F he omptiility of the mixing lws with the dptive meshing presented in eF PFP is very interestingF he mixing lw rules the evolution of η nd ρD nd require (ne meshing to e represented preisely t the interfesF sn sgsEtehD the dptive meshing isD in prtiulrD de(ned y Φ ε F his implies the mesh to e dpted in the region where the levelEset funtion evolvesF he de(nition of the mixing lw needs to ount for thisD s the evolution of η nd ρ needs to e onentrted in the region where the grdient of Φ ε is the highestF sf notD the smoothing of the )uid properties n e impreiseD does not represent well the prolem simultedD nd omputtionl issues my riseF sn sgsEtehD this is hieved through the introdution of prmeter e mix D whih hrterizes the width of the mixing regionF he levelEset funtion Φ ε D de(ned in eF PFI for α signedEdistneD is relled in iqF @QFPVAF en option for H ε D uilt using Φ ε to nswer the meshing issuesD is presented in iqF @QFPWA nd plotted in pigF QFSF

Φ ε (α) = ε tanh α ε @QFPVA H ε (Φ ε ) =          0 if 1 2 1 + Φε e mix < -e mix 1 2 1 + Φε e mix if -e mix < 1 2 1 + Φε e mix < e mix 1 if 1 2 1 + Φε e mix > e mix @QFPWA
he illustrtion highlights the importne of thinner mixing reF he levelEset (gures the regions where the mesh is re(nedD mostly where the ressin of Φ ε is imporE tntF hese res oinide for e mix = ε/2D whih gurntees good representtion of the interfesF yn the ontrryD H tends to widen s e mix gets loser from εD whih opens the door to vritions in η in orselyEmeshed zonesF ith e mix = εD H ε de(nes mixing lws of width εF es the trnsition in )uid properties must e spred on severl mesh

UH -3 -2 -1 0 1 2 3 0 0.2 0.4 0.6 0.8 1 α | d 2 Φε dα 2 |
Hε @e mix = εA Hε @e mix = ε/2A Hε @e mix = ε/4A

pigure QFSX eond derivtive of Φ ε @iqF @QFPVAA nd H ε @iqF @QFPWAA for ε = 1 nd vrious e mix F ellsD e mix = ε/4 is rejetedF pinllyD e mix = ε/2 seems to e the most e0ient option mong the three proposed in pigF QFSF he drop of d 2 Φε dα 2 round the α = 0 shows the limits of the dpttion sed on Φ ε onlyF he re(nement of mesh ells in this region is not onstrinedD whih n led to importnt errorsF roweverD the mixing lw is qusiEliner in this regionD thnks to this hrteristi of the hyperoli tngentF gonsequentlyD only few mesh ells llow produing smll interpoltion errorF woreoverD this re is loted inEetween two highly re(ned regionsF he oherene of the mesh generted tends to redue the trget size of ellsD whih genertes 4proximity re(nement4F sf the preision hieved using the mesh generted utomtilly using Φ ε is not su0ientD the dpttion n e enrihed thnks to reourse to hir funtion δ adapt D de(ned s derivtive of H ε F he dpttion is then done on Φ ε +δ adapt F he expression of δ adapt is presented in iqF @QFQHAD nd omprison etween Φ ε nd δ adapt is drwn in pigF QFTF he ddition of the hir funtion in the dpttion proedure llows to onsider the plin urve from pigF QFT to otin the mesh onentrtionF he dpted re will feture more points round α = 0D whih improves the desription of the interfesF

δ adapt = 1 2ε 1 - Φ ε ε 2 @QFQHA
he onstrution of η proposed in iqF @QFPUA uses liner interpoltionF his lw is the most strightforwrd to uildF roweverD when lrge disprities re enounteredD other lws my e more ppropritedF his pproh my e required forD eFgFD the density drop oserved t the surfe of the seD where the order of mgnitude of the rtion ρ water /ρ air is of 10 3 F hi'erent lws n e used for the interpoltionF vogrithmi nd inverse lws re presented in iqsF @QFQIAD nd drwn in pigF QFUF he vriety of interpoltions villeD long with the di'erent options for H ε D enle to design mixing lws suited for vrious prolemsF he inverse nd logrithmi lws re vlid for stritly positive vluesD whih is lwys the se for the physil properties η nd ρF

log(η) = H ε log(η o ) + (1 -H ε ) log(η d ) @QFQIA 1 η = Hε 1 η o + (1 -H ε ) 1 η d @QFQIA UI -3 -2 -1 0 1 2 3 0 0.5 1 1.5 α | d 2 Φε dα 2 | + | d 2 δ adapt dα 2 | | d 2 Φε dα 2 | | d 2 δ adapt dα 2 |
pigure QFTX eond derivtives of Φ ε @iqF @QFPVAA nd δ adapt @iqF @QFQHAA for ε = 1F 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 10 0 10 1 10 2 H η viner vogrithmi snverse pigure QFUX hi'erent interpoltion tehniques pplile to mixing lwsF UP 3.2.4 Movements of phases huring simultion of pysD the phses represented in the dominD eFgFD the )otE ing strutureD the rotor or the seD need to e movedF wo di'erent situtions need to e distinguishedD the presried movements nd the solved onesF o drw ompriE son with simultion of pysD the rottion of ldes n e userEde(nedD iFeFD presried sine the eginning of the simultionD or solvedD iFeFD dedued from the eroE dynmi e'orts pplied on itF sndependently of the type of movements onsideredD the determintion of the new phse follows the sme ojetiveX the levelEset Φ ε t the next time itertion needs to e omputedF o tht extentD the new Φ ε needs to respet ll the mthemtil requirements of levelEset funtionD ut lso hs to urtely represent the phseF emong the propertiesD the grdient of the levelEset ner the interfe Γ hs to respet ∇Φ ε Γ = 1D whih n require prtiulr numeril tretmentF he ury of the representtion is mostly dependent on good omptiility etween the physil prolem simultedD the simultion prmeters nd the mesh dpttionF hen the movements of the phse to disple re presriedD this step is strightforE wrdF he new phse is known expliitlyD with vriety of options villeF he signedE distne α or the levelEset funtion Φ ε n e diretly presriedD or the movements n e de(ned from the oordinte system of the ojetF his prdigm is often followed for rigid ojetsD whih follow simple pthF sn this situtionD the trking of the interfe with time is simpli(edF he presried de(nition of the prmeters llow omplete reE onstrution of the phses t eh time inrementD whih respets ∇Φ ε Γ = 1 y ntureF hen the movements of the phses need to e solvedD the determintion of the new positions is more hllengingF he geometry represented y reviside funtion needs to e movedD nd eventully deformedD from the veloities of the surrounding )owF yne ginD two di'erent situtions n e onsideredX the solved movements of rigid solidsD whose tretment is detiled in the ontext of uoyny in useF QFQFQD nd the moveE ments of )uidsF he movement of deformle solids is lst seD whih is not onsidered in this thesisF iven ifD for urte simultion of pysD the eroelstiity orresponds to this type of solved movementsF he )uid )ows impose the trking of the interfeD represented y Φ ε D during the simultionF he movements of )uids re relized in sgsEteh through the resolution of n dvetion prolemD whih solves the trnsport of levelEset funtionsF he dvetion eqution is presented in iqF @QFQPA for )uid phse of frontier Γ represented y levelEset funtion Φ ε of hrteristi width εD nd with u the veloity of the )owF he trnsport is solved y onsidering the hyperoli equtionF

∂Φε ∂t + u • ∇Φ ε = 0 Φ ε (t = 0) = Φ ε,0
@QFQPA fy onstrutionD the grdient of Φ ε needs to e 1 round ΓF roweverD the resolution of this dvetion eqution does not onserve this ehviorF he grdient of the levelEset dveted Φ a ε does not respet ∇Φ a ε Γ = 1F e orretion step needs to e dded for Φ ε to respet the grdient ondition t the next time itertionF e ommon pproh is to reinitilize Φ a ε through the resolution of rmilton!toi equtionD whih introdues virtul time to reonstrut Φ ε from Φ a ε F his reinitiliztion step onsiders Φ a ε D nd performs redistningD to respet the ondition on the grdient t ΓF his proedure llows otining levelEset t the next time step respeting ll the ondition enumerted previouslyF roweverD the resolution of multiple prolemsD the dvetion one nd some reinitiliztion stepsD is required efore otining the distriution of Φ ε t the next time stepF UQ sn sgsEtehD the trnsport nd the reinitiliztion re omined in single prolemF he onvetiveEreinitiliztion methodD developed y ille et lF @PHIIAD is usedF his pproh llows to oth trnsport nd reinitilize the grdient of the levelEsetD through the resolution of single prolemF e virtul time τ nd funtion Φ v ε D shring the zeros of Φ a ε D re introduedF he onvetive reinitiliztion prolemD written in iqF @QFQQA for Φ v ε D ontins trnsport nd redistning feturesF he sign funtion S is de(nedD nd g(Φ ε ) = 1 -(Φ ε /ε) 2 orresponds to the nlytil grdient of the levelEset funtionD omputed from derivtion of the theoretil expression of Φ ε F his new prolem is written with totl derivtive insted of prtil oneD s n iulerin frmework is usedF

dΦ v ε dτ + S (Φ a ε ) ( ∇Φ v ε 2 -g(Φ v ε )) = 0 Φ v ε (τ = 0) = Φ a ε (t)
@QFQQA e veloity U nd prmeter λ re introdued in iqF @QFQRAF

U = S(Φ t ε ) ∇Φ v ε ∇Φ v ε 2 @QFQRA λ = dτ dt @QFQRA
e reformultion of iqF @QFQQA to ring U out llows reformulting this set of equtions s n dvetion prolemD set down with τ F e multiplition of this dvetion prolem y λ enles to ome k to time derivtivesF he prolem otined is presented in iqF @QFQSAF

dΦ v ε dt + λU • ∇Φ v ε = λS (Φ a ε ) g(Φ v ε ) Φ v ε (τ = 0) = Φ a ε (t)
@QFQSA he reourse to Φ v ε is not neessryD s the resolution is performed in one stepF he (nl onvetiveEreinitiliztion is presented in iqF @QFQUAF his formultion integrtes the expression of the derivtive of Φ ε drwn in iqF @QFQTAF his (nl prolem llows solving the trnsportD while onserving the orret desription of ∇Φ ε F

dΦ ε dt = ∂Φ ε ∂t + u • ∇Φ ε @QFQTA ∂Φε ∂t + (u + λU) • ∇Φ ε = λS (Φ ε ) g(Φ ε ) Φ ε (t = 0) = Φ ε,0 @QFQUA
he term dΦ ε /dt is linerized using kwrd iuler time shemeD whih llows uilding liner systemF he numeril instilities due to the onvetionD disussed in useF QFPFPD re eliminted thnks to the ddition of q termsF he stilized liner system is (nlly solved using iF 3.2.5 Monolithic resolution of the Navier-Stokes equations he resolution of the )ow prolem is relized in sgsEteh using the utilities previously presented in this eF he prolem of iqF @QFPRA needs to e trnsformed into liner system Ax = bD whih is solved using iF everl terms presented in this eF re not suited for resolutionF sn prtiulrD the time derivtives nd nonEliner terms found in iqF @QFPRA hve to e dpted to e hndled numerillyF he time dependeny is hndled through time disretiztionF he formultion proE posed in sgsEteh uses n iuler impliit shemeF his mens thtD to ompute x n = x(t = t n )D ny x in Ax = b is onsidered s x n itselfF his ehvior tends to enrih the UR mtrix AD nd leds to higher omplexity during the implementtionD ompred to n expliit sheme onsidering x n-1 F roweverD muh etter roustness is otined with this hoieF he order of evolution of the error is of ID whih mens thtD when the time step is divided y N D the error is divided y N tooF he time disretiztion should lwys e regrded in perspetive with the sptil disretiztionF hose two methods enle to get solution to the x equtionsD ut oth produe errorsD whih hve to e kept in the sme orders of mgnitudeF he dvetion term u • ∇u in iqF @QFPRA is nonElinerF o uild liner prolemD this term must e linerizedF sn sgsEtehD lineriztion in time is performedD sed on the impliit iuler time sheme disussed previouslyF he detils of the lineriztion re presented in iqsF @QFQVAF

u n+1 • ∇u n+1 = (u n + (u n+1 -u n )) • ∇ (u n + (u n+1 -u n )) =u n • ∇u n + (u n+1 -u n ) • ∇u n + u n • ∇(u n+1 -u n ) + (u n+1 -u n ) • ∇(u n+1 -u n ) =u n+1 • ∇u n + u n • ∇u n+1 -u n • ∇u n @QFQVA
sn the lst step of the proedureD the term (u n+1 -u n ) • ∇(u n+1 -u n ) disppersF his pproximtion is relized euse the term generted is of the seond order in timeD s it n e veri(ed with ylor expnsionF yne the mtriil prolem hs een set upD sgsEteh tkes dvntge of i to solve the (nl system in prllelF e preonditioner is used to optimize the onditioning of the mtrixD here n snomplete v y loksF stertive solvers re used to solve the x w prolem in IEpi formultionF e fionjugte qrdient tilized solver hs een used during the thesisF 3.3 Numerical utilities of ICI-tech for the simulation of FOWTs o simulte pys in rel opertionl onditionsD the resolution of the x equtions is only smll prt of the prolemF he rotorD the hydrodynmi ehvior of the )oting pltform or the moorings re mong the sujets tht hve to e ddressedF sn sgsEtehD the representtion of rigid rotor is relized using fullEgeometry reE onstrutionF he numeril ssets presented in ghpF P hndle this step y themselvesD nd no further implementtions hve een needed to urtely model stti rotorF he developments inluded in sgsEteh foused on the rottion of the whole strutureF he reonstrution of the moving rotor relies on suessive immersions of the rotor meshF he implementtion of the otree ws le to lrgely redue the osts linked to mesh immersionF his postponed the implementtion of utility rotting the omputtionl mesh to follow the rpid movements of the rotorF resried rottion of the ldes only requires the orretion of the positioning of the rotor immersed meshF he resoluE tion of solved movements for the rotor requires the omputtion of the e'orts pplied on the ldesF his evlution of fores is desried in useFQFQFIF he hydrodynmis n e viewed from two di'erent points of viewF he (rst one onsiders the impt of the se on the pyF o tht extentD n urte representE tion of rel se sttes is importntF sn prtiulrD the numeril genertion of wves is key feture of py simultorF imultion tools n only work with domins of (nite sizeD nd smll mesh ells re required for the representtion of the freeEsurfeF ps is required in the ontext of pysD whih is expensive omputtionllyF ell these US resons fore the reourse to smllD ounded dominsD where wves hve to e generted rti(illyF he di'erent developments relized onerning numeril wve tnks re presented in useF QFQFPF he seond one fouses on the motion indued on nd y the )oting strutureF he inoming wve (eld hs n impt on the pyD whih genertes lodsF he )oting struture is thus put in movementF he de(nition of those displements is neessry to otin n urte simultion of pyF he displements of the py then hve diret impt on the surrounding wterD whih perturs the hydrodynmisF he uoyny nd ps simultion tools re presented in useF QFQFQF iven if this thesis hs not een foused on mooringsD this sujet is rie)y disussed in this useF tooF 3.3.1 A posteriori computation of forces applied on an immersed body he omputtion of the fore pplied on n ojet is not trivil in the ontext of mesh immersionD s the dpted mesh otined is not odyE(ttedF he sene of points loted extly on the frontier of the immersed geometries prevents the diret quisition of the lodsF roweverD the onentrtion of points round the interfes enles to mesure those fores rther urtelyF snsted of mesuring the lol norml onstrint T local pplied on the ext oundry of n ojet ω of interfe ΓD s in iqF @QFQWAD the fore needs to e mesured on volume surrounding ωF his is done using the pproh developed y frkill et lF @IWWPAD whih uses hir funtion δ ε D presented in iqF @QFRIAF his hir funtion is uilt s derivtive of the reviside funtion H ε D whih respets iqF @QFRPAF he funtion peks for Φ ε = 0D nd progressively deys s it moves wy from ΓF he integrl of T local pondered y δ ε is onsideredD whih llows to mesure n pproximtion F ε of FD written in iqF @QFRHAF he in)uene of the )ows on Γ follows the trend of δ ε F he ontriutions of T local re mximl round ΓD nd progressively deyF

F = Γ T local dS @QFQWA F ε = Ω δ ε T local dV @QFRHA δ ε = 1 2ε 1 - Φ ε ε 2 = ∇H ε @QFRIA Ω δ ε dV ε→0 ---→ Γ dS @QFRPA
hi'erent hir funtions δ n e de(ned for the omputtion of foresF everl onE strints exist thoughF sf ω is deformleD the only informtion hrterizing Γ known t eh time step is Φ ε F gonsequentlyD the de(nition of δ is generlizle if its expresE sion is uilt from Φ ε F he onnetion etween the omputtion of fores nd the mesh dpttion proedure needs to e regrded tooF he support of δ n e de(ned s the width of the region where δ = 0F he support of the hir funtion used needs to e inluded inside the highly dpted regionsF egrding this de(nitionD the support of δ ε is in(niteD even if δ ε rpidly tends towrds 0F e virtul support n thus e de(ned for δ ε using thresholdF his ould help to evlute the omptiility of δ ε with the mesh dpttion sed on Φ ε F roweverD s δ ε = ∇H ε D the mesh generted will nturlly e dpted in the res where δ ε hs in)ueneF pinllyD even if δ does not need to e even y de(nitionD this hrteristi filittes some developmentsF he fores re omputed a posteriori from the results of veloity u nd pressure p otined fter the x resolutionF e reonstruted veloity grdient is uilt nd the UT stress tensor σ is omputed t every point of the meshD with η the visosity nd I the identity mtrixF he lol norml stress is omputed in iqF @QFRQAF he de(nition of vetor norml to ω is neessry t tht pointD ut s the omputtionl points re not disposed long ΓD its determintion is not immediteF st hs een hosen to de(ne n s normlized grdient of Φ ε F his llows omputing n t every point of the mesh using existing dtF his lso sets nturl (lterD s n is nonEzero round Γ onlyF he fore F ε pplied on ω is then dedued from n integrtion of the lol norml onstrints ponderted y δ ε over ΩD s presented in iqF @QFQWAF

T local = σ • n @QFRQA σ = η(∇u + t ∇u) -pI @QFRQA n = - 1 ∇Φ ε ∇Φ ε @QFRQA
his formultion is inherited from the smoothed reviside funtion de(nitionF he ε prmeterD hrterizing the width of the trnsition reD is de(ning the spn of the integrtion zoneF he onvergene of F ε towrds F when the width of the trnsition re tends towrds zero hs een estlished y frkill et lF @IWWPAF gonsequentlyD the preision of the fore representtion is diretly dependent on εD iFeFD the qulity of the fore otined is determined y the ury hieved within the immersion proessF hen the immersion of solid ojet ω is onsideredD the veloity of the )ow inside the ojet is nullF he only ontriutions of the )ow re oming from the outside of ωF gonsequentlyD the evlution of the fore pplied on n ojet y surrounding )ow must fous on the exterior of ω onlyF he de(nition proposed in iqF @QFRIA is not suited for this usgeD s δ ε provides the sme in)uene to the interior or the exteriorF o ount for the exterior )ow onlyD trunted hir funtion δ t ε is de(nedF he expression of δ t ε is written in iqF @QFRRAD nd omprison of δ ε nd δ t ε is drwn in pigF QFVF

δ t ε (Φ) = 2δ ε if Φ ≤ 0 0 if Φ > 0 @QFRRA -3 -2 -1 0 1 2 3 0 0.2 0.4 0.6 0.8 1 Φ ε δ δ ε δ t ε
pigure QFVX hir nd trunted hir funtions for ε = 1F he trunted hir must respet the ondition written in iqF @QFRPA to e used for the fore omputtionF his de(nition is enles y the even hrteristi of δ ε F por UU Ih test se s plotted in pigF QFVD the development presented in iqF @QFRSA is trivilF

δ t ε dΦ = Φ≤0 2δ ε dΦ @QFRSA = δ ε dΦ @QFRSA
sn the ontext of rndomD losed ojet in Ph or QhD this sttement eomes wrongF he regions where δ hs high in)uene nd orrespondingD respetivelyD to the interior or the exterior of ωD do not hve the sme reF his sttement is illustrted in pigF QFW for the se of irle @hthedAF he support of δ de(nes the support reD etween the dshed irlesF he interior zoneD hthed nd olored in redD is smller thn the exterior oneD olored in lueF woving from δ ε to δ t ε skips the red interior reD to evlute the fore in the lue exterior region onlyF he resoning of iqF @QFRSA n e reproduedD this time using limitsF he developments re presented in iqsF @QFRTAF pigure QFWX hir support round on irle @old lineA de(ning the interior @redD hthedA nd the exterior @lueAF

Ω δ ε dV = Ω,Φ≤0 δ ε dV + Ω,Φ≥0 δ ε dV @QFRTA Ω,Φ≤0 δ ε dV ε→0 ---→ Ω,Φ≥0 δ ε dV @QFRTA Ω δ ε dV ε→0 ---→ Γ dS @QFRTA
prom the (rst eqution of iqF @QFRSAD whih remins vlidD nd from iqsF @QFRTAD the respet of the ondition from iqF @QFRPA is estlished for δ ε F his llows to ompute the fore pplied y the )uid on n immersed geometryF e vlidtion of the method presented in this useF is proposed in eF RFQF 3.3.2 Numerical wave tank he numeril genertion of wves is ritil point for the simultion of pysF his is relized in sgsEteh in xumeril ve nk @xA de(ned s losed omputE tionl dominD retngle in Ph nd uoid in QhF preeEslip oundry onditions re used to retin the wter loted insideD exept on top of the omputtionl dominD where the )ows re freed to respet the inompressiilityF he initil pressure is (xed in this re to the tmospheri oneF e Ph exmple of x is found in pigF QFIHD for wter depth of 5m nd 10m of irF et pointD prsiti veloities distured the omputtionsD UV foring the implementtion of visous re on top of the omputtionl dominF sn this regionD where the visosity of the )ow ws higherD the veloity of the )ow is lso preE sried horizontlF his orretion prevented the retion of reirultion going through the orders of the dominF P=0 pigure QFIHX x with imposed pressure on top nd with freeEslip onditions on ottomD left nd rightF es evoked in useF IFPFPD di'erent methods n e used to generte wvesF ell of them fous on energy supplyF emong themD two hve een seleted nd implemented in sgsEtehX the dynmi oundry nd the soureEterm pprohesF e sponge lyer method is lso used to prevent the re)exion of wves t the end of the dominF he sponge lyer pproh onsists in the retion of numeril sorption reD where the energy of the inoming wves is dissiptedF he )ow entering the sponge lyer progressively loses its energyD whih results in smller veloitiesF en illustrtion of the interest of sponge lyer is presented in pigF QFIIF he lue urveD whih orresponds to se when no soring re ws implementedD is highly pertured t the rightEhnd side of the dominF hese e'ets rise when trnsport eqution is solved ner wllD nd generte numeril issuesF he onvergene in the resolution of the )ows is hrder to estlishD nd lot of omputtionl e'ort is required in terms of meshingF yn the ontrryD the red urve is progressively dmpedD whih filittes the omputtionsF hese utilities re presented in the followingF pigure QFIIX gomprison etween two wve (eldF edX ith sponge lyer on the rightE hnd sideF flueX ithout sponge lyerF he tools presented in the following hve een implemented in sgsEteh to im t UW developing demonstrtor of pyF ixmples of xs n e found in eF SFP for preliminry works for the setEup of py demonstrtorF he vlidtion of the hydroE dynmisD espeilly fousing on the propgtion of wve (eldsD is presented in eF RFPF Wave generation everl wve genertion methods exist in the litertureD whih hve een listed in uE suseF IFPFPF wo of them hve een implemented in sgsEtehX physil wve mkerD nd soureEterm wve genertorF hey re presented in the followingF he (rst wve genertion method implemented onsists in displing moving rigid solidD on whih oundry onditions re ppliedF he solid is loted t the leftEhnd side of the dominD to generte wve (eld going through ll the dominF he fgs de(ned on pigF QFIH re onservedD nd sponge lyer is ddedF he x otined is presented in pigF QFIPF he sponge lyer is represented using grdtion to highlight the progressive sorption of the energy in this reF

P=0

pigure QFIPX x integrting dynmi oundry wve genertor @leftD redA nd sponge lyer @rightD grdtionD greenAF he (rst tegory of wve genertors implemented in sgsEteh is the dynmi oundE ries oneD omposed of two types of wve mkersF he (rst type orresponds to pistonD moved horizontlly onlyF his representtion is simple nd e0ientD ut lks preision s the whole olumn of wter in ontt with the piston is exitedF e more dvned model onsiders hinged wve mkerD whih mostly energizes the freeEsurfe @pAF his model provides most of the energy to the wter loted ner the pD whih is loser from relityF he de(nition of the oundry onditions pplied on the wve genertor is oE tined using the softwre ryEx @for righ yrder petrl E xumeril ve nkAD developed y hurozet et lF @PHIPAF sing s input presried wve (eldD ryEx is le to provide the position nd veloity of wve mkerD either of piston or hinged typeF sn the x s onsidered y ryExD presented in pigsF QFIQD di'erent wve (elds n e representedD from monohromti to irregulr ones representing rel se sttesF he imposition of the fgs follows simple proedureF et given time stepD the position of the wve genertor is updtedF he veloity is imposed from the oundry onditions of the moving solidD nd the wves re generted nd propgted through the resolution of the xvierEtokes equtions nd of n dvetion prolemF his proedure o'ers importnt )exiilityF he onstrution of moving solid in the domin is rther strightforwrdD nd its motion is diretly imported from ryExF he min limittion omes from the hrteristis of physil wve genertorsF hey tend to rete wter perturtions ner the wke mkerD whih rpidly deyF roweverD VH @A x in ryD with the wve mker in greyF @A wo types of wve mkersD piston @topA nd hingedEtype @otE tomAF pigure QFIQX hesription of the x de(ned in ryExD from hurozet et lF @PHIPAF these e'ets re timeEonsumingD nd my led to inury in the simultionsF e wy to tkle those turulent issues is to inrese the visosity of the )uids in the omputE tionF his improves the onvergene of the shemes nd thus redues the omputtionl expensesD ut modi(es the )owF iven if the di'erenes otined re minorD the perE turtions indued in the )ows round strutures re lrgely modi(edF he psD whih is key element of n urte study of pyD is deeply lteredF gonsequentlyD this tehnique n e used to model urte wve (eldsD ut struggles one ps studies hve to e relizedF e soureEterm wve genertion proessD used y glderer @PHISAD hs een impleE mented tooF gontrrily to the dynmi fgs methodD this pproh does not need ny physil wve mkersF he wves re this time generted y soureEtermsD whih t diE retly in the momentum eqution of the x prolemF he modi(ed momentum eqution is presented in iqF @QFRUAF ρ( ∂u ∂t

+ u • ∇u) -η∆u + ∇p = f + ρS @QFRUA
he soure term S whih ppers in this iqF n e viewed s modultor of grvity long the pF sn the ontext of monohromti wve (eld of mplitude AD of wvelength kD of frequeny ω nd of phse shift θD the soure terms pplied diretly on the p S F S n e expressed t ny time t nd position xF he reltion n e found in iqF @QFRVAF he terms n F S nd C F S orrespondD respetivelyD to the outwrd norml to the p nd onstnt depending on the wve prmetersF

S F S = C F S sin(ωt -θ)n F S @QFRVA
roweverD the meshing of the omputtionl domin prevents from imposing the soure funtion t unique pointF he exittions of the soure hve to e shred mong severl points loted round the pD ut lso in n interest zoneF sn similr pproh to the one developed in iqF @QFRPA for the evlution of foresD the soure term n e pplied to the p using hir funtion δ ε F his hir funtion n e uilt from the levelEset representing the p Φ ε D eFgFD using iqF @QFRIAF imilrly to the proedure followed in VI useF QFQFID this smoothing funtion llows moving from integrtion over the whole volume to limit towrds n integrtion long the pF his n e summrized y iqF QFRPD with Ω the omputtionl domin nd Γ the pF he soureEterm theory onsiders n energy supply onentrted round the pD from whih wves n e propgtedF o tht extentD the soure term hs to e pplied only to ertin region of the pF sn the ontext of Ph wve mkerD the theoretil soure needs to e nodlF e new disretiztion hs to e proessedD this time long xF rd Qh se eing onsideredD the soure term ould hve een nodlD ut it ould lso e pplied long lineF por nodl soureD two disretiztions would hve een neededD long the xis x nd y s de(ned in pigF QFIQF por lineEsoureD the Ph expression n e keptD with normliztion linked to the length of the x long the trnsversl diretionF he development proposed herefter onsider Ph x onlyF e hir funtion hrterizing the width of the soure re long the x diretion needs to e de(nedF por the pplition of soure term S F S round point loted on the pD t x = x S D the iqF @QFRWA needs to e respetedD whih implies the limit presented in iqF @QFRWAF

Γ δ x S F S dS x→0 ---→ S F S (x S ) @QFRWA Ω δ ε δ x S F S dV ε,x→0 ----→ S F S (x S )
@QFRWA everl di'erent formultions re ville for δ x F he one proposed y glderer @PHISA is usedD nd is presented in iqF @QFSHAF he prmeter ε x represents hlf the width of the soure reD while x is the trnsltion of x eing null in the middle of the soure reF

δ x = 1 2εx 1 + cos πx εx if -ε x < x < ε x 0 otherwiseF @QFSHA
hese two hir funtions llow to de(ne regionD in whih the soure funtion S n e ppliedF he expression of S is presented in iqF @QFSIAF he vetor n is uilt t eh point s in iqF @QFRQAF he terms gD ρ w nd ρ F S of iqF @QFSIA orrespond respetively to the grvity onstntD the density of wterD nd ρ(Φ ε = 0)F st fores the width of the soure region long x to e smller thn k x F

S = C sin(ωt -θ)δ ε δ x n @QFSIA C = Aρ w g 2 ρ F S ω 2 ε x k(π 2 -ε 2 x k 2 ) π 2 sin(kε x ) @QFSIA
he genertion of wves is less expensive omputtionlly ompred to the dynmi fgs methodF here is no need to represent solid in the dominD whih leds to redution in oth the numer of nodes in the mesh nd the ost of remeshingF e higher ost is required in the implementtionD s the momentum eqution hs to e modi(edF e orretion of the x implementtion is required for this methodF sn sgsEtehD the IEpi w x prolem presented in iqF @QFPRA hs to e modi(edD to integrte the orretions of the momentum eqution proposed in iqF @QFRUAF sn prtieD this step is not tht hlE lengingD s S n e treted in similr wy s f Y insted of onsidering f in iqF @QFPRAD iqF @QFRUA requires the use of f + ρSF gonsequentlyD fter implementtionD this method is e0ient to generte monohromti wve (eldF e (rst limittion of this method rises when omplex wve (eld is requiredF heoretillyD this method o'ers to generte omE plex wve (eldsD using deomposition in monohromti wvesF gonsider omplex VP P=0 δ ε δ x Interest region pigure QFIRX x integrting soureEterm wve genertor @irledD redA nd sponge lyers @grdtionD greenAF wve (eld omposed of N monohromti wves of prmeters (A i , k i , ω i , θ i ) i∈N,i<N F he soure term relted to the omplex wve (eld S c writes s in iqF @QFSPAF he onstnt C i is similr to the one de(ned in iqF @QFSIAF

S c = i<N (C i sin(ω i t i -θ i )) δ ε δ x n @QFSPA
his de(nition seems to o'er gret potentil for the simultion of omplex wvesF roweverD ghoi nd oon @PHHWA nd r et lF @PHIQA otined dissiption t ertin frequeniesF wore generllyD they struggled to onserve the spetrum used in the generE tion fter propgtion of the wve (eldF gonsequentlyD this methodology n e used to simulte simple test sesD when monohromti wve (eld is onsideredF reliminry results n e otined t redued ostD nd si ps n e relizedF roweverD the soureEterm wve genertion method my e disquli(ed when omplex wve (elds re simultedF he di'erent options onsidered for xs in sgsEteh hve een illustrted using Ph test sesD for the ske of simpliityF xote tht Qh implementtion hs lso een relized for ll the di'erent xsF sn the ontext of physil wve mkersD the de(nition of Qh wve tnk is strightforwrdF e single wve mker n generte monohromti wve (eld independent from the trnsversl position in the xF o generte more omplex )owsD ryEx enles to disretize the physil wve mkerD nd provides the motions of eh wve mkerF por soureEterm wve mkersD the genertion of wve (elds n e relized from either soure point or soure line positioned on the pF Absorption of waves he genertion of wves in smllD losed domin lso imposes to dmp the wves rriving t the right end of the xF sf it is not doneD re)exion of the inoming wve trin would pertur the )ows in ll the omputtionl dominF ponge lyers hve to e designedD s lredy mentioned in this useF everl pprohes hve een testedD whih intended to dissipte the energy of the wvesF he most promising one is the relxtion pprohD whih relies on the lending of trget solution β t D determined nlytillyD into the omputed one β c F sn the generl theoryD the funtion β n e the veloity of the )ow or the p elevtionF he relxtion funtion γ hrterizes the reltive positioning of the urrent point into the sponge lyerF st vries from H t the eginning of the relxtion re to I t its endD nd is H elsewhereF he reltion solved VQ is written in iqF @QFSQAF

β = γβ t + (1 -γ)β c @QFSQA
por the design of n soring reD the relxtion of the veloities of the )ow is relized towrds trget solution u t = 0F he determintion of γ leds to mny di'erent possiilitiesF e theoretil requirement noted y ingsigEurup et lF @PHHUA is tht the derivtive of γ should vnish t the orders of the relxtion reF sn this thesisD the funtion de(ned y fonnefoy et lF @PHHTA nd written in iqF @QFSRA is usedD s it nswers the ondition presented for x s ∈ [0; 1] in the sponge lyerD with x s = 0 where β = β c is requiredF

γ = x 2 s (3 -2x s ) @QFSRA

Buoyancy and Fluid-Structure Interaction

he )oting ility is neessity for pyD s its nme suggestsF pluidEtruture sntertion @psA tools re requiredD to ount for the e'et of the environment on the pyD ut lso the response of the )oting struture to pertur its ner )owF e rigidE ody motion hs een implemented in sgsEtehD within mster thesis integrted into the sope of the hhF he movement of py is solved in T hegrees of preedom @hopA wyF he resolution of the movements is integrted into the monolithi frmework developed for the resolution of the xvierEtokes equtionsF Rigid-body motion he movements of rigid solid ω n e split etween trnsltion nd rottionF he reltion ruling it is presented in iqF @QFSSAD for u nd x respetively veloity of the )ow nd position t point of the solidF U nd R orrespond to the trnsltion nd rottion vetors hrterizing the rigidEody motionD nd ∧ is the rossEprodut opertorF u(x, t) = U + x ∧ R @QFSSA he evlution of U nd R n e relized thnks to minimiztion prolemD preE sented in iqsF @QFSTAF heoretillyD the ouple @U DRA determined using three points or using ll the points of the omputtionl domin loted inside ω should e identilD s the motion of three points de(nes the dynmis of rigid odyF he onsidertion of more thn three points is wy to eliminte numeril isD tht ould rise in prtiulr situtionsD with eFgFD ligned pointsF min

U,ω ω ϕ(u, x) 2 @QFSTA ϕ(u, x) = U + x ∧ R -u @QFSTA
he miniml vlues of U nd R n e found when the onditions presented in iqF@QFSUA re ful(lledF 

O t+∆t = O 0 + ∆t (U + O 0 ∧ R) e i t+∆t = 1 e i 0 +∆te i 0 ∧R (e i 0 + ∆te i 0 ∧ R) @QFSVA
his proedure tkes dvntge of the rigid hrteristis of the immersed ojetF his inherits from the position of rigid geometryD whih n e split etween trnsE ltion nd rottion from the originl oordinte systemF he reonstrution n thus e performed in referene frmeD efore the ojet is trnslted nd rotted into its rel positionF his proedure llows using n otreeD whih does not need to e reuilt t eh time inrementF wore generllyD the svings highlighted in eF PFR re of prtiE ulr interest hereD s the ojet studied needs to e reonstruted t eh time inrementF e lst remrk onsiders the dt required for the resolution of the rigidEody motionF he veloity nd pressure need to e omputed inside the ojet to immerseD to e le to determine urtely U nd RF reneD the presene of the solid must e onsidered in the resolution of the )owD to get veloity nd pressure distriutions representtive of rigid solidF

Determination of the ow inside a rigid-body he fous is pled now on the evlution of the veloity nd pressure inside the imE mersed solid ωD of levelEset Φ ε F en dditionl rigidity onstrint is dded to the lssil inompressile xvierEtokes prolem presented in iqF @QFRAF his onstrint is written in iqF @QFSWAD with s the deformtionErte tensor of the solidF he momentum eqution of the xvierEtokes prolem is lso modi(ed to integrte rigidity onstrint τ s D for the omputtionl points loted inside ωF s (u) = 0 @QFSWA he new xvierEtokes equtions dedited to ps with rigid ody ωD whih inludes this new onditionD is presented in iqF @QFTHAF his formultion uses the reviside desription of ωD H ε F he ddition of this funtion enles to rete generi expressionD vlid everywhere in the omputtionl dominF

     ρ( ∂u ∂t + u • ∇u) -η∆u -H ε ∇ • τ + ∇p = f in Ω ∇ • u = 0 in Ω H ε s (u) = 0 in Ω @QFTHA
his modi(ed xvierEtokes prolem is then expressed in w prdigmD following the proedure introdued in useF QFPFPF roweverD the ddition of the rigidity onstrint omplites the resolution of the )owsF his di0ulty is overome through the ddition of n ugmented vgrngin oupled to n itertive zw shemeF he omputtion of u t+1 nd p t+1 veloity nd pressure t the time inrement t + 1 is done itertivelyD from the vlues of u t D p t nd τ t F he zw itertions onsider suessive resolutions of iqF @QFTIAD with

u 0 = u t D p 0 = p t nd τ 0 = τ t F ∀(v, q) ∈ V 0 × Q,      ρ ∂ t u k+1 , v + ρ u k+1 • ∇u k+1 , v + 2η (u k+1 ) + H ε (α)(τ k + 2ηrP τ ( (u k+1 ))), (v) -p k+1 , ∇ • v = (f , v) ∇ • u k+1 , q = 0 @QFTIA
VS efter eh resolution of iqF @QFTIAD u k+1 nd p k+1 hve een determinedF pollowE ing the prdigm of the ugmented vgrngin theoryD the vlue of τ k is updtedD s presented in iqF QFTPF he prmeter r is penlty oe0ientD nd P τ is projetion opertorF

τ k+1 = τ k + 2ηrP τ ( (u k+1 ))
@QFTPA he exeution moves outside the zw loop one the onvergene ondition u k+1u k < ε tol is metD with ε tol spei(ed tolerneF he onverged vlues of veloity nd pressure de(ne to the solved )ows t the next time itertionD iFeFD u t+1 = u k+1 nd p t+1 = p k+1 F he determintion of veloity nd pressure t the next time step llows omputing the motions of the immersed ojetD following the rigidEmotion theory previE ously exposedF he utilities presented ove llow performing ps with rigidEodiesF his is pplied in this ontext to py )oting freely under the tion of uoynyF sn this prtiE ulr situtionD py under the tion of wve (eld is sujet to driftF he orret ehvior of pyD in prtiulr the sttionkeepingD would e otined through the ddition of mooring modelsF he representtion of moorings lines hve not een onsidE ered in this thesisD nd should e regrded in further studied extending the simultor of pysF hi'erent pprohes dedite to their modeling hve een rie)y disussed in useF IFPFPF

Conclusion of the numerical framework

his ghpF presented the numeril frmework used in sgsEteh for the resolution of the )ow prolemF e prtiulr fous hs een pled on the inompressile xvierEtokes equtionsF qenerlities out the resolution of )ow prolem using the xvierEtokes equtions hve een provided in eF QFIF he monolithi resolution of the xvierEtokes prolemD formulted in w prdigm for pi frmeworkD is detiled in eF QFPF he developments nd implementtions relized in the ontext of pys within the sope of this thesis hve een presented in eF QFQF ynly minor modi(tions were rought into the monolithi frmework for the )ow resolution during this thesisF he w formultion of the xvierEtokes prolemD sed on IEpiD hs not een modi(edF he di'erent pproximtions detiled in useF QFPFPD onerningD eFgFD qusiEstti suEslesD hve een questioned in the ontext of pysF roweverD no reimplementtion ws relized within the sope of this thesisD even if the solver s urrently developed seemed more suited for lowERe )owsF he most notle ontriutions to the development of the softwre onerned the implementtion of riks intending to enle the de(nition of py simultorF e method for the evlution of the lods pplied on the surfe of n immersed ojet hs een implementedF his development gives the potentil to mesure the e'orts pplied on pyD whih is oth ritil for design purposesF e ps frmework hs een implemented within mster thesis for rigid odies of omplex geometriesD whih will hndle the uoynyD neessry tool for the simultion of pysF hese dditions to the softwre pltform re wider thn the prtiulr pplition of pysF he (nl ontriution of this thesis to the numeril extension of sgsEteh me with the development of xF everl wve genertion tehniques hve een onsideredD with physil nd soureEterm wve mkersF e sponge lyer method ws implemented for the sorption of the energy t the orders of the xD to redue the omputtionl expenses nd filitte the onvergene of the shemesF VT Chapter 4

Verication and validation towards the simulation of operating FOWTs he dpttion of sgsEteh to the ontext of )oting wind energy requires the simultion of highEeynolds )owsD with Re rehing severl millionF yn the ontrryD sgsEteh ws ommonly used for the simultion of visous )owsD eFgFD y ille et lF @PHIIA of fetnourt @PHIUAF e vlidtion proess is requiredD to gurntee the qulity of the simultionsF his eF presents the di'erent steps followed for this vlidtion from lowE Re to highERe )ows in usesF RFIFI to RFIFQF 4.1.1 Low-Reynolds steady ow around a conned cylinder sn the study of häfer et lF @IWWTAD test ses of (xed ojets under the e'et of onE (nement were sumitted to severl reserh tems to produe numeril enhmrkF he (rst test se onsiders ylinder in wter tunnelF he ojetive ehind this study is to evlute the drg nd lift fores generted y lowEeynolds )ow @Re = 20A on simple geometryF he tion of the )uid on the odies retes drg foreF gon(nement is estlishedD s the wlls re loted ner the geometriesF e slight de)etion of the ojetD whih is not positioned in the middle of the wind )umeD lso retes lift foreF tedy nd unstedy test ses re detiled in the studyF his useF fouses on stedy test ses onlyF his hoie is motivted y the veri(tion required for the evlution of fores detiled in useF QFQFID whih is esily performed on stedy test sesF hese pplitions lso veri(es the ehvior of the solver for lowEeynolds )owsF he study from häfer et lF @IWWTA intended to mesure the drg nd lift oe0ients pplied y the )ow on the ylinderD long with the length of the reirultion re nd the pressure drop oservedF e fous is here pled on drg nd lift oe0ients C d nd C l F hey re written in iqsF @RFIAD with ρ the )uid densityD u the freestrem veloityD A the rossEsetionl re nd F the fore omputed with the method presented in useF QFQFIF he vetor e x is ligned with the in)owD nd e y is the vetor norml to itD see pigF RFSF

C d = 2 ρu 2 A F • e x @RFIA C l = 2 ρu 2 A F • e y @RFIA
he stedy test ses seleted onsist in ylinder disposed inside wter tunnelF he )ow is propgted rightwrds t eynolds numer of 20D with oiseuille in)owF sn this situtionD the rossEsetionl re A orresponds to the produt of the dimeter of the ylinder y the width of the tunnelF o reprodue the test seD noEslip oundry onditions re imposed t the orders of the domin nd inside the ylinderF he inlet imposes oiseuille )owD while the outlet is openedF he drg nd lift oe0ients re mesured round the ylinderF sn their studyD häfer et lF @IWWTA ompred the results from severl gph odesD whih used vi formultion of the xvierEtokes equtions with di'erent disretiztions in time nd speF hey de(ned ounds for C d nd C l for the di'erent test sesF e omprison is drwn etween those ounds nd the results otined using sgsEtehF he simultions relized with sgsEteh strt from n initil mesh re(ned round the ylinderF he mesh is regulrly dpted during the trnsitory regimeD until onvergedD stedy )ow is otinedF he ojetive eing to evlute stedy )owD the trnsitionl results re not onsideredF o tht extentD the hoie of the time step is not ritilD s VV pigure RFIX Ph stedy test se of ylinder in on(nementD from häfer et lF @IWWTAF soon s the erodynmi e'etsD limited t Re = 20D re well pturedF he numer of nodes in the omputtion is (xedD to limit the in)uene of this prmeter on the simultionsF his study then llows evluting the tion of the width of the levelEset εD presented in eF PFID on the preision of the stedy vlues of C d nd C l F wesh onvergene studies re relizedF he width of the dpted re vries with εD thus the utomtillyE generted meshes provide vrying preision round the ylinderF gorresponding time steps re usedD depending on the miniml mesh size to respet the gpv onditionF 2D conned cylinder he (rst test se onsists in Ph ylinder on(ned in wter tunnelF he spei(tions of the test se re presented in pigF RFIF sn this situtionD the rossEsetionl re A is restrited to the dimeter of the ylinderD hene A = 0.1mF he expression of the oiseuille in)ow is presented in iqF @RFPAD with u M = 0.3m.s -1 the mximl veloity of the )owF

u inlet = 4u M y(H -y)/H 2 • e x @RFPA
he on(gurtion of the test se simulted with sgsEteh is presented in pigsF RFPF he veloity pro(le of the onverged stedy )ow is drwnD with the orresponding omE puttionl meshF he mesh dpttion proedure tended to re(ne the ells in the res where importnt vritions re oservedF sn prtiulrD the surroundings of the ylinder nd the oundry lyers developing t y = 0m nd y = 0.41m need mny mesh points for their representtionF he erodynmi oe0ients re evluted round in the ylinderD in n re de(ned from the levelEset funtionF he evlution of the fores ting on the ylinder presented in useF QFQFI requires n importnt numer of mesh ells round the freeEsurfeF he zoom presented for on(gurtion of ε = 10 -4 m nd for 30K points in the omputtionl mesh shows tht the trnsition re is properly representedF en exmple of simultion onduted with ε = 10 -2 m is presented in pigsF RFQD where trnsitionl nd stedy regimes n e highlightedF e mesh onvergene study is proposedD whih fouses on the erodynmi oe0ients evluted s funtion of εF por vlues of ε sling from 10 -2 m to 10 -4 mD the onverged C d nd C l re ompred to evlute their dependeny towrds the levelEset representE tionF he zoom presented in pigF RFP orresponds to the smllest ε simulted in the upoming mesh onvergene studyF he numer of mesh ells round the interfe of the ylinder gurntees thtD independently of the ε used for the test ses simultedD the meshing of the ojet will e orretly relizedF he vlues otined using sgsEteh re ompred to ounds provided y häfer et lF @IWWTA in pigsF RFRF he evlution of the drg oe0ient provides n eptle ury independently of the ε hosenF gompred to the ounds of refereneD the mximl error generted is inferior to 1%D nd diminishes with εF he evlution of the lift oe0ient is muh more hllengingF he VW @A iew of the omputtionl mesh round the ylinderD olored y the veloity mgnitudeF @A oom on the interfe of the ylinE derD olored y the levelEsetF pigure RFPX iew of the omputtionl mesh for the test se of Ph on(ned ylinder t Re = 20 nd with ε = 10 -4 mD for 30KEpoints meshF 

C d @A hrg oe0ient C d F 0 2 4 6 8 10 0 1 2 3 •10 -2 t (s) C l @A vift oe0ient C l F
pigure RFQX ivolution of the drg nd lift oe0ients s funtion of the timeD for simultion relized with ε = 10 -2 m nd ∆t = 10 -2 sF WH order of mgnitude of C l is of 10 -2 F he fore to evlute is of out 10 -5 N D whih gives more in)uene to numeril errors risingF tillD the evlution of C l relized with sgsEteh is on the right order of mgnitudeD even if no onvergene is estlishedF e se ould e mde for simultion with lower εD to hek if onvergene is estlishedF hese test ses re not presented hereD s trnsition to Qh with those prmeters is unrelistiF he level of ury hieved is onsidered interestingD espeilly for the drg oe0ientF he dependeny of the fore evlution method seems to e dependent on the mesh usedD prtiulrly when smll lods need to e mesuredF 

3D conned cylinder

he Qh test se is n extension of the Ph simultion presented previouslyD s detiled in pigF RFSF he geometry of the test se is similrD exept for the ylinder positioned 30cm further from the inletF he oiseuille )ow is modi(ed to keep the eynolds numer of the )ow onstntF sts expression is written in iqF @RFQAD with u M = 0.45m.s -1 the mximl veloity of the )ow nd H the height nd width of the tunnelF

u inlet = 16u M yz(H -y)(H -z)/H 4 • e x @RFQA
en illustrtion of the simultion proessed is presented in pigsF RFTD with n exmple of mesh used during the omputtions s depited in pigF RFTF he mesh presented is re(ned in the sme res thn the Ph one from pigF RFPF he di'erenes in the veloity pro(le re relted to the position of the ylinderD further from the inlet in this seond situtionF wesh onvergene studies re relized with meshes ontining respetively 60K nd 300K nodesD nd with ε in the sme rnge s in the Ph test seF ynly the test ses with ε = 10 -4 m eme un'ordle for the Qh test ses onsideredF he results otined re presented in pigsF RFUF he evolution of C d nd C l s funtion of εD for di'erent mesh sizesD re exminedF hey re ompred to the ounds provided y häfer et lF @IWWTAD whih re plotted on eh pigF he di'erent C d mesured re in the ounds provided with lrge vlues of εD whih suggests tht reltively urte results n e WI pigure RFSX Qh stedy test se of ylinder in on(nementD from häfer et lF @IWWTAF @A lie of the dpted meshD for ε = 10 -2 mF @A eloities of the stedy )ow drwn on slieD with the inlet on the left nd the ylinder in lkF pigure RFTX tedy )ow round Qh ylinder t Re = 20 simulted with 300KEpoints meshD fousing on the inlet nd ylinder regionF WP otined with ε/2r = 0.1D r eing the rdius of the ylinderF hile ε rehes smller vluesD the results eome pproximtiveD nd out of the oundsF his e'et is oserved more rpidly with 60K pointsD whih suggests tht it orresponds to lk of points in the omputtionl meshF por ε = 2•10 -4 mD oth meshes of 60K nd 300K points provide C d evlution outside the oundsF his oservtion is due to the numer of points in the meshD whih is not su0ient to reh mesh sizes of 2 • 10 -5 m round the whole surfe of the ylinderF gonerning C l D the vlues mesured re muh more errtiF ith oth test sesD the oe0ient vries lot outside the ounds presriedF he smll vlue of C l D of out 10 -2 D is prtly responsile for thisD s the totl fore mesured round the ylinder is on the order of 10 -5 N F he evlution of suh smll fore from the integrtion of the onstrint round the ylinder gives lot of importne to the disposition of the meshF he remeshing thus hs huge in)uene on the mesurementsF his dependeny will hve to e exmined with more ttention in further studiesF snresing the numer of points in the simultions my e wy to improve the evlution of C l F es the fous of this thesis goes to higherERe )owsD representtive of opertionl sD the lift oe0ients mesured will e muh more importntF he results of C d were thus onsidered su0ient to trnsition towrds )ows t higher ReF e veri(tion with higherEeynolds )ows is now relizedD sed on the test ses proE posed y ossi et lF @PHITAF he (rst test se studied onerns simultions of (xed Ph xege HHHV irfoil in onstntD uniform )ow of Re = 2000F en orienttion of 4 • is presried for the xege pro(leD whih enles the instlltion of stedyD lminr )ow round itF he )ow is direted rightwrdsF he results provided y sgsEteh re ompred with the one from ossi et lF @PHITAD whih re otined thnks to Ph hi'used ortex rydrodynmis @hrA methodF his pure meshless pproh proved to e urte for those pplitionsF sn prtiulrD the numeril di'usion oserved in the hr simultions is prtiulrly reduedF he hr pproh ws vlidted ginst WQ @A edpted mesh genertedF @A ortiity (eld otined with hr method y ossi et lF @PHITA @upAD nd with sgsEteh @downAF pigure RFVX tedy )ow round xege HHHV pro(le with n inidene of 4 • t Re = 2000D with ε = 2 • 10 -2 m nd 60K nodes in the omputtionl meshF pw ode for the prtiulr pplitions presented in this useF he mesh used for the simultion with sgsEteh nd the results otined re presented in pigsF RFVF prom n initil mesh re(ned round the irfoilD the suessive dpttion steps nd the formtion of erodynmi e'ets rete onentrtions of mesh points in the wke of the pro(leF he mesh visulized fetures high onentrtion of nodes t the leding edge of the xege pro(leD s well s in the wkeF hespite thisD the pi pproh used in sgsEteh still indues too muh dissiptionD even if similr pro(les of vortiity re oservedF his phenomenon ppers despite the mesh dpttion proedureD whih tends to position the mesh ells in the res of the domin where events ourF eside from visul onsidertionsD the omprison with the hr method enles to hrterize the dynmi performnes of sgsEteh for moderteEeynolds )owsF he drg nd lift oe0ientsD written in iqsF @RFIAD n e studied s funtion of the time y repling A rossEsetion re with c hord of the irfoilF e omprison etween the results otined with the hr method nd with sgsEteh is presented in pigF RFWF he set of results otined using sgsEteh presented in these urves ws generted thnks to meshes of 300K pointsD with vrying de(nition of the levelEset round the irfoilF e (xed numer of nodes in the omputtionl mesh is used in the simultionsD nd the meshes re dpted orrespondingly to εF he results show only little dependene on ε for C d F he onverged vlue is di'erent from the one provided y the hr methodD nd deresing ε seems to hve redued impt on the qulity of the drg evlutedF he trnsitionl ehvior of the di'erent C d is similr to the hr resultsF gonerning C l D the dependene towrds ε is more importntF roweverD the onvergene in ε tends to inrese the di'erenes with the hr resultsF woreoverD the trnsitionl regime highE lights importnt di'erenes etween the results from sgsEteh nd the hr pprohD independently from the ε hosenF his oservtion questions the ility to simulte pigure RFWX eerodynmi oe0ients mesured s funtion of the time round Qh xege HHHV with meshes of 300K nodesD with vrious εF he evolution of the onverged drg nd lift oe0ients with the meshing hs een studied more preiselyF wesh onvergene studies re presented in pigF RFIHD with onE stnt numer of nodesF he width ε round the irfoil is progressively deresedD nd the onvergene of C d nd C l is overlookedF wo di'erent omputtionl lods re studiedD one with 60K nodesD the seond one with 300K nodesF he prmeter ε sles from 10 -1 m to 10 -4 mD exept for the test se with ε = 10 -4 m nd 60K mesh pointsD whih rehed the limits of the meshingF he de(nition of smll ells would require n inrese in the numer of points in the meshD whih is onstrinedF hese studies on(rm the trend shown on pigsF RFWF he sensitivity of the onverged C d to ε is limitedD s the error produed ompred to the hr method goes from round 11% t ε = 10 -1 m to out 5% t ε = 10 -4 mF gonerning C l D high vlues of ε produe poor evlution of C l D while onvergene seems to e estlished for lower εD with 4% error ompred to the hr pprohF he evolution of oth C d nd C l for 300KEnodes meshes is reltively smoothD while with 60K pointsD rehing ε ≈ 10 -3 provide irregulr vluesF he existene of onE vergene ould e hrd to prove with meshes of 60K mesh points onlyF et the preision rehed with 60K points is quite similr to the one hieved with 300K pointsF he di'erenes oserved in the trnsitory regime still need to e investigtedF en exE plntion to the overestimtion of the erodynmi oe0ients my e found in pigF RFIID whih depits omprison of the pressure oe0ient C p mesured round the xege pro(le using the hr method nd sgsEtehF he expression of C p is written in iqF @RFRAD with p ∞ D ρ ∞ nd u ∞ respetively pressureD density nd veloity of the frD unpertured )owF por mtter of lrity of the pigFD only the urve orresponding to ε = 4 • 10 -3 m is representedF

C p = p -p ∞ 1 2 ρ ∞ u 2 ∞ @RFRA
he pro(le of C p omputed with this ε is representtive of the results otined with sgsEtehF sn prtiulrD the di'erent simultions show di'erenes t the triling edgeD whih orresponds to x/c = 0.5F he results otined using sgsEteh ompred to the hr ones underestimte the pressures over the re of the pro(le where x/c > -0.3D
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pigure RFIHX tedy vlues of erodynmi oe0ients mesured round Qh xege HHHV with meshes of 60K nd 300K nodesD with vrious εF while the minimum pressure mesured t the leding edge is overestimtedF hose di'erE enes in the distriution of pressure round the irfoil imply modi(tions in the )owsD whih my explin the trnsitionl ehvior of the lift oe0ientF hi'erent resons my justify the impreision of the C p mesurementsD s the irfoil is reonstruted from mesh representing the xege HHHVF he de(nition provided y this mesh is highly dependent on the numer of points it ontinsD nd on the position of these points on the surfeF e liner interpoltion is relized etween those pointsD whih tends to dd impreisionsF everl dtsetsD for some of them feturing onsiderle numer of pointsD hve een immersed to limit the dependeny towrds this meshingF he reonstrution of the irE foil lso introdues some errorsD s the levelEset funtion is linerly interpolted in the (nite elementsF he errors due to the reonstrution vnish s ε tends towrds zeroF he pressure oe0ients mesured round the irfoil for di'erent ε did not highlight this expeted ehviorF he )ow round the irfoil n lso e inorret due to the meshing round the irfoilF roweverD the importnt numer of points omined to onstnt reE sults otined with vrious ε disquli(ed this explntionF enother proposition is vlid for the triling edge onlyF he mesh representing the xege HHHV is shrp t the triling edgeD nd needs to e reonstrutedF wore thn elsewhereD the miniml mesh size hs huge impt on the representtion of the irfoilF et the tip of the xege pro(leD the shrp edge rehes size inferior to the miniml mesh sizeF husD the reonstrution will enounter n error on the order of mgnitude of h min D even for onverged dpted meshesF en illustrtion is proposed on pigsF RFIPD for the immersion of the xege HHHV with two di'erent εF he smllest one present muh etter reonstruted irfoilD whih generte more urte )owF sf this oservtion my explin the C p di'erenes t the triling edgeD it is hrd to imgine it hving n in)uene ll long the sution side of the irfoilF he lst propositionD perhps the more promising oneD would onsider the solverD whih my not e suited for Re on the order of the thousndF Unsteady test case at Re = 900 o evlute the in)uene of the di'erenes oserved on the lift oe0ient etween sgsE teh nd the hr odeD unstedy test ses n e onsideredF e omprison is presented etween hr results from ossi et lF @PHIVA nd sgsEtehF e xege HHIH pro(le is poE sitioned in onstntD uniform in)ow t Re of 900D with n orienttion ngle α = 30 points in the omputtionl meshF he meshes otined during the omputtions fter utomti dpttion re presented in pigsF RFIQF he ojetive of the simultion is to mesure the erodynmi oe0ients in n unstedy ontextF gonsequentlyD the re(neE ment fouses mostly on the surroundings of the irfoilD nd gthers there the mjor prt of the mesh pointsF his type of meshing is eptle to fous on the irfoilF sn the wkeD the lk of nodes forms lrger ellsD whih indue numeril dissiptionF he uE ry of the fr wke mesured with this mesh is thus questionleF es no reirultion is oservedD the low density of mesh points in this region deteriortes the qulity of the wkeD whih will e dveted nd does not impt the irfoilF he mesurement of the erodynmi oe0ients isD onsequentlyD independent from the representtion of the fr wkeF he width ε = 2 • 10 -3 m hs een seleted from the results of pigsF RFIHD s it provides interesting preision t redued ostF he drg nd lift mesured re plotted in pigsF RFIRD where they re ompred to the results from ossi et lF @PHIVAF he plots re presented on two di'erent (gures to depit lerly the overll dynmis of the erodynmi oe0ientsF e qusiEosilltory ehvior is expeted for oth C d nd C l fter the trnsitionl regimeF he results omputed with sgsEteh ompre well with the one otined with the hr method in terms of shpeF he slight ump oserved efore eh pek of C d is well reprodued over the spn of timeD so re the slope vritions oserved t the eginning of eh C l dereseF he phse is well reprodued tooF por tu/c vrying etween 40 nd 100D 21 periods re oserved on oth the urves provided y sgsEteh nd the hr pprohF he trouhl numerD whih hrterizes the frequeny of vortex sheddingD is St = 0.35 for oth sgsEteh nd the hr methodD whih is stisfyingF e smllD onstnt phse shift is oservedD whih is due to the time required for the estlishment of the permnent regimeD less importnt with sgsEtehF he mjor di'erene oserved orresponds to the mplitudes of C d nd C l D whih re overestimted y sgsEtehF he men drg nd lift in the permE nent regime re respetively Cd = 0.84 nd Cl = 1.26D while the hr method returned Cd,hr = 0.77 nd Cl,hr = 1.15F he di'erene produed y sgsEteh ompred to the hr pproh is of 9.1% for Cd nd 9.5% for Cl F e zoom on the stedy stte results is presented in pigF RFIS for tU/C in [60, 80]D where phse shift is introdued in the results from sgsEteh for the ske of visuliztionF he overestimtion of the erodynmi oe0ients is notle on this zoomF he overll shpe of the urves remins stisfyingF he results progressively eome out of phse during this time lpseD whih suggests tht the dynmi of the vortex sheddings ould not e orretly reproduedF roweverD the oservtions relized sed on pigsF RFIR show tht it hs only minor glol imptF WV @A hr results from ossi et lF @PHIVAF he results presented n e linked with the overestimtion of C d nd C l lredy oserved in the trnsitory regime on pigsF RFWD nd on the stedyEstte on pigsF RFIHF he 9%Eerror pproximtively found in this unstedy test se for C d is similr to the one oserved on stedy lowsF gonerning C l D the gp proly hs its origin in the trnE sitionl errors oserved on pigsF RFWF o onlude on the results otined with Re = O(10 3 )D two distint ehviors hve een highlighted for C d nd C l F he trnsitionl ehvior of C d does not seem to e prolemF he min question for C d is the onvergene of the stedyEstteD whih is very slow with εF gonerning C l D the onvergene of the stedyEstte is highly dependent on εD yet n pproprited hoie leds to smller stedyEstte errors thn for C d F roweverD sgsEteh overestimtes C l in the trnsitionl regimeF hose oservtions led to 10% overestimtion of oth erodynmi oe0ients mesured on simple unstedy test seF he numer of nodes in the omputtions does not seem to e the loking pointD sme for the hoie of εF he in)uene of the time step or thinner mesh dpttion on the omputtions my e strting point for future studiesF 4.1.3 High-Reynolds, steady ows around a section of WT blade iven if the results otined with moderteEeynolds )ows were fr from those expetedD test se more representtive of operting s ws testedF e test se with eynolds numer Re = 1.6M is onsidered hereD whih is on the order of mgnitude of the )ows developing round the tip of ldesF he test se of fk et lF @PHHHA is reproduedD whih studied xege TQERIS pro(le with di'erent ngles of ttk α in wind )umeF he geometry of the irfoil llows keeping the oundry lyers tthed to the pro ( he omputtionl test se models Qh irfoilD of setion de(ned s xege TQE RIS of hord 0.6mD positioned inside wind tunnel where onstntD uniform in)ow is presriedF e mesh of 500K nodes is used to disretize the omputtionl domin of dimensions 20mm × 1.9mD with ε = 2 • 10 -3 mD while the irfoil is represented using IHH pointsF sllustrtions presenting the mesh used nd n exmple of result n e found in pigsF RFITF gonverged C d nd C l re mesured on the irfoilD for di'erent inlintionsF sn omprison with the experimentl studyD only severl ngles of ttks hve een tested with sgsEtehF hile fk et lF @PHHHA smpled α in [-5; 25] with steps of 1D the study onduted with sgsEteh onsidered only the multiples of 4 in [-4; 20]F iven if the set of results generted is reduedD ler tendeny n e highlightedF he erodynmi oe0ients C d nd C l omputed re presented in pigsF RFIUF he drg provided y sgsEteh is not in ordne with the experimentl mesurementsF por α = -4 • or α = 0 • D the order of mgnitude of C d is orretD ut the tendeny of deresed e'ort is not oservedF hen the ngle of ttk inresesD from α = 4 • to α = 12 • D the di'erenes etween the numeril nd the experimentl dt reh lmost n order of mgnitudeF es higher ngles of ttk re rehedD eFgFD for α = 20 • D the di'erenes mesured re reduedF gonerning the lift oe0ientD the simultions from sgsEteh ompre well with the experimentl mpign for α ≤ 4 • F roweverD s the ngle of ttk is inresedD the irfoil is pled in stll on(gurtionD whih is missed y sgsEtehF he C l evluted ontinues to inreseD while the experimentl mesurements identi(ed dereseF he lrge errors identi(ed n e prtly linked to the disretiztion of the xege TQE RISF he vlue hosen ε = 2 • 10 -3 m is prtiulrly lrge in the ontext of Re = 1.6M )owF roweverD the qulity of the disretiztion is suh tht deresing ε highlights the errors produed y the mesh representing the irfoilD s drwn in pigF RFIVF his illusE trtionD proposed in Ph se with ε = 2 • 10 -3 mD shows the perturtions ppering t the surfe of the irfoil when ε deresesF he impreisions of the disretiztion of the xege pro(le re of out 10 -3 mD whih is lrgely superior to the miniml mesh size h min = ε/10 for ε = 2 • 10 -3 mF xumeril roughness is genertedD mostly round the leding edge where the in)uene of the disretiztion is the highestF his lk of detil tends to inrese the drgD independently of the solver or representtion method usedF IHH @A lie of the Qh mesh round the irfoilF @A eloity vetors nd olored y pressureF pigure RFITX sllustrtion of xege TQERIS with n orienttion α = 8

• t Re = 1.6M F 0 10 20 10 -2 10 -1 10 0 α ( • ) C d ixperimentl sgsEteh @A hrg oe0ient C d F 0 10 20 0 1 2 3 α ( • ) C l ixperimentl sgsEteh @A vift oe0ient C l F
pigure RFIUX eerodynmi oe0ients mesured using sgsEteh round Ph xege TQE RISD for di'erent ngles of ttk nd with ε = 5 • 10 -2 mD ompred ginst experimentl dt from fk et lF @PHHHAF IHI pigure RFIVX eonstrution of xege TQERIS immersed using loud of IHH pointsD with ε = 2 • 10 -3 mD nd mesh usedF les in metersF woreoverD when the ngle of ttk inresesD the highest pressure round the irfoil is onentrted in this reF es the disretiztion is impreiseD the )ows generted re not extD nd thus the pressure distriution is not ppropritedF his roughness will mke the lift oe0ient mesured questionleD espeilly when high ngles of ttk position the poorlyEdisretized leding edge in high pressure regionsF he genertion of repreE senttion of the irfoil with higher resolution is ritil for the reliztion of highERe studies on xege TQERISF he de(nition of the geometry of the irfoil is not strightE forwrdD s it is derived from the potentil )ow desired round theoretil pro(leD see heodorsen @IWQQAF he implementtion of suh genertor is still to e doneF he etter de(nition of the irfoil will improve the qulity of the reonstrutionD nd pve the wy for the use of thinner εF e smller ε for the representtion of n irfoil of enhned preision should ring higher ury to the simultionsF his will llow the genertion of smller mesh ellsD whih enles the pture of lower turulent slesF he representtion of the oundry lyers will e improved through more pproprited trking of their dynmisF his is neessryD eFgFD for the detetion of stllD nd more generllyD for preise evlution of the erodynmi oe0ientsF e py opertes under the tion of oth the ir nd the seF por the simultion of pysD the veri(tion nd vlidtion steps presented in this eF re neessry to gurntee the ury of the erodynmisF et the sme timeD the genertion of wve (elds is importntD to quntify the lods pplied on the )oter nd to mesure its displementsF he upoming eF fouses on the genertion nd propgtion of wve (elds with sgsEtehF 4.2 Hydrodynamic verication Generation and propagation of monochromatic wave elds his eF intends to use the numeril tools of sgsEteh to represent se sttes s uE rtely s possileF he genertion of wve (elds hs een n importnt prt of the works relized within the sope of this thesisF he vlidtion steps proessed with di'erent wve mkers re presented in the followingF emong the ojetives of this studyD the qunti(E tion of the e'ets produed y the nisotropi mesh dpttion proedure is importntD s it is not lssil for mrine pplitions in the litertureF gomprisons re drwn etween wve (elds depending on tuned simultion prmetersD in domins meshed usE ing isotropi @useF RFPFIA or nisotropi @useF RFPFPA prdigmsF oureEterm nd physil wve mkers re ompred for eh type of meshingD from the implementtions proposed in useF QFQFPF he reliztion of noE)ow tests for hydrostti ses is onE IHP @A hole dominF @A oom on the re(ned reF pigure RFIWX wesh of the omputtionl domin used for wve genertion using soureE term wve mkerF les in metersF sequene of those studiesD nd the results re presented in useF RFPFQF sn this eFD multiphse )ows re onsideredD whih fore the representtion of severl phsesF hi'erent interfe thiknesses my e used for the phsesF es this eF fouses on the propgtion of wve (eldsD the interfe thikness of the freeEsurfe is lwys nmed εF hen other phses will e onsideredD their hrteristis will e detiled on seEyEse sisF

st must e noted tht the simultions presented in this eF hve een relized with erroneous de(nition for the sponge lyerD ltely detetedF he simultions ould not e generted ginD euse of the onsiderle time expenses requiredF en impt n e identi(ed on the simultionsD espeilly round the sponge reF yn the ontrryD the erly propgtion of wves is only slightly modi(ed y this errorF 4.2.1 Verication of the solver using constant, isotropic meshes Wave eld generated using a source-term wave maker he urte simultion of se sttes requires the vlidtion of the solver under ertin onditionsF he genertion nd propgtion of wves is studied using the utilities preE sented in useF QFQFPD iFeFD the soureEterm nd physil wve mkersF he resolution of the x equtions lwys tend to rete dissiptionD espeilly with low orders in spe nd timeF e prtiulr fous is thus pled on the propgtion of wve (eldsD in order to limit the numeril dissiptionF he dmping oserved on propgted wves is studied in xsF sn order to identify the ontriutions of the solver to the dmping oservedD onstnt meshD uniformly nd isotropilly dpted round the freeEsurfeD is usedF he mesh dpttion proedure is untivtedD to suppress its eventul e'ets on the simultionsF e (rst test se onsiders soureEterm wve genertorF he onsidered mesh fetures ells of size h = 5 • 10 -3 mD onentrted in region of 0.2mEwidth round the y = 0ExisF he orresponding mesh ontins 426K nodesD nd is drwn in pigsF RFIWF he mesh used is oherent with the test se simultedF e levelEset funtion of ε = 5 • 10 -2 m is de(ned to represent monohromti wve (eld of mplitude 2.5 • 10 -2 mD of frequeny 1s -1 nd of wvelength 2mD while wter depth of 5m is onsideredF hese prmeters imply restEtoErest vertil distne of εF gonsequentlyD the trnsition of the levelE set funtion is represented using 10 ellsD while period of the wve is split mong 400 ellsF he soure terms eing pplied in the trnsition re of the levelEset funtionD see useF QFQFPD orret representtion n e otined using the mesh presentedF he IHQ pigure RFPHX oure re generting the wve (eldD sling from zero in lue regions to n osillting mximl vlue in the red reD nd mesh used for the representtionF les in metersF soure term for n extreme positioning of the freeEsurfe is presented in pigF RFPH for wve restF he soure re remins inside the denselyEmeshed regionD whih gurntees the orret genertion of the wve (eldF he propgted wve (elds from the simultions relized with sgsEteh re presented in pigF RFPIF wo urves re plottedD for ∆t = 10 -2 s nd ∆t = 10 -3 sD oth hve een otined with the sme meshF he soure term is ting on the freeEsurfe etween x = 22m nd x = 24mD nd the wves re then propgted in oth the xE nd (-x)E diretionsF e (rst oservtion onerns the dmpingD whih is muh more importnt with ∆t = 10 -2 sF he numeril dissiptionD with the highlyEre(ned mesh usedD is tkE led using ∆t = 10 -3 sF he phse does not seem to e very sensitive to the numeril dissiptionD whih mostly ts on the mplitude of the osilltionsF wo other oservE tions n e mdeF he wves generted re not osillting extly round y = 0D iFeFD the men freeEsurfe height is upper thn y = 0F his tendeny is proly oming from the wve genertion tehniqueD whih modultes the grvity in the soure reF he simultion strts with n upwrdsEdireted wveD otined thnks to derese in grvityF husD n integrtion over the time of the grvity fore will return smller vlues thn the relityD exept t the end of the genertion periodsF he seond oservtion onerns the ∆t = 10 -2 sEurveF he osilltions hve similr mplitude in the soure regionD ut the freeEsurfe solved is loted slightly elow the ∆t = 10 -3 s oneF his my e due to mss loss indued y the numeril dissiptionD whih tends to redue the energy provided y the soure to the freeEsurfeF pinllyD even if they n hrdly e identi(ed on the pigFD prsiti veloities re found on the sides of the dominD where the freeEsurfe is not supposed to moveF hese veloities re onentrted round the irGwter interfeD where density drop is foundF hey tend to distur the trnsport of the freeEsurfeD even if they dispper one wves re propgtedF e more detiled study of the wve (eld generted in proposed in pigsF RFPPD sed on the ontriutions propgted rightwrdsF he position of wve rests nd their height re studied in omprison to referene numer given to eh pekF his proedure llows to study spei(lly the propgtionD to hek if the veloity of the wve (eld is onstntD nd the numeril dissiptionF he (rst seven peks re studiedD iFeFD those loted etween x = 23m nd x = 33mF he position of peks found in pigF RFPP is found to e linerD even if the presried wvelength of 2m is not respetedF e mesured wvelength of 1.54m is foundD whih my e due to the wve genertion tehniqueF he mplitudes of the peksD presented in pigF RFPPD needs to e regrded loselyF he (rst IHR pigure RFPIX ve (eld of mplitude 2.5 • 10 -2 mD of frequeny 1s -1 nd of wvelength 2m simulted with sgsEteh using n isotropi meshD with ε = 5 • 10 -2 m nd di'erent time stepsF edD plinX ∆t = 10 -2 sF flueD dshedX ∆t = 10 -3 sF qreen reX soure genertion reF restD with pek numer of 1D is still loted in the genertion reD whih tends to inrese its mplitudeF fetween the next (ve restsD only 2% di'erene is oserved etween the extreme positions of the peksF he lst restD whih lso provides the smllest mplitudeD is due to the hydrodynmi e'ets oserved t the eginning of the simultionD whih tend to prevent the genertion of wves due to inertiF he wve (eld generted with the soureEterm wve mker tends to overestimte the mplitude of the wve (eldD while the wvelength is not properly respetedF his questions the ury of the wve mker implementedD even if suh study llows getting (rst evlutions of the numeril dissiption oserved during the propgtion of wve (eldsF Wave eld generated using a physical wave maker e new test se is presentedD whih uses this time physilD hinged wve mker s de(ned in useF QFQFPF e monohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m is reted y wve mker in 5mEdepth xD tioned thnks to ryEx9s outputsF he physil wve mker relies on the enforing of oundry onditions using physil ojet de(ned inside the omputtionl dominF his ojet is movedD nd fgs re imposed regrding dt provided y ryExF he omputtionl mesh hs to tke these elements into ountF he mesh generted is presented in pigsF RFPQF he meshing round the freeEsurfe is omprle to the one used for the soureEterm xD exept tht it is wider to ount for the lrger wves genertedF he interfe thikness ε of the levelEset representing the wter phse is deE (ned smller thn the one used with the soureEterm wve genertorD t 1•10 -2 m insted of 5 • 10 -2 mF his hoie is motivted y the ehvior of the freeEsurfe round the wve mkerD whih needs to e re(ned to gurntee good ury of the resultsF he preision of the results n still e ensured y the numer of mesh ells found in the trnsition reD whih is of out 10F es explined in useF QFQFPD omplex hydrodyE nmi e'ets pper ner the pistonD nd rpidly vnish s they move wyF o limit the omputtionl lod linked with those turulent e'ets nd to inrese the stility of the simultionsD the visosity of the )uids re multiplied y 100F es the freeEsurfe )ows re inertiEdomintedD this orretion is supposed to produe limited errorsF his inresed visosity is used in ll the simultions involving physil wve mker presented in this IHS Peak number Peak amplitude (m) @A emplitude of the wves propgtedF pigure RFPPX tudy of the wve rests propgted rightwrds on pigF RFPIF @A hole dominF @A oom on the triple point @wterD irD pistonAF pigure RFPQX wesh of the omputtionl domin used for the genertion of wves using physil wve mkerF les in metersF thesisF gompred to the mesh from pigsF RFIWD the one generted is more sophistitedF es the piston is pled on the leftEhnd side of the dominD its geometry needs to e meshedF he regions round the piston lso need to e re(ned spei(llyD to void extreme eroE dynmi eventsF hese modi(tions imply higher omputtionl lodD highlighted y the size of the mesh genertedD of 1.19M pointsF he presene of physil wve mker in the domin lso retes triple pointD t the interfe of three di'erent phsesF rere the freeEsurfeD iFeFD the irGwter interfeD is exited y the solidF he onverE gene of the shemes is more hllenging in this reD thus thin meshing is required in this regionD nd the omputtionl ost inresesF he ddition of pthes is justi(ed y the study fousing on the freeEsurfe on (xed meshF he fous is pled on the ury of the wve (eld genertedD nd not on the redution of the omputtionl lodF he mesh presented is used in simultions relized with sgsEtehF he results oE tined re presented in pigF RFPRF he simultions performed with ∆t = 10 -2 s ome with nonEnegligile dmpingD long with importnt mss lossesF his results in n verged freeEsurfe level progressively going downD whih onsiderly deteriortes the qulity of the resolutionF etD the wve (eld otined is in phse with the presried oneF hese mss losses my e diretly linked with the temporl disretiztion of the prolemD s the motion of the wve mker is more importnt etween two time inrements with IHT pigure RFPRX wonohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m t t = 30s simulted with sgsEteh using n isotropi meshD with ε = 1 • 10 -2 m nd di'erent time stepsF flkD dottedX wve (eld from ryExF edD plinX ∆t = 10 -2 sF flueD dshedX ∆t = 10 -3 sF les in metersF lrge time stepF he trnsition etween wter to wve mker in ells my e too fst for good resolution of the )owsF he simultion tht rn with ∆t = 10 -3 s fetures smller dmpingD nd no mss losses re oservedF e phse shift ppers in this on(gurtionD whih hs not een found in ny other simultionF wore investigtions re onduted to on(rm or in(rm this oservtionF he inorret implementtion of the sponge lyer used when those results were generted my e the origin of this phse shiftF his tenE deny ws not oserved on the previous test seD s the propgtion of the wve (eld did not reh the sponge lyersF he freeEsurfe t the rightEhnd side of the domin is perturedD euse of prsiti veloities generted in this reF tillD only minor impt is found on the wve (eld genertedD s these veloities tend to dispper when the wve trin is propgtedF o onlude on the qulity of the wves generted using isotropi meshesD the di'erent results presented in this useF highlight the potentil to simulte urte monohroE mti wve (elds using sgsEtehF hepending on the time step hosenD di'erent levels of dmping were oservedF wss losses ould e identi(ed when physil wve mker ws usedD in sitution feturing dmping tooF hse shift hs een highlighted in only one on(gurtionD where it looked like perturtion impted strongly the resultsF he soureEterm simultions lso proved tht rther lrge ε regrding the wve mplitude re eptleF hose di'erent oservtions re rther stisfyingD s urte wve trins ould e genertedF roweverD the simultions presented hve een relized using mssive meshesD etween 500K nd 1M omputtionl points in PhF qetting the sme level of re(nement in Qh involves n extreme omputtionl lodD espeilly with one or severl pys in the dominF woreoverD the time step required to limit the dmping is smll for ses where monohromti wve (elds re simultedF he in)uene of the time step for the simultion of monohromti wve (elds of higher frequeny or smller wve length is still to e investigtedF hese studies hve not een relized prtly euse of the time needed to proess the omputtionsF o simulte 30s of physil timeD with lod of 10K omputtionl points per ore nd time step ∆t = 10 -3 sD out 72h re requiredF tillD further oservtions ould hnge the interprettion of the results presentedF sn prtiulrD dmping ndGor mss losses my inrese from monohromti to irregulr wve (eld simultions if ∆t is kept identilF srregulr wve (elds represent rel se sttesD where wves of smll wvelength or high frequeny my ourF he dependeny towrds the time step nd mesh size seems to e importntF gonsequentlyD the time nd spe disretiztions will need to e designed for the most hllenging wvesD leding to IHU @A hole dominF @A oom on the freeEsurfeF pigure RFPSX enisotropi mesh of the omputtionl domin used for the genertion of wves using soure termsF les in metersF smll mesh sizes nd time stepsF his kind of oservtion would question the pity of the urrent solver to solve urtely irregulr wve (eldsD espeilly for Qh situtionsD where diminishing the mesh size inreses rpidly the omputtionl e'ortF 4.2.2 Propagation of monochromatic wave elds using automatic, anisotropic mesh adaptation he isotropi simultions presented in the previous useF do not exploit ll the poE tentil of sgsEtehF weshes of 426K to 1M nodes re onsiderleD espeilly for Ph pplitionsF sf it is 'ordle in PhD suh preision eomes prohiitive in QhF gonseE quentlyD trnsition towrds n nisotropi meshing is relizedF huring the simultionD the mesh will e dpted on the freeEsurfe nd on the veloitiesF his ims t pturing the physil e'ets s urtely s possileD nd thus to trnsport the freeEsurfe with the est preisionF he test ses from useF RFPFI were replitedD this time with n tivtion of the mesh dpttion proedureF

Wave eld generated using a source-term wave maker he test se using soureEterm wve genertor is reproduedD this time using n utomtillyEgenerted nisotropi meshF en importnt numer of nodesD 100KD is used to gurntee the qulity of the meshing of the freeEsurfeF he mesh otined is presented in pigsF RFPSD in prtiulr with fous on the freeEsurfeF he meshing round the freeEsurfe is not uniformF he 4intensity4 of the meshing is de(ned s depited in pigF QFSF fy defultD the dpttion is performed from the error estimtorD uilt on the seond derivtive of the levelEsetD whih tends to rete n undpted re round the freeEsurfeF e hir funtion then needs to e de(nedF he dpttion is pondered etween the levelEset nd the hir funtions to onentrte mesh ells in this zoneF imilrly to the test se presented in useF RFPFID monohromti wve (eld of mplitude 2.5 • 10 -2 mD of frequeny 1s -1 nd of wvelength 2m is genertedF sn order to reprodue the study done using n isotropi meshD the sme width of the wter levelEset ε = 5 • 10 -2 m nd the identil two time steps ∆t = 10 -2 s nd ∆t = 10 -3 s re usedF sn oth of the simultionsD the remeshing is performed every 11 inrementsD iFeFD every 0.11s for ∆t = 10 -2 s nd every 1.1 • 10 -2 s for ∆t = 10 -3 sF he results re presented in pigF RFPTF hespite thin meshing round the freeE surfeD feturing preision similr to the one otined in the isotropi test seD imE portnt dmping is oserved with oth time stepsF hile ∆t = 10 -2 s genertes wves of orret mplitude in the soure reD rpid dmping deteriortes the wve (eldF ith ∆t = 10 -3 sD the dmping is slightly reduedF roweverD the wves generted re of IHV pigure RFPTX ve (eld of mplitude 2.5 • 10 -2 mD of frequeny 1s -1 nd of wvelength 2m simulted t t = 10s with sgsEteh using n nisotropi meshD with ε = 5 • 10 -2 m nd di'erent time stepsF flueD dshedX ∆t = 10 -3 sF edD plinX ∆t = 10 -2 sF qreen reX soure genertion reF smller mplitudeD whih is surprisingF he e'ets of remeshing my indue dditionl dissiptionD whih perturs the genertion of the wve (eldF o vlidte the ehvior of the wve genertion proedure oupled to the utomti mesh dpttionD omprison is drwn on the sme test seD this time t ∆t = 10 -3 sD with di'erent mesh dpttion frequeniesF he results re presented in pigF RFPUD where the dshedD lue urve orresponds to n dpttion every 1.1 • 10 -2 sD s lredy preE sentedF he green urve orresponds to n dpttion every 0.11sD whih limits the impt of the remeshing on the resultsF he wves mesured in the soure genertion re on(rm the impt of the mesh dpttion on the qulity of the wves genertedF ith deresed dpttion frequenyD less dmping is oserved in the impulsing reF roweverD dmping is still lrgely oserved in the propgtion of the wvesD in proportions omprle to the test se with dpttion every 1.1 • 10 -2 sF sn terms of numeril dissiptionD the dt plotted in pigF RFPU n e ompred to the results otined with n isotropi meshing presented in pigF RFPIF e rpid omprison of the freeEsurfe elevtions for ∆t = 10 -3 s nd similr on(gurtionD exept for the omputtionl meshD highlight mjor dmping otined with the nisotropi meshingF o verify tht this dissiption is not produed y the wveEgenertion methodD similr study is onduted with physil wve mkerF Wave eld generated using a physical wave maker he in)uene of the mesh dpttion is tested for physil wve genertion proedure tooF he test se onsidered in useF RFPFI is reproduedF e monohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m is presriedF he freeEsurfe is represented using ε = 10 -2 mF en nisotropi mesh of 50K nodes is usedD re(ned round oth the freeEsurfe nd the pistonF he initil mesh is presented in pigsF RFPVF he redution of the numer of ells is relized in the nisotropi mesh dpttion thnks to the deformtion of mesh ells to follow the demrtion of the geE ometries immersedF gonsequentlyD ompred to n isotropi meshD the onentrtion of ells round oth the freeEsurfe nd the piston is similr only in the diretion norml to the geometriesF sn the other diretionsD when the phses immersed hve plne surfesD IHW pigure RFPUX ve (eld of mplitude 2.5 • 10 -2 mD of frequeny 1s -1 nd of wvelength 2m simulted with sgsEteh t t = 10s using n nisotropi meshD with ε = 5 • 10 -2 mD ∆t = 10 -3 s nd dpttion every 11 time inrementsF flueD dshedX dpttion every 1.1 • 10 -2 sF qreenD plinX dpttion every 0.11sF qreen reX soure genertion reF @A hole dominF @A oom on the freeEsurfe ner the triple pointF pigure RFPVX enisotropi mesh of the omputtionl domin used for the genertion of wves using physil wve mkerF les in metersF the onentrtion of ells tends to e lrgely reduedF en inrese in the numer of nodes tends to limit the deformtions of mesh ellsD s remining mesh points re pled in the interest resF he results otined for this test seD whih re presented in pigF RFPWD do not reE produe the level of ury from isotropi simultionsF hi'erent time steps of 10 -2 s nd 10 -3 s re usedD with dpttion every 7 • 10 -2 s or 7 • 10 -3 sF por oth of these simuE ltionsD importnt dmping is oservedF his dmping is entuted with ∆t = 10 -3 s nd dpttion every 7 • 10 -3 sF yn the ontrryD in isotropi simultionsD redued time step tended to redue the dmpingF his highlights diret link etween the dpttion of the omputtionl mesh nd the dmpingF his simultion provides results in phse with the presried oneD s well s the one otined with ∆t = 10 -2 sF yn the ontrryD phse shift is progressively estlished with ∆t = 10 -3 s nd dpttion every 7 • 10 -2 sF he displements of the mesh re not frequent enough to follow the wve eing trnsE portedF he propgtion of the wve rehes the limit of the dpted reD where the size of mesh ells tends to inrese rpidlyF he trnsport is less urte when solved on lrge ellsD whih explins the progressive phse delyF et the rightEhnd side of the dominD the di'erenes found round x = 40m re due to the sponge lyerD whih is designed di'erently etween ry nd sgsEtehF ixept for the phse shiftD whose origin IIH pigure RFPWX wonohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m t t = 20s simulted with sgsEteh using n nisotropi meshD with ε = 1 • 10 -2 m nd di'erent time stepsF flkD dottedX wve (eld from ryExF edD plinX ∆t = 10 -2 sD dpttion every 7 • 10 -2 sF flueD dshedX ∆t = 10 -3 sD dpttion every 7 • 10 -3 sF qreenD dshEdottedX ∆t = 10 -3 sD dpttion every 7 • 10 -2 sF les in metersF hs lredy een disussed regrding the implementtion of the sponge lyerD the onluE sions drwn here re in ordne with those from the simultions using soureEterm wve mker nd mesh dpttionF he results otined with the nisotropi meshing re glolly disppointingF ith miniml mesh size similr to the one used with isotropi test ses nd huge numer of nodes in the omputtionl meshesD the ury hieved in isotropi situtions ould not e reproduedF everl orretions enle to limit the dmping oservedD eFgF through redution of the time step or works on the dpttion frequenyD ut remin insu0E ientF he origins of the numeril dissiption re hrd to identi(edF he shres of the x resolution t eh time step or of the mesh dpttion itself hve not een quntiE (edF woreoverD if n isotropi mesh gurntees tht the numeril dissiption will e more or less equivlent t eh time stepD this sttement n not e trnsposed to the se of nisotropi meshesF he mesh dpttion is de(ned using n a posteriori error estimtorD thus the mesh produed t n instnt t is optiml for the previous time step t -∆tD with mesh ells loted round the freeEsurfeF hen the hrteristis of the simultions re orretly hosenD the physil e'ets reprodued hve slow evolution regrding the mesh sizes nd time itertionsD whih gurntee the qulity of the resultsF roweverD in the ontext of freeEsurfe )owsD the trnsport of the di'erent phses moves the )uid interfe towrds the orders of the dpted reD whih tends to inrese the numeril dissiption per time stepF o tht extentD the inresing numeril dissiption reted t eh time step ould ply n importnt role in the deteriortion of the wve (eldF yne ginD qunti(tion of this e'et would e requiredD long with omprE ison with the dissiptions reted y the mesh dpttion proedureF e simple outlook on the dissiption produed per time inrement is illustrted in pigF RFQHF he height of the di'erent peks nd urves nd their evolution with time would e interesting to knowF e numeril dissiption progressively inresing per time step is proposedD whih is reinitilized t eh dpttionF he ft tht newly dpted mesh redues the disE siption produed t eh time inrement seems induitleD whih explins the shpe of the dshed urveF his is not the se for the regulrityD periodiity or reltive sizes of the di'erent ontriutions to numeril dissiptionF e omprehensive omprison ould give guidelines for the de(nition of n optiml dpttion frequenyF he idel would e to link it with physil prmetersD whih seems possile for monohromti wve (eldsD III mye less for rel se sttesF 0 0 t Dissipation rate per time increment dissiption per time inrement dissiption per dpttion step pigure RFQHX imple view of the rte of dissiption per time inrement during simultion with periodi mesh dpttionsF enother limittion my e due to the de(nition of the nisotropi meshing s it is presently de(nedD nd its reltion with the physisF he dpted re is sed exlusively on the levelEset funtion representing the freeEsurfeF gonsequentlyD thin meshing is otined only in n re of width ε round the freeEsurfeF his de(nition mostly igE nores the wter dynmis elow the wter levelD whih ply n importnt role in the propgtion of wve (eldsF woreoverD the nisotropi hrteristi derived from the levelEset funtion is le to detet the urvture of the freeEsurfe to dpt on itF fut when wves of smll steepness re de(nedD mesh ells strethed in the diretion of the propgtion of the wve (eld tend to e genertedF he redution of the numer of mesh ells in this diretion redues the de(nition of the wvesD whih tends to inrese the numeril dmping produedF en immedite orretion is to limit the strething of mesh ellsF roweverD this leds to n inrese in the numer of mesh points used in the omputtionsD whih redues the potentil of the nisotropi meshingD in prtiulr for Qh pplitionsF es the mesh used in the nisotropi simultions is dpted in qusiEisotropi wy round the freeEsurfeD it must not e the soure of the dmping oserved in this useF his thesis foused on the development of simultor for pysF o tht extentD Qh pplitions need to e onsideredD for whih the use of isotropi meshes is unrelistiF he propgtion of wve (elds relized with nisotropi meshes thus needs to e imE provedF e preliminry studyD iming t developing test ses integrting the nisotropi mesh dpttion proedure to propgte wve (elds more urtelyD hs een relizedF e frmework is developed for the de(nition of re(ned mesh under the freeEsurfeD iFeFD where the hydrodynmi e'ets re expeted to hve the gretest impt on the shpe of the wves simultedF his re(nement is wy to onserve the nisotropi hrteristiD while onstrining the mesh size in n ttempt to redue the numeril dissiptionF he proedure detiled in the following ts s pthD positioned under the freeEsurfeD where thinner mesh is genertedF he ondition presented in iqF @RFSA de(nes the res where the omputtionl mesh needs to e re(nedF he levelEset of the wter phse Φ ε is usedD long with the mplitude of the wve (eld generted A w F e threshold rtio r T hr llows to esily tune the size of IIP the re(ned zoneF Φ ε > 0 y > -r T hr A w @RFSA he mesh n then e dpted thnks to tuning of the metri (eld presented in eF PFPF he modi(tion of the mesh intends to ontrol the size of the mesh ells long oth the x nd y diretionF o tht extentD metri (eld similr to the one presented in iqF @RFTA is required in the re(ned reD with h x nd h y the sizes of the mesh in the x nd y diretionsF

M i = 1/h 2 x 0 0 1/h 2 y @RFTA
he methodology followed here tkes dvntge of oth the dpttion on the freeE surfe nd further re(nement sed on geometril riteriF he de(nition of the metE ri s relized in useF PFPFP needs to e onservedD while supplementry onstrints re de(ned in iqF @RFTAF o restrit the implementtions to highElevel enodingD de(niE tion of the new metri (eld in two steps hs een relizedF he dpttion is (rst done exlusively on Φ ε F he metri (eld M i otined is then summed with the expression proposed in iqF @RFTAF sn the re to re(neD the initil eigenvlues of M i orrespond to the lol mesh size long eh diretionF ith wellEtuned presried mesh sizesD 1/h 2 x nd 1/h 2 y re muh higher thn the eigenvluesD nd thus get the most ttention in the remeshingF sn the res eing dpted y oth stepsD this proedure tends to generte thinner mesh ellsD whih inreses the omputtionl osts nd the expeted preision of the simultionsF he tuning of the prmeters h x nd h y is key feture of this re(nement reF his topi is ommonly disussedD eFgFD in glderer et lF @PHIVAF sn order to get (rst ide of the level of re(nement requiredD rther thin desription of the re(ned zone is proposedD using iqsF @RFUAF his de(nition llows getting 100 ells long wvelengthD nd 20 ells from rest to troughF

h x = λ w 100 @RFUA h y = A w 10 @RFUA
his mesh genertion proess is suited for monohromti wve (eldsD s n mpliE tude A w hs to e providedF st does not ount for regions where the re(nement is not requiredD eFgFD in the sponge lyerF smprovements ould esily e designed nd impleE mentedD from modi(tion of the ondition in iqF @RFSAF roweverD the point followed here ws to improve the desription of the propgted wve (eld on Ph test seF vitE tle ttention ws thus pled on the optimiztion of the meshingF imilrlyD thinner tuning of h x nd h y ould led to either etter preision hieved with the resultsD or to redued omputtionl lodF e zoom on mesh generted using this methodology is presented in pigF RFQIF he test se onsidered here uses physil wve mkerD even if the mesh re(nement proE posed is independent of the wve genertion toolsF he omputtionl dominD similr to the one presented previouslyD is meshed using out 150K points nd uses ε = 10 -2 mF everl omments n e mde out the distriution of nodesF en importnt onenE trtion is gin found round the piston nd the freeEsurfeF sn dditionD the regions respeting iqF @RFSA re re(ned tooF he dpted re is widenedD espeilly under wve IIQ pigure RFQIX enisotropi mesh for the simultion of monohromti wve (eld of mE plitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m t t = 20sD re(ned under the freeEsurfeF oom on the freeEsurfeF les in metersF restsF he wve (elds otined with di'erent on(gurtions re presented in the folE lowingF he (rst on(gurtion tested onsisted in the determintion of r T hr D threshold rtio from iqF @RFSAF e monohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m is presriedF he di'erent wve (elds presented in pigF RFQP ompre the results of sgsEteh simultions ginst output dt from ryExF e test se ws run without the dditionl re(nementD while the other test ses respeted r T hr = 3 nd r T hr = 5F he freeEsurfes plotted show very similr dt for r T hr = 3 nd r T hr = 5D with redued dmping ompred to the lst on(gurtionF por mtter of omputtionl e0ienyD these results hve een otined with time step ∆t = 10 -2 sD whih provided dmping even for thinD isotropi meshesF he improvement oserved in the propgtion of the wve (elds dvotes the use of re(nement under the freeEsurfeF tillD the senE sitivity of the results to the vritions of r T hr would need to e investigtedF sn the followingD r T hr = 3 is onservedD in more urte studiesF enother in)uene of the re(nement under the freeEsurfe is to onentrte high numer of omputtionl points round the freeEsurfeF prom this oservtionD the in)uene of the mesh dpttion is expeted to e slightly less importnt thn for lsE sil nisotropi mesh genertionF yne ginD monohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m is presriedF he dependeny of the results towrds the dpttion frequeny is tested for ε = 10 -2 m nd ∆t = 10 -3 sF foth freeEsurfes re found to hve the sme periodF sn terms of mplitudeD the highest dpE ttion frequenyD with mesh updtes every 7•10 -3 sD underperforms ompred to the other test sesD onsideringD respetivelyD dpttion every 3.5 • 10 -2 s nd 7 • 10 -2 sF he lst two ses provide very similr resultsF es only di'ereneD the freeEsurfe dpted every 7•10 -2 s is slightly less dmpedD ut seems to enounter more mss lossesF hespite the inE resing preision of the resultsD the results otined with the nisotropi dpttion re still it dmpedD even if the mesh is re(ned under the freeEsurfeF e 8.5%Eerror is still found in terms of mplitudeD from rpid evlution of the rest loted next to x = 25mF purther studies re required to inrese gin the preision of the wve (elds propE gtedF he re(nement relized under the freeEsurfe follows the prdigm proposed in previous prgrphF he size of ells long the xEdiretion is redued thnks to IIR pigure RFQPX wonohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m t t = 20s simulted with sgsEteh using n nisotropi mesh re(ned under the freeEsurfeF imultions relized with ε = 10 -2 mD ∆t = 10 -2 sD nd dpttion every 7 • 10 -2 sF flkD dottedX ve (eld from ryExF edD plinX xo re(nementF flueD dshedX r T hr = 3F qreenD dshEdottedX r T hr = 5F les in metersF pigure RFQQX wonohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6m t t = 20s simulted with sgsEteh using n nisotropi mesh re(ned under the freeEsurfe @r T hr=3 AF imultions relized with ε = 10 -2 mD ∆t = 10 -3 sD nd di'erent dpttion frequeniesF flkD dottedX ve (eld from ryExF edD plinX edpttion every 7 • 10 -3 sF flueD dshedX edpttion every 3.5 • 10 -2 sF qreenD dshEdottedX edpttion every 7 • 10 -2 sF les in metersF IIS @A wesh olored y the levelEset funtionF @A rsiti veloitiesD sled linerly from 0m.s -1 to umax = 3 • 10 -3 m.s -1 F pigure RFQRX xoE)ow test with onstnt isotropi mesh @h min = 5 • 10 -3 mA fter single time inrementD for ∆t = 10 -3 s nd ε = 5 • 10 -2 mF les in metersF the prmeter h x introduedD while disretiztion of the res under the freeEsurfe is performedF he improvement of the results is notleD ut optimiztion ould still e relizedF everl options n e disussedF he (rst one onsiders the level of re(nement presried in the studies relizedF e unique disretiztion ws testedD with 100 ells to represent wvelength nd 20 ells etween rest nd troughF elterntive distriuE tions of ells in the re(ned res would e neessry to get good omprehension of the in)uene of the mesh under the freeEsurfeF 4.2.3 No-ow tests sn xD the regions loted fr from the wve genertors follow hydrostti ehvior t the eginning of the simultionsF he freeEsurfe is supposed to e t restD ut the simultion presented in this eF highlighted the retion of prsiti veloitiesF hey pper in the res where density drop is oservedD espeilly with isotropi meshesF hey n e identi(ed on pigF RFPI for x < 10m nd x > 35mD where the freeEsurfe is disturedF he presene of prsiti veloities is to void in the ontext of xsD s the propgtion of wves is diretly impted y the perturtionsF hese veloities re due to the itertive solver usedD whih minimizes residulF he minimiztion is stopped when onvergene ondition is metF sf the rte of onvergene is not su0ientD perturtions of importnt mgnitude my e genertedF he prsiti veloities generted y isotropi nd nisotropi meshes re ompred for n identil test seF e wter sin of dimensions 60mm is de(nedD with wter depth of 5mF en initilly still freeEsurfe is onsideredD nd no externl perturtions re presriedF he simultions re run with ε = 5 • 10 -2 mD h min = 5 • 10 -3 m nd ∆t = 10 -3 sF he dpttion is foredD to reh the miniml mesh size round the freeE surfeF husD the only di'erene etween those test ses onsist in the meshingD whih is thinner long the horizontl diretion in the isotropi seF he evolution of the veE loities generted fter single time step re exminedF he results otined present n homogeneous distriution of the prsiti veloities long the freeEsurfeF ooms on the irGwter interfe present views of those veloities drwn for isotropi meshingD see pigsF RFQRD nd nisotropi meshingD in pigF RFQSF he sle of the veloities presented in those pigsF is liner from 0 to u max F sn the isotropi seD the mgnitude of the highE est veloities is u max = 3 • 10 -3 m.s -1 D while u max = 7 • 10 -4 m.s -1 in the nisotropi seF e (rst oservtion onerns the reprtition of the veloitiesD tht re ll loted in IIT @A wesh olored y the levelEset funtionF @A rsiti veloitiesD sled linerly from 0m.s -1 to umax = 7 • 10 -4 m.s -1 F pigure RFQSX xoE)ow test with onstnt nisotropi mesh @h min = 5 • 10 -3 mA fter single time inrementD for ∆t = 10 -3 s nd ε = 5 • 10 -2 mF les in metersF the trnsition re of the levelEsetD round the freeEsurfeF wore preiselyD the prsiti veloities pper when density drop is oservedF ith the isotropi nd nisotropi test sesD the di'erene etween oth u max is of n order of mgnitudeF his is due to the meshingD muh orser in the xEdiretion in the nisotropi test seF his indues numeril dissiptionD whih tends to redue the prsiti veloities oservedF woreoverD while in the isotropi test se the veloities hve no preferentil diretionD the nisotropi pplition genertes vertil isF he reson is gin the meshing in the xEdiretionF everl studies hve een relized redue the impt of those veloities on the simE ultions using nisotropi meshesF sn prtiulrD their evolution with the time step ∆t or the smllest mesh sizes h min hve een studiedD nd re plotted in pigsF RFQTF st is importnt to note thtD due to the nisotropi hrteristi of the meshD the evolution of h min involves vritions of the mesh size following the levelEsetD nd onsequently the density dropF es soon s the simultions times re reduedD the evolution of h min ts exlusively on the mesh size in the vertil diretionF he results otined show smll dependeny in ∆tD while (rstEorder onvergene is mesured in h min F his mens thtD to divide u max y 10D h min must e divided y 10 tooF gonsequentlyD the redution of the prsiti veloities needs to e relized through the use of thinner meshD t lest in the vertil diretionF his ehvior is oserved independently of the levelEset width εF he pressure drop mesured on eh mesh ell seems to rule the pprition of prsiti veloitiesX the highest the dropD the lrgest the perturtionsF he onvergene rte n e put in perspetive with the orders of onvergene of the shemes used for the x simultionsD of the (rst order oth in time nd speF snresing the order of those shemes would e wy to redue them without diminishing h min too muhF he resolution long the horizontl diretion hs n impt on the resultsD s highE lighted y the di'erenes etween isotropi nd nisotropi simultionsF he wve (elds presentedD eFgFD in pigF RFPID suggest tht the prsiti veloities mostly hve n in)uene on solutions in res where the wves re smll nd reently pperedF his ehvior is oserved oth for nisotropi or isotropi simultionsF es nisotropi meshes re re(ned horizontlly when wves of strong urvture re foundD the in)uene of the h min on the horizontl re(nement will e limitedF he res onerned y prsiti veloities will mostly e meshed s in pigF RFQS rther thn pigF RFQRF e di'erent sitution ould e found with enhned meshing under the freeEsurfeD depending on the wves simulted nd riteri onsideredF hese situtions will need to e regrded in seEyEse sisF h min (m)

u max (m • s -1 ) ∆t = 2 • 10 -3 s ∆t = 2 • 10 -4 s @A pixed ∆tF
pigure RFQTX esidul veloities otined using nisotropi meshes t t = 2 • 10 -2 s for vrious ∆t nd h min D with ε = 5 • 10 -2 mF enother pproh onsists in inresing the rte of onvergene hieved during the resolution of the prolemD whih is formulted in veloity nd pressureF roweverD in hydrostti situtionD the onverged pressure is in the rnge of 10 5 P a for depth out 1mD while the veloities re supposed to onverge towrds 0m.s -1 F he risk is for the solver to fous on the onvergene on the pressureD nd to overlook the errors on the veloityF gonsequentlyD the preonditioning of the prolem needs to e prtiulrly e0ient to otin smll residul veloitiesF his study will e importnt for the vlidtion of new solver dedited to the simultion of freeEsurfe )owsF 4.3 Verication and validation of the FSI and application to buoyancy his eF proposes vlidtion of the di'erent utilities implemented in sgsEteh for the ps of pys nd presented in eF QFQF his study hs een relized within mster thesis integrted into the sope of the hhF wo min topis need to e regrdedX the evlution of fores pplied on struturesD nd the driven motion of uoysF sn (rst timeD veri(tion of the fores pplied on stti ojet re mesuredD nd onvergene studies re presented in useF RFQFIF pree motions of )oting solids interseting free surfe re then studied in useF RFQFPF woEdimensionl test ses re presentedD where vertil nd rottionl motions re onsidered seprtelyF 4.3.1 Verication of the buoyancy force applied on a cylinder he (rst se tested intends to vlidtion the omputtion of the fore presented in useF QFQFID relized within mster9s thesisF e ylinder of density ρ = 500kg.m -3 is ompletely sumerged under wterD de(ned s )uid of density ρ = 1000kg.m -3 nd of visosity η = 0.001kg.m -1 .s -1 F sts dimeter is D = 0.1524m nd the omputtionl domin is of size 20DD the ylinder eing loted t its enterF he ext solution is given y the erhimedes9 prinipleX the resultnt uoynt fore F an is equl to the weight of the displed )uidF he results otined re ompred to those from forzjni et lF @PHHVA nd glderer @PHISAD whih used vi formultion of the xvierEtokes equtions nd IIV 10 -3 10 -2 10 -1 10 -2 10 -1 10 0 10 1 10 2 10 3 h(m) Error sgsEteh glderer @PHISA forzjni et lF @PHHVA pigure RFQUX tti uoynt ylinderD onvergene of the error of the omputed uoynt fore with the interfe thiknessD for the fully immersed seF gomprison with results from glderer @PHISA nd forzjni et lF @PHHVAF 10 -3 10 -2 10 -1 10 -2 10 -1 10 0 10 1

10 2 10 3 h(m)
Error sgsEteh 1M points sgsEteh 2M points pigure RFQVX tti uoynt ylinderD onvergene of the error of the omputed uoynt fore with the numer of mesh nodesD for the fully immersed seF pinite olume pproh with immersed oundriesF he error ED written in iqF @RFVAD is mesuredF

E = |F f luid -F an | F an @RFVA
e logElog plot showing the onvergene of the error is printed in pigF RFQUF hi'erent dpted meshes of miniml mesh size h min eing D/25D D/50D D/100D nd D/200 re onsideredF es explined in ghpF PD the width of the levelEset representing the immersed ojet respets h min = ε/10F he stndrd method from forzjni et lF @PHHVA overpredits the uoyny fore on the ylinderD nd hs (rstEorder rte of onvergeneF he fg method detiled in glderer @PHISA provides errors lower of one order of mgnitude thn the stndrd methodD lso with etter onvergene rteD of 1.8F he pproh followed in sgsEteh presents good order of mgnitude nd similr onvergene rte thn the stndrd methodF he numer of mesh nodes hs een inresed to 200KF his voids limittion of the onvergene rte due to the numer of omputtionl pointsF e similr onvergene is highlighted y pigF RFQVF es the order of the disretiztions over time nd spe re IIW 10 -3 10 -2 10 -1 10 -2 10 -1 10 0 10 1 10 2 10 3 h(m) Error sgsEteh glderer @PHISA forzjni et lF @PHHVA pigure RFQWX tti uoynt ylinderX onvergene of the error of the omputed uoynt fore with the interfe thiknessD for the hlf immersed seF gomprison with results from glderer @PHISA nd forzjni et lF @PHHVAF oth of 1D the rte of onvergene otined is stisfyingF e similr study is proposed for the sme ylinderD this time hlf immersedF en imE portnt modi(tion of the test se is requiredD s freeEsurfeD de(ning the irGwter interfeD hs to e representedF his threeEphse is more hllengingD s importnt drops in η nd ρ re oserved etween ir nd wterF sn prtiulrD the density vritions were shown to generte prsiti veloities in useF RFPFQF he meshing of the freeEsurfe lso indues higher omputtionl e'ortF e triple point ppers t the meeting point of the three phsesD whih lso requires prtiulr tretmentF tillD the error etween the ext uoyny foreD given y erhimedes9 prinipleD nd the numeril evlution n e omputed s detiled in iqF @RFVAF he onvergene of the error is presented in pigF RFQW with di'erent dpted meshes of 100K nodesD of miniml mesh size h eing D/25D D/50D D/100D nd D/200F e good order of mgnitude nd the sme onvergene rte re hievedD even if the mesh dpttion densi(es the mesh round the freeEsurfeF he sme ehvior is oserved for meshes of 200K pointsD whih shows tht 100K nodes should e lrgely enough to test these types of sesF he omprison with the results presented y forzjni et lF @PHHVA nd glderer @PHISA provide similr tendeny ompred to the fullyEimmersed seF he rte of onvergene hieved with sgsEteh ompres well ginst the stndrd methodD while the fg method provides higher onvergene rteF 4.3.2 Validation of the FSI solver for driven motions of oating structures his useF intends to pply the ps frmework developed in useF QFQFQ to the se of uoyny required in the ontext of pysF his prtiulr se requires the simulE tion of threeEphsesX the pyD the wterD nd the irF wo di'erent levelEset funtions re requiredD one representing the pyD the seond one modeling the freeEsurfeF e triple point ppers t eh intersetion of the threeEphse nd higher omplexity is induedF xo prtiulr tretment of these points hs een relized in the ps frmeworkF wo enhmrks re onsidered in the followingD oth fousing on driven motionF he freeD vertil dey of ylinder is studiedD from n initil nonEequilirium position to n equilirium oneF he free dey of retngulr solid in rottionD up to equiliriumD is lso simultedF he results otined using the methodology developed re ompred with IPH @A pree dey of ylinderX shemti deE sription of the ylinder on(gurtion given in glderer @PHISA nd studied experimentlly in st© o @IWUUAF @A pree dey of ylinderX snpshots of the ylinder position nd the wter nd ir interfe surfeD for mesh with N = 100000 nodesD ε = 0.005D nd ∆t = 5 • 10 -4 sF pigure RFRHX pree dey of ylinder relesed over freeEsurfeF hesription of the test se nd illustrtion of the results from sgsEtehF other uthorsD whose results hve een gthered in glderer @PHISAF en experimentl study from st© o @IWUUA is onsideredD long with two numeril methodsF he (rst one is stndrd immersedEoundries pprohD presented y forzjni et lF @PHHVAD whih ws extended in glderer @PHISA through orretions of the fore evlution round the solidF his useF intends to demonstrte the pilities of the ps modi(ed levelEset formultion to intert with freeEsurfeF Free decay of a cylinder he test se onsidered here uses the ylinder de(ned in useF RFQFID whih is reE lesed from n initil position loted over its equiliriumF o rellD the ylinder of density ρ = 500kg.m -3 is horizontl nd piering the freeEsurfeF sts dimeter is gin D = 0.1524m nd the omputtionl domin is still of size 20DD with noEslip onditions imposed t the wllsF he test se is illustrted in pigF RFRHF he ylinder presents single degree of freedom @vertilA nd is going to osillte until ttining its equilirium position @ounterlne of erhimedes9 foreAD resulting in noEveloityF purthermoreD the mximum eynolds numer ttinedD sed on the ylinder dimeterD the wter propertiesD nd the mximum veloityD is 30KF wo di'erent interfe thiknesses hve een onsidered in our omputtionsD orE responding to D/200 nd D/50D with 100KEpoints meshesF he time step is omputed from the gpv ondition nd thus di'erent for the two sesF pirst trils indited tht the lowest vlue should e round ∆t = 5 • 10 -4 sF glderer @PHISA tested the sme se with di'erent mesh sizes on uniform nd nonEuniform meshesD the ltter still eing uniform round the solid ojet nd hving mesh size tht vries fr from itF npshots of the ylinder position re presented in pigF RFRHF he deformtion of the freeEsurfe is importntD generting rdition wvesF e lose view of the triple point shows tht there is remining ir lyer t the juntionF he omputed normlized position of the ylinderD determined y iqF RFWD is used to ompre the results otined y glderer @PHISA nd st© o @IWUUAF his iqF onsiders y CG D the vertil position of the enter of grvity of the ylinderD trked in timeF rmeters de(ning the test se re used tooD d = 1.22m the wter depth nd h 0 = 0.0254m initil position of the ylinder IPI 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 -0.5 

* (t) = y CG (t) -d h 0 @RFWA
he results from sgsEteh re ompred in pigF RFRI with the experimentl ones of st© o @IWUUAD whih hve lso een used to vlidte the immersed oundry methods of glderer @PHISAF he frequeny of the osilltion oserved does not mth the experiE mentl oneF snterestinglyD the stndrd method from forzjni et lF @PHHVA enounters the sme prolemD while the gf pproh from glderer @PHISA performs etterF he position of the ylinder osilltes with higher mplitude thn expetedD showing tht the rdition dmping is underpredited in this situtionF he dmping oserved on sgsEteh9s simultions for interfe thikness of D/200 n e ompred to the one from st© o @IWUUA using the qunti(tion of pseudoEosilltionsF he (rst three pek positions of the ylinder re seletedD s strong dmping limits the preision of the identi(tion of further peksF he mplitude of the peks is plotted in pigF RFRP s funtion of the timeF he di'erenes oserved for the pseudoEperiod re notleD rehing 20% for the third pekF iven if the preision of the mesures indue unertintiesD the pseudoEperiod mesured is lrgely outside the error oundsF fsed on the three (rst peks identi(edD the verge pseudoEperiod omputed with sgsEteh is 1.10sD while the experimentl one is 0.92sF his hrterizes slower evolution of the ylinderF imilrlyD importnt di'erenes re mesured for the mplitudeF he deys follow n exponentil lw exp( γ t)F en identi(tion of the prmeter γ for the deys returned -1.41s -1 for sgsEteh9s simultions nd -1.87s -1 for the experimentl studyF he smller oe0ient γ omputed with sgsEteh hrterizes slower deyF purther nlysis n e onduted with fous on the pseudo periodsF sn the ontext of free deyD the expression of the pseudoEperiodD written in iqF @RFIHAD depends on the mss of the ojet mD on the ddedEmss m add D nd on the hydrostti sti'ness

K H F T = 2π m + m add K H @RFIHA
es the veri(tion of K H ws relized in useF RFQFI nd the mss of the system is orretly spei(edD the di'erenes rising in the dey of the ylinder ertinly ome pigure RFRQX pree dey of ylinderX normlized position of the ylinderD for n interfe thikness of D/200 nd D/50D mesh with 100K nodes nd ∆t = 5 • 10 -4 sF from the ddedEmss termF purther investigtions on the ps frmework will e required to get etter omprehension of these dey errorsF enother importnt study onerns the sensitivity of the dey towrds εD iFeFD the vritions found with orser or thinner meshesF pigF RFRQ ompres the results otined for two di'erent interfe thiknessesD showing the degrdtion of the result with n inE resing D in terms of mplitudeF he frequeny remins similr for oth εF he verge error n e omputed from iqF RFIID with y exp the experimentl position of the vertil enter of grvityD given in st© o @IWUUAD nd n is the totl numer of time stepsF

E = 1 n n i=1 (y CG (t i ) -y exp (t i )) 2 @RFIIA
he error otined is 1.12 • 10 -3 m for ε = D/200 nd 1.34 • 10 -2 m for ε = D/50F es point of omprisonD glderer @PHISA hs otinedD with other immersed oundry methodsD etween E = 6.13 • 10 -4 m nd E = 1.28 • 10 -3 m for interfe thiknesses of IPQ @A pree dey of retngle rX shemti desription of the retngulr r on(gurtion given in glderer @PHISA nd studied experimentlly in tung et lF @PHHTAF @A pree dey of retngulr rX snpshot of the r position nd the wter nd ir interfe surfeD for mesh with 100K nodesD = D/200 nd ∆t = 5 • 10 -4 sF erturE tion of the system is high nd hs required severl trils of the numeril prmeters to hieve onvergent resultsF pigure RFRRX pree dey of retngle r through freeEsurfeF hesription of the test se nd illustrtion of the results from sgsEtehF the order of D/200F sn onlusionD the di'erenes etween the simultions relized in sgsEteh nd exE periments show tht the methodology hs given promisingD preliminry resultsF gorret orders of mgnitude re metD with similr tendenies ompred to the works from forzE jni et lF @PHHVAD whih shre the sme order of onvergene in the error studiesF purther investigtion will e neessry to mth more urtely the experimentl resultsF Free decay of a rectangular bar in rotation o vlidte the rottionl motion of the solid ojetD seond test se is usedF st is desried nd simulted in glderer @PHISAD nd experimentlly studied in tung et lF @PHHTAF e retngulr r of length of 0.3mD of height of H = 0.2m nd of depth of 1m is onsideredF he lrge width of the r leds to the ssumption tht studying Ph setEup is su0ient to evlute the uryF he r is pled in 35mElong omputE tionl dominD with wter depth of 0.9mF he enter of grvity of the r oinides with the position of the freeEsurfe nd the solid isD t the eginningD inlined with n ngle of IS • F foundry onditions imposed re slip onditions @v • n = 0A on the orders of the omputtionl dominF he di'erent geometril prmeters of the test se re illustrted in pigF RFRRF es for the ylinder seD two di'erent interfe thiknesses re onsideredD orreE sponding to H/200 nd H/50D eing H the height of the hnnel @H = 0.2mAF edpted meshes of 100K points re usedD nd the time step is omputed from the gpv ondition for oth sesF tility ws hrd to estlish in this test seD due to the omplexity of the interfe ner the ojet nd to its motionD s presented in pigF RFRRF trong deformtions of the freeEsurfe re oservedD while the retngulr shpe is onserved over the simultion thnks to the mesh dpttion proedureF esults provided y sgsEteh re ompred with the experimentl ones of tung et lF @PHHTA in pigF RFRSD y plotting the evolution in time of the ngle of inlintionF he IPR pigure RFRTX tudy of the pek positions of the retngle during the pseudoEosilltory deyD s funtion of the pseudoEperiodF method predits qulittively the evolution of the ngle of inlintionD ut still does not hve the sme mplitudeF xumeril results of glderer @PHISA re lso presentedD showE ing tht he gets etter ury y introduing some dmping in the eqution of motion of the solid ojetF smportnt errors re oserved in terms of frequeny tooF es for the se of the ylinderD the pseudoEosilltions oserved during the dey with sgsEteh simultions n e ompred ginst experimenttionsD this time from tung et lF @PHHTAF he mplitudes of rottion re plotted s funtion of the pseudoE period in pigF RFRTF imilrly to the ylinder vertil deyD the rottion of the retngle simulted with sgsEteh return longer pseudoEperiods nd higher mplitudesF es for the previous test seD n exponentil lw n e used to (t the deysD of the form 15exp(-γt)F he oe0ient γ of the simultions from sgsEteh is -0.47s -1 D whih the experimentl one is -0.79s -1 F es for the ylinder test seD slower dey is identi(edD whih n proly e relted to the ddedEmss e'etsF he verge pseudoEperiod from sgsEteh9s simultions is 0.72s while tung et lF @PHHTA identi(ed 0.61s oneD whih hrterizes slower evolution of the deyF IPS pigure RFRUX pree dey of retngulr rX in)uene of the interfe thikness nd omprison with the experimentl dt from tung et lF @PHHTAF yne ginD omprison etween two di'erent ε done in pigF RFRU highlights n importnt vrition in terms of mplitudeD s oserved for the freeEdey of the ylinder previously studiedF e higher ε leds to dmped motionF por this test seD phse shift is lso oserved when ε is vriedF purther studies would e needed to get etter omE prehension of the phenomen generting these errors on the periodF he pseudoEperiods re inresed with smller εD whih widens the gp etween experimentl nd sgsEteh9s resultsF his oservtion tends to show tht deresing ε optimizes the qulity of the simultionsF purther studies with smller ε would e required to hek this suppositionF roweverD ε = D/200 lredy genertes onsiderle omputtionl e'ortD s miniml mesh size of D/2000 needs to e hieved round the immersed ojetF e smller mesh size will proly improve the resultsF et the sme timeD the simultion of QhD opertionl py test ses with suh preision is unhievleF he developments of other utilities or resolution methods will e required for n urte simultion of )oting struturesF

Conclusion on the numerical results

his ghpF presented the simultions nd results relized towrds the development of simultor of pysF wo di'erent prdigms were followedX the vlidtion of the numeril frmework ws relizedD esides of developments linked to the de(nition of demonstrtorF he vlidtion of the )ows ws split etween erodynmisD in eF RFID nd hydrodynmisD in eF RFPF e vlidtion of the ps ws proposed in eF RFQF he erodynmi studies foused on )ows round (xed geometriesD represented using impliit oundry methodsF he erodynmi oe0ients mesured round the odies were ompred with numeril studies nd experimentl dtD while the wke ws not regrdedF he results otined during the erodynmi vlidtion deteriorted s the Re numer of the )ows onsidered roseD with errors risingF he onsidertion of (rstE order (nite elements n e linked to the low preision hieved with rising ReF he liner interpoltion of the phse in eh (nite element requiresD in order to represent phenomenD very thin meshingF sn the ontext of rising ReD the hrteristi length of turulent strutures deresesD whih requires orresponding redutions in lol mesh IPT sizesF imilrlyD the (rstEorder time disretiztion implies the use of smller time stepsF he vlidtion of the hydrodynmis foused on the genertion nd propgtion of wvesF wonohromti wve (elds were studiedD minly in PhD nd generted using two di'erent methodsF he reourse to thinD isotropi meshes tended to return wve (elds pprohing the trget solutionF sing the nisotropiD utomti meshing s presented in eF PFPD the propgtion of wves highlighted the presene of dmpingF everl studies were done to redue this numeril dissiptionD whih ould e reduedD ut not erdE itedF he in)uene of the mesh dpttion proedure on the dmping produed ws identi(edD ut not qunti(edF eside from the mplitude of the wve (elds simultedD the frequenies oserved were generlly found stisfyingF imilrly to the onlusions drwn for the erodynmi vlidtionD n extension of the (nite element method to higher orE ders of interpoltion hs the potentil to limit the errors produedF he eF fousing on the ps frmework intended to vlidte the tools implemented into sgsEteh for the simultion of pysF e (rst step onsidered the evlution of foresD from two ses omputing the uoyny fore on n immersed ylinderF preeE deyD driven test ses were then studiedD to vlidte the ps frmeworkF he test ses simulted were representtive of pyD s threeEphse )ow ws onsideredD with freeEsurfe nd triple pointsF he dey in trnsltion provided results with some isD tht ould e put in perspetive with methods of similr preisionF yn the ontrryD the test se fousing on rottionl dey ws sujet to filuresD nd generted importnt errorsD oth in terms of mplitude nd periodF tillD the ddedEmss e'ets looked overlookedF e poor representtion of these hydrodynmi ontriutions tended to limit the ury hieved with sgsEteh on uoynt test sesF IPW sn this thesisD the steps followed towrds the dpttion of the softwre pltform sgsEteh to the simultion of pys hve een presentedF efter n introdution on the simultion of pys in the litertureD the numeril methods for the representtion nd the simultion implemented in sgsEteh hve een introduedF e prdigm for the resolution of the inompressile x equtions in w formultion is presentedD whih tkes dvntge of levelEset funtions nd IEpiwF he numeril results hve (nlly een presented in ghpF RF he di'erent onlusions from the thesis re presented in eF SFIF e presenttion of preliminry developments towrds simultor of pys is presented in eF SFPF pinllyD the perspetives otined from those results re presented in eF SFQF

Conclusion

he numeril simultions relized within the sope of this thesis n e split etween the representtion of the geometries nd test ses iming t developing py demonE strtorF he oservtions mde from the results presented in ghpsF P nd R highlighted severl ftsD whih re detiled in the followingF 5.1.1 Representation of the geometries he methodology for the resolution of multiphse )ows in sgsEteh uses unique meshF he representtion of the geometries is selfEstnding softwre unitD whih uses levelE set funtions for the reonstrution of the immersed geometriesF he mesh immersion proess hs een optimized using n otreeD s detiled in ghpF PF he omputtionl gins hve een qunti(ed thnks to speedEup testsF he di'erent simultions presented in this ghpF highlight the potentil of sgsEteh to reonstrut one or severl pysF he level of ury of the representtion n e djustedD whih is importnt given the geometry of ldesF his tool looks optimized nd suited for the representtion of pyF he implementtion oriented towrds n optimiztion of the omputtionl osts llows its use for the simultion of pysF sts integrtion into sgsEteh9s mssively prllel frmework llows deployments on lustersF ell those hrteristis pve the wy for n urte representtion of one or severl pysD on lrge omputtionl dominsF 5.1.2 Solver verication and validation he vlidtion of the solver relized in ghpF R intends to simulte pys s urtely s possileF o tht extentD the erodynmis nd hydrodynmis hve een onsidE eredF hi'erent ehviors hve een highlightedF he evlution of the erodynmi oe0ients round severl pro(les provided results of preision deresing with the rise of the eynolds numerF he w solver urrently used is not suited for highERe )owsF epproximtions mde in the development of the w suslesD whih re onsidered qusiEstti nd neglet the onvetive veloityD proly hve the most in)uene on the impreisions oservedF yn the ontrryD preliminry hydrodynmi studies onsidering n isotropi mesh showed propgtion of monohromti wve (eld with very limited dmpingF iven if this study is not su0ient to prove the pility of sgsEteh to simulte urte wve (eldsD it shows tht the numeril methods used lredy provide interesting preision for the simultion of freeEsurfe )owsF his n e tempered y the results otined in useF SFPFR on irregulr wve (eldsF he di'erent simultions regrding the propgtion of wve (elds in this thesis hve een relized with n implementtion of the sponge lyer integrting n errorF he results presented llowed to selet the most meningful simultionsD whih will e redone to evlute the in)uene of this errorF sn prtiulrD IQH this my explin the phse shift ppering on the wves loted ner the sponge lyer for the simultions using physil wve mkerF 5.1.3 Inuence of the anisotropic meshing on the propagation of waves he in)uene of the nisotropi meshing on the genertion nd propgtion of wves hs een studied in ghpF RF he errors produed y the meshing hve een qunti(ed through omprison with results otined using isotropi meshesD for whih undmped wve (elds ould e genertedF yn the ontrryD nisotropi meshes tended to indue numeril dissiptionF foth the shpe of the mesh genertedD the frequeny of dpttion nd the time step used in the simultions seem to hve high impt on the qulity of the resultsF sf severl developments hve een relizedD the dmping ould e reduedD ut not erditedF he in)uenes of the timeEstepping nd of the sptil disretiztion hve een exminedF e mesh pth enhning the preision of the results hs een proposedD for n pplition to Ph test sesF he tion of the mesh dpttion on freeEsurfe )ows hve een identi(ed nd disussedD ut not qunti(edF 5.2 First developments towards a demonstrator of FOWTs he veri(tion nd vlidtion of the solvers towrds the simultion of pys hve een introdued in ghpF RF his eF intends to present preliminry works nd simultions relized for the development of demonstrtor of pyF e si version of py simultor is proposedD whih onsiders (xed py in monohromti wve (eldF everl implementtions hve een relized with tht ojetive in mindF he genertion of omplex wve (elds nd Qh wve mkers hve een onsideredD while the rottion of the rotor hs een relized from the immersion proedureF impleD prospetive simultions proved the potentil to represent single py in wve (eldF qiven the reonstrution of huge numer of s relized in ghpF PD se n e mde for the simultion of severl pys in xD in order to highlight their intertionsF his would oviously require the vlidtion of the solver on the eroE nd hydrodynmis pplitionsF wore generllyD this eF presents the hllenges ehind the development of demonstrtor of pysF 5.2.1 Rotation of rigid WT blades he rottion of ldes hs een implemented in sgsEtehD following the ext repE resenttion of the geometriesF o tht extentD the ldes re reonstruted from their surfe meshF he mesh immersion tehniques introdued in ghpF P re usedF sn order to urtely represent the ldesD the rottion speed nd the xis of rottion of the whole rotor re requiredF sn the ontext of rigid pyD no deformtions of the strutures re onsideredF he )oter nd the rotor re joined togetherD nd thus shre oordinte systemF gonsequentlyD the rottion xis of the n e dedued from orienttions of the )oterD whih re dependent on the uoyny of the whole strutureF he rottion speed n then e either presried or dedued from the torque generted y the fores pplied on the ldesF his pproh remins vlid s soon s the di'erent strutures involved re rigidF sn the ontext of )exile ldesD eroelstiity will e needed for oth the tower nd the ldes of the F xote tht only few works hve een relized onerning this topiD espeilly euse the omplexity of the physil prolem is onsiderleF he vlidtion of monophsi )ows round irfoils tended to show tht the erodynmis re solved inurtely t high Re using the P 1Ew solver implemented in sgsEtehF gonsequentlyD side from the rottion utilityD no further developments or simultions hve een doneF hey will e required to reprodue the ext ehvior of pyF IQI pigure SFIX urfe mesh of lde from hneero xwVH D used in the test se from the sie ind sk PWF yne solver will hve een vlidted t high eynolds numerD the eroelstiity will e mustEhve for n urte representtion of sF 5.2.2 Preliminary works on IEAWind Task 29 huring the thesisD sgs joined the sk PW of the snterntionl inergy egeny dedited to wind energy @sie indAF his tsk ims t improving the erodynmi numeril models for sD with fous on design odesF ixperimentl tunnel studies nd onEsite operting dt hve een quired to provide omprison nd vlidtion dtF he fourth phse of the sie ind sk PW onsists in the simultion of the erodynmis of ldeD whih re ompred ginst fullEsle (eld mesurementsF he test se proposed to the ommunity onsidered the rottion of lde from hneero xwVH D represented y the mesh presented in pigF SFIF he ojetive is to ompre lifting line odes with gph solversD using the foresD torque nd moments pplied on the ldeF he gph solvers n lso provide veloity nd pressure (eldsF es the vlidtion steps presented in eF RFI were not stisfyingD no simultions relized with sgsEteh hve een sumitted to the sk PWF he integrtion of the sgs inside the sie ind sk PW will e pro(tle for future developmentsF he tunnel dt provided onsider irfoils nd )ows representtive of opertingF he di'erent irfoils studied re de(ned s setions of the hneero xwVH D nd tested t )ows whose Re is representtive of opertionl onditionsF his dt set will enle the vlidtion of new w solver for highERe )owsF he vlidtion will e possile on Ph irfoilsD on di'erent setions of the with their orresponding lol ReF ynEsite dt re lso providedD ut will only e pro(tle for longEterm vlidtionF 5.2.3 Simplied FOWT demonstrator e simpli(ed simultion of py hs een relized to operte s proof of onept in terms of meshingF he py presented in eF PFR is immersed in x of length 50m nd of width 20mD where still wter of depth 5m is de(nedF e wve (eld of lrge mplitude is generted using physil wve mkerD nd the py is set immoileD with (xed rotorF e mesh of 1M nodesD prtiulrly re(ned t the freeEsurfe nd round the pyD is usedF e view of the results otined is presented in pigF SFPF xo prtiulr ttention ws pled on the qulity ndGor physil sles of the simulE tionF his test se ws only dedited to the oservtion of the intertions etween the py nd the freeEsurfeF erturtions of the freeEsurfe due to the ps n e oserved lolly round the pyD nd the fores pplied to the struture ould e meE sured to hek the implementtion of the utilitiesF his prtiulr test se ws relized with ε = 10 -2 m for oth the pyD the freeEsurfe nd the pistonD nd time step of ∆t = 10 -2 s ws usedF hose prmeters re prtiulrly orseD s the demonstrtor ws relized with omputtionl e0ieny in mind insted of uryF hespite this lowEost de(nitionD the simultion of 1s of physil time required 2h40D with 14K omputtionl IQP pigure SFPX roof of onept for the setEup of py demonstrtorX (xed pyD with (xed rotorD in monohromti wve (eldF points per oreF yptimiztion re possile in the design of the test seD ut ε nd ∆t will lso need to e djusted to get etter preisionD espeilly round the py for εF his workD oupled to the di'erent developments presented in this ghpFD enles to imgine the future x for py testing sed on sgsEtehF roweverD to simulte urtely the ehvior of pyD severl dvnes will e requiredD side from the vlidtion of the solverF pirst of llD the must e opertingF he rotor must e put in motionD whih drmtilly omplites the erodynmis round itF he py lso needs to )otD nd moorings will e needed for sttionkeepingF pinllyD the wves generted must hve physil senseD nd e representtive of rel se sttesF srregulr wve spetr n e usedD nd reduedEsle test ses must onsider similitude lwsF sf the moorings re not ddressed in this thesisD the other two sujets re evoked in the followingF 5.2.4 Towards a representation of real sea states he de(nition of py demonstrtor requires the positioning of the py inside wve (eldF he veri(tion of the solver relized in eF RFP fouses on monohromti wve (elds onlyD whih re not representtive of omplex se sttesF he upoming prgrphs fous on two di'erent hrteristis of the open seX the Qh propgtion of wvesD nd the omintion of mny wves to form n irregulr wve (eldF hese topis re rie)y disussedD s the simultions introdued hve een relized in prospetive wyF he development of Qh x hs thus een relizedF he two di'erent methods used in the vlidtion proess presented in eF RFPD nmely the soureEterm nd physil wve genertion methodsD hve een implementedF sing the soureEtermD Qh monohroE mti wve (elds n e generted thnks to minor modi(tions introduing trnsverse wvelength in the formultion presented in useF QFQFPD s detiled in glderer @PHISAF his method eing suited for monohromti wves onlyD the solution fvored uses the physil wve mkerD moved from ryEx outputsF e x of length 50mD of width 30m nd of depth 5m hs een designedD with 11 distint wve mkers positioned on the left of the dominF he results otined re presented in pigsF SFQD for the genertion of monohromti wve (eld of mplitude 0.1mD of frequeny 0.5s -1 nd of wvelength 6mF e mesh of 800K nodes is nisotropilly dpted in the omputtionl dominD IQQ @A ve (eld genertedD with wvemkers t the lowest vlues of xF α≈10.2°@ A ve (eld genertedD viewed from topD with orienE ttion mesuredF pigure SFQX Qh x for the genertion of monohromti wve (eld of ngle α = 10 • D with wve rests in lue nd the wve mkers on the leftF the freeEsurfe is represented using ε = 10 -2 mD nd time step of 10 -2 s is used for the x resolutionF he wve (eld otined is lrgely dmpedD whih is due to oth the meshing nd the time steppingF he ojetive of this simultion ws to vlidte the ehvior of the Qh wve genertorF he wve (eld otined orresponded quite well to the presried wve (eldD s its pproximtive orienttion is of 10.2 • F ome expeted perturtions re oserved ner the orders of the dominD euse of the slipEonditions imposedF hey only hve minor in)uene on the wve (eld in the middle of the dominD where the py is supposed to e positionedD whih is stisfyingF wore investigtions will e needed one vlidted monohromti wve (eld will hve een generted in PhF eside from the Qh perspetiveD omplex se stte is formed y omined wvesD of di'erent mplitudes nd frequeniesF he representtion of n irregulr wve (eld is ritil in the development of xF sn order to represent oherent wvesD n irregE ulr wve (eld hs een represented from ryEx following tyxe spetrum of signi(nt wve height 5 • 10 -2 mD of pek period 1sD nd of shpe ftor 3.3F por 1/100thEsled py suh s presented in eF PFRD this wve (eld orresponds to fullEsle one with signi(tive height 5m nd pek period 10sD iFeFD severe se stteF e Ph study hs een relizedD with n isotropi mesh similr to the ones used in eF RFP for the representtion of the omputtionl dominF he levelEset of the freeEsurfe is de(ned with ε = 10 -2 mF he freeEsurfe elevtions otined t t = 20s for ∆t = 10 -3 s re ompred ginst ry outputs in pigF SFRF his on(gurtion is seleted s it proE vides the est results on monohromti wve (eldsD in prtiulr with lrgely redued dmpingF he urves immeditely highlight the lk of preision hieved in this onE (gurtionF he wve (eld solved y sgsEteh is noisyD nd those perturtions indue importnt errors for oth the mplitude nd the phse of the suessive wvesF he dmping of the wve (eld is reduedD s the iggest wves n still e guessed on sgsE teh resultsF he order of mgnitude of the wve (eld solved remins omprle with the one presried y ryF roweverD the phse shift is inresed s the wves re trnsE portedD whih indues importnt errorsF woreoverD the residul veloities disussed in useF RFPFQ indue here lrge perturtionsF hey tend to distur the freeEsurfe fr from the wve mkerD whih then hve n impt on the wves of smll mplitude or wvelengthF sn order to simulte urtely irregulr wve (eldsD the prolem of the prsiti veloities will need to e solvedF IQR pigure SFRX srregulr wve (eld from tyxe spetrumD with signi(nt wve height 0.05mD pek period 1sD nd shpe ftor 3.3F flkD dottedX preeEsurfe presried y ryExF edD plinX imultion relized with sgsEteh using n isotropi meshD with ∆t = 10 -3 sF les in metersF iven if the isotropi results re disppointingD omprtive study n e relized using nisotropi meshes of 50K nodesF imilrly to the studies relized in eF RFPD the nisotropi hrteristi enles to redue the omputtionl lod indued y the meshingD nd llows to trnslte to Qh test sesF he sme time steps ∆t = 10 -2 s nd ∆t = 10 -3 sD long with dpttion every 7•10 -2 s nd 7•10 -3 sD re ompred in pigF SFSF e rpid look t the results highlights the lk of ury of sgsEteh with n nisotropi meshingF he mplitude of the wves is lrgely redued ompred to ryEx9s preE sriptionsD nd the wves of smll wvelengths re not pturedF he time step of 10 -2 s is prtiulrly not suited for suh n errti wve (eldD s even the mplitude of the lstEgenerted wve is lrgely underestimtedF he simultions rn with ∆t = 10 -3 s seem to provide etter representtion of the strutures of huge wvelengthD ut do not pture the smll wves tooF ith x > 10mD no simultion presented in pigF SFS is le to give n ide of the trget wve (eldF sn omprison with the fts oserved in eF RFPD the frequeny of mesh dpttion hs here only smll imptF he poor qulity of the freeEsurfes generted overshdows its in)ueneD whih is limited to slight modi(tions of mplitude or phseF he poor results ould (nd their origins in severl ftorsF he in)uene of the time step n e linked with the di0ulty to predit wves of di'erent periodsD nd even smller time steps ould provide etter resultsF he meshing my not e pproprited for this wve (eldD even if the minimum mesh size is similr to the one used for the isotropi meshingF he in)uene of the wter dynmis elow the surfeD lredy disussed in useF RFPFPD ould e strting pointF sn order to otin rel se stte in the xD omintion of the lst two simulE tionsD respetively Qh nd irregulr wve (eldsD is requiredF he genertion of Qh wve (elds using ryEx seems to generte proper wve (elds in terms of orienttionD t lest in the monohromti sitution testedF his provides preliminry veri(tion of the implementtion of the Qh xF he onerns out numeril dissiption reminD in oth of the simultions presentedF yviouslyD the level of ury is not eptle to onsider ouplingD nd those simultions hve not een relized for the momentF en urte representtion of irregulr wve (elds would (rst e needed in PhD with n isotropi meshingF he riteri de(ned from this study ould then e used for the simultion of urte Ph irregulr wve (elds using nisotropi meshesF e oupling will e onsidered one this lst step will e rehedF sing the prmeters de(ned in the IQS pigure SFSX srregulr wve (eld simulted t t = 20s with trget from tyxe spetrumD of signi(nt wve height 0.05mD pek period 1sD nd shpe ftor 3.3F esults of the simultions otined with sgsEteh using n nisotropi meshF flkD dottedX preeE surfe presried y ryExF edD plinX ∆t = 10 -2 sD dpttion every 7 • 10 -2 sF flueD dshedX ∆t = 10 -3 sD dpttion every 7 • 10 -3 sF qreenD dshEdottedX ∆t = 10 -3 sD dpttion every 7 • 10 -2 sF les in metersF orresponding simultionD the resolution of rel se sttes will e on the wyF 5.3 Perspectives qiven the numeril methods used y sgsEteh nd the omputtionl lod induedD high ury in the representtion of the physis simulted is requiredD s lredy stted in ghpF IF sgsEteh hs the potentil to e used for the vlidtion nd lirtion of engineering odesF gonsequentlyD for n pplition of sgsEteh to the simultion of pysD lot of urrent limittions of the model developed will hve to e ddressedF hose modi(tions my e pplied from shortE to longEterm sisD depending on the priorities de(ned for oth this projet nd the other tivities of sgsF 5.3.1 Higher-order FEM he development of higherEorder piw is lredy in proess within other projets t sgsF his study initilly foused on the representtion of pys t redued ostD efore onsidering the vlidtion of (rstEorder (nite element solverF e new solver is urrently eing implemented t sgsD whih provides higher orders of preision oth in spe nd timeF sn timeD numeril shemes of higher omplexity re used to ompute the vlues of veloity nd pressure provided y the x equtions t the next time stepF sn speD higher order onsists in hnging from liner interpoltion funtions for polynomils of higher ordersF his imposes using more interpoltion points within eh (nite elementF he omputtionl lod per element risesD ut the ury of the resolution inresesF e higher order of interpoltion of the piw inreses the ury of the prolem solvedD whih (nlly improves the results otinedF es mentioned in eF QFID the orders of ury in time nd spe need to e similrD in order to lne the pproximtion errors etween spe nd timeF he numeril shemes will thus need to e modi(edD in order to provide onvergene similr to the one in speF he orollry to the rise in order is tht igger mesh ells nd time steps n e used for the sme ury thn with IEpiwF IQT he impt of higherEorder piw on the simultions of py will proly e positiveF he dditionl preision should hve n impt on the qulity of the resultsD while the inresed omputtionl t equivlent meshing will need to e justi(edF he solver will need to undergo vlidtion representtive of the opertionl ses for oth the eroE nd hydrodynmisF gonerning the erodynmisD the higherEorder solver will o'er to represent more urtely the turulent e'ets with n identil meshF his will llow etter representtion of the )ows round ldesD whih should improve the evlution of the erodynmi oe0ientsF prom freeEsurfe point of viewD the higher order should redue the numeril dmping oservedD whih will provide )exiility to the simultion proedureF 5.3.2 Mesh adaptation for the propagation of waves gurrentlyD the simultion of wve (elds with nisotropi mesh dpttion tends to rete numeril dmpingD with origins in oth the dpttion frequeny nd in the ell sizeF purther works will e needed to reh the ury hieved with isotropi meshing usE ing nisotropi meshesF everl options my e onsidered on shortEterm sisF he nisotropi mesher is n importnt tool developed t sgsD nd its use is neessry for the reliztion of urteD lrgeEsle simultions of pysF orking on the frequeny of dpttion is importntD s it moves the mesh lls towrds res of the omputtionl domin where they re neededF e smll frequeny of dpttion my led to poorly positioned mesh ellsD whih trnslte to inurte resultsF yn the ontrryD too frequent dpttions my indue dmping ndGor pproxE imtions in the resultsD due to the interpoltion relized during the dpttion proessF he determintion of the orret frequeny of dpttion hs to e done regrding the test se simulted efore eh simultionF he de(nition of guidelines in the ontext of wve genertion is still to e doneF he qunti(tion of the numeril dissiption indued y the dpttion itself will e requiredF he numeril dmping provoked y not dpting the mesh will lso need to e ddressedD iFeFD when the mesh undpted for few time steps eome less nd less suited to the pture of the wve dynmisF fy ntureD nisotropi meshing indues nother limittion for wve propgtionF he nisotropi hrteristi tends to streth the mesh ells ppering ner the freeEsurfeD whih redues the numer of ells desriing eh wve periodF roweverD limited numer of ells in the diretion of the wve propgtion tends to generte numeril dissiptionD whih turns into dmpingF he propgtion of wve (elds using nisotropi dpttion hs een prtiulrly regrded reentlyD ut stillD no stisfying results hve een otinedF e ontinuity of this study should fous on the prodution of nisotropi meshes enling n urte propgtion of the wve (eldsF he limittion of the strethE ing of mesh ells round the freeEsurfe my e strting pointD even if it will prtly tkle the dvntges linked to nisotropi meshingF he evolution of the dmping with the trnsition towrds solvers of higher orders will need to e exminedF he nisotropi dpttion s relized t the moment my lso hve n importneF iven if the re(ned res reD theoretillyD exlusively de(ned using the error estimtorD in prtie severl onstrints re usedF es n exmpleD the miniml mesh size is onstrined to prevent the mesher to request 4in(nitely4 smll mesh sizes t singulritiesF his riterion llows to generte n eptle mesh even ifD eFgFD the de(nition of the test se fetures shrp interfesF ome other onstrints re relted to the qulity of the meshD eFgF to gurntee minimum kground mesh size or to void highlyEstrethed ellsF he numer of points in the omputtionl mesh is lso onstrinedD for userE friendlinessF he result is mesh dpttion proess whih does not respet extly the presried error estimtorD nd introdues some is in the meshingF e omek to IQU lowerElevel mesh dpttion n e vile option to optimize the representtion of wvesF his pproh would onsider exlusively the error estimtor in the dpttion proessD with trget error to respet on eh elementF his prdigm n not e followed for the simultion of wve (eld generted using soureEterm wve mkerD s the meshing of the soure re hs to e enrihedF he representtion of physil wve mker indues more omputtionl onstrintsD nd should not inlude ny singulrityD iFeFD shrp ngleF fut no theoretil limittion shll rise from this test seF he propgtion of wve (elds in this on(gurtion n e studied nd ompred to results otined with isotropi meshingF e rpid omprison will provide (rst informtion out the potentil of nisotropi meshing to not only represent the wve (eldD ut lso to propgte itF 5.3.3 Mid-to long-term perspectives for an accurate FOWT simulator he reliztion of py simultor needs to represent one or severl pys in their opertionl on(gurtionF o tht extentD the de(nition of windGwve simultor is reE quiredD with oth )uids eing solved urtelyF he di'erent omponents of the py must lso e ddressedF he investigtions relized during this hh onerned mostly the solverD for whih vlidtion test ses were run for eroE nd hydrodynmisF heE spite the poor vlidtion results otinedD the design of simple x hs een relized during the thesisF everl utilities hve een implementedD suh s rigidErotor rottion or uoynyD ut lot of work is still to e doneF pirst of llD the vlidtion of hydrodynmis seems to e more dvned thn the erodynmi oneF pollowing this oservtionD it mkes more sense to fous on the next developments on the design of n urte hydrodynmi modelF o tht extentD midE term fous ould e the development of n dvned xD enling the simultion of urte se stte nd the retion of py to itF his model requires the represenE ttion of mooringsD nd of their tion on the )oterF he x otined ould provide interesting lod evlution of the lods pplied y wves on the strutureD nd whih fores re pplied on the mooringsF his type of study ould lso model the eletril le onneted to the pyF he x de(ned would not inlude the erodynmisD whih re rther importnt for pysF eside from the vlidtion of the solver for highERe )owsD severl works will e required for the simultion of n opertionl F elisti wind onditions require turulent in)owD s well s the de(nition of n efvF he erodynmis of the mient wind will need to e vlidted to e used for the simultion of pysF hese develE opments will llow the resolution of urte )ows round s with rigid rotorsF his simultor will lredy provide interesting resultsD ut is not extly representtive of n opertionl pyF he eroelstiity will e neededD s well s ontrol lwsF hese lst developments my e needed on longEterm perspetive for sgsEtehF e simultor of py integrting the di'erent propositions formulted in this uE seF would e le to provide n importnt preision for the simultion of one or multiple pysF he vlidtion nd lirtion of engineering odes ould e relized with suh simultion engineD s lredy mentionedF he pth proposed for the de(nition of this simultor with sgsEteh hs een relized regrding the sitution urrently found t sgsF st is sujet to evolveD if other opportunities re foundF yne the simultor of pys will hve een de(nedD severl extensions will e vilE leF hree propositions re mde in the following prgrphsD with di'erent trgetsF he (rst one presents nturl wy to extend the simultor to study wke intertionsF he seond one fouses on the environmentl onditions under whih py is opertE IQV ingF he lst one proposes development towrds the simultion of )oting wind frmF he mssivelyEprllel frmework of sgsEteh will esily llow the simultion of sevE erl pysF his trnsition will rely on the roust prtitioning strtegies detiled in PFQ to represent the di'erent pysF heoretillyD no limittion exist for the numer of pys represented in the omputtionl dominF e mjor onstrint orresponds to the size of the luster on whih sgsEteh will e deployedD iFeFD on the numer of ores ville for the simultionF he representtion of lrge numer of pys proved to e slleD s presented in eFPFRF he resolution of the xvierEtokes eqution in the omputtionl domin is lso well prllelizedD nd the numer of points relized for the resolution round eh py should not di'er muhF he most onstrining ftor will e the wke generted y the upwind sD whih will need dditionl points t eh instnt to onserve good representtion of the erodynmis propgted in the omputtionl dominF his type of simultion would oviously e extremely expensive ompred to the reduedEorder pprohes urrently used in the industryF hey ould still hve utility for the evlution of potentil omplex oupled eroGhydro e'orts rising from frm e'etsF he simultor of py produed will lso e dependent on the oundry onditions presried t the inletF gurrentlyD the genertion of se sttes in sgsEteh n e relized using physil wve mkersF his type of de(nition llows de(ning relisti se sttesD eFgFD s proposed in useF SFPFR following tyxe spetrumF his pproh genE ertes n pproximtion of rel se sttesF e higher (delity ould e rehed using simultion of the intertions etween the wind nd the freeEsurfeD whih generte the se sttesF invironmentl dt ould e used s inlet of this wve genertorD whih would e muh lrger thn the regulr xF ime will e needed to generte wves from these irGwter intertionsD whih ould ultimtely e used to feed the x in inletF he erodynmis nd hydrodynmis would e more representtive of rel environmentl onditions under whih pys re opertingF he lst proposition fouses on the potentil level of ury provided y the methodology detiled in this thesisF he numeril frmework of sgsEteh hs one of the highest potentil to simulte preisely the )ows round pysF he development of verstile simultor of py would give the opportunity to generte lot of highlyE urte dtF his mount of dt ould e used to feed mhineElerning odesF wny dtEdriven prdigms my e followed to redue the omplexity of the omputtionsF e (rst pproh ould e to relize series of omputtions fousing on the rotor of the pyD with di'erent tmospheri onditionsF he dt produed ould e usedD eFgFD to feed neuron networkD llowing the de(nition of lk ox returning the out)ow from spei(ed in)owF puture simultions ould then skip the representtion of the rotorD expensive step s the geometries nd the evolution of the oundry lyers re omplex to representF his redution of the omputtionl lod would pve the wy for lrge sle simultionsD t the sle of wind frmF ell the potentil developments presented re dedited to the development of n urte frmework for the simultion of pysF hi'erent points of views hve een regrdedD lwys with fous on the level of preision provided y the frmeworkF euE rte simultors will hve role to ply in the )oting wind industryD s omplementry pproh to the setEup of prototypesD experimentl studies or omputtionllyEhep deE sign odesF hey n help lirting industril softwresD nd ring the ility to study spei( prts of the struturesD to get etter understnding of the dynmis of pysF 
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  Mots clés : CFD ; équations de Navier-Stokes ; frontières immergées ; éoliennes flottantes Résumé : Le calcul des performances et des efforts appliqués sur une éolienne offshore est actuellement réalisé à l'aide d'outils basés sur des approches quasi-statiques. Ces approches sont intéressantes pour leur vitesse de calcul, elles sont cependant perfectibles suivant la méthode de mise en oeuvre et suivant les cas de chargement étudiés. Une approche alternative consiste à utiliser la modélisation CFD. Cette thèse s'intéresse à des méthodes d'une haute précision, ayant le potentiel de fournir des écoulements et efforts précis. La plateforme logicielle hautement parallélisée ICI-tech est utilisée dans cette thèse. Elle se base sur une résolution des équations de Navier-Stokes dans une approche multi-échelle, effectuée à l'aide d'éléments finis stabilisés. La représentation des phases dans le domaine de calcul est réalisée grâce à une méthode frontières immergées. Des implémentations ont été réalisées dans ICI-tech afin de pouvoir simuler des éoliennes flottantes. L'interaction fluide-structure et un bassin de houle numérique ont notamment été considérés. Un processus de vérification et validation s'est intéressé au comportement du solveur dans des conditions reproduisant celles impactant des éoliennes flottantes. Le niveau de précision atteint par les écoulements à haut Reynolds et la propagation de champs de houle s'est avéré être décevant. L'influence du maillage anisotrope sur les résultats obtenus a été quantifiée. Plusieurs pistes visant à améliorer la précision des simulations ont été introduites.Title : CFD simulation with anisotropic mesh adaptation: application to floating offshore wind turbines.Keywords : CFD ; Navier-Stokes equations ; immersed boundaries ; floating wind turbinesAbstract : The simulation of Floating Offshore Wind Turbines (FOWTs) is a tool to help this technology reach an industrial scale. Nowadays, low-precision numerical methods are used for the dimensioning of the structures, as they involve a reduced computational effort. This PhD thesis focused on the development of highly-accurate numerical methods, with a potential to provide a thin description of the flows and efforts around FOWTs. The simulations presented in this thesis have been realized on the highly-parallelized software platform ICI-tech. A resolution of the Navier-Stokes equations in a Variational MultiScale formulation is performed using Stabilized Finite Elements. The representation of the different phases in the computational domain is achieved using immersed boundary methods. Several numerical tools have been implemented in ICItech towards an application to the simulation of FOWTs. A fluid-structure interaction paradigm has been set up, and a numerical wave tank has been defined. Verification and validation studies have been realized to assess the solver results for environmental conditions representative of those observed for operating FOWT. The accuracy achieved for both the aerodynamics at high Reynolds numbers and the propagation of wave fields has been disappointing. The influence of the anisotropic meshing on the results presented has been quantified. Several options aiming at increasing the accuracy of the simulations have been discussed.
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