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BeAtiwotonoinon Mopdng kat TortoAoyiag pe tn M€Bodo twv Tepvopevwv Kupehwv
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Bpuwvng Mavaywwtng-ravvng
EmBAenwv: Kuptakog MNavvakoyAou, KaBnyntng EMM
NepiAnyn Adaktopkng AtatpiBig

H &ibaktopikn auth Statplpr acxoAeital pe tnv avamtuén evog eupeiag xpriong AoyLopLkoU avaAuong Kal
oXe6LAOUOU TIPAKTIKWY EGAPHOYWV TNG UNXAVLKAG TWV PEVOTWV e Bdaon tn MéBobdo Tepvopevwy KupeAwv. H
tehevtaia  Paociletal otnv  Tpomomoinon  Kopreolovwyv TAEYUMATWY, OJIOKOTTOVIOC TUAMOTO  TIOU
KOTOAOUBAVOVTOL OO TA OTEPEA CWHATA, OUTWG WOTE VO KATOOKEUACEL OPLOSETA TTAEYUATA. SUVETTWG, TO
TEAKO UTIOAOYLOTIKO TAEYUA amoTeAeital KUplwg amd Kapteolaveg KUPENEG KAl EKELVEG TTOU TEUVOVTAL LE TO
OTEPEO CWHA KOL TOUC £XEL OMOKOTIEL £va TUNHa. H xprion Kapteolovwy MAEYUATWY ELCAYEL QUTOMATOMOLNGN
otn dladlkaaoia yEveong MAEYUATOG KO, CUVETTWG, N avarmtuén e€elSIkeUpEVwY PeBOSwVY TTou eKPeTAAAEVOVTOL
autiv tnv Wotnta eival emiong kUPLOg otdxog tng SlatplPnc. Inueio avadopdg amoteAsl éva UTIAPXOV
Aoylopkod Tou UAomolel T MéEBodo Tepvopevwv Kupelwv ywo tnv emilucn OCUUTIECTWY, OTPWTIWYV,
HOVOdACIKWY PowV, UE TN Xpnon tng nebodou tng PeudoouUMLESTOTNTAG, TO OO0 EMEKTEIVETAL TUPPWSOELS
S1baoIkéG poég Tou mapouctdlouv omnAaiwon Kal oe epappoyEC oXeSLOOUOU HE TR XPAON TNG OUVEXOUG
ouluyoug uebddou ylo Tov UTTOAOYLOUO TTapayWYwWV sualcdnoiag.

ApXLKQ, n eMEKTAON O TUPPBWOELG pOEC yiveTal pe Tnv uAomoinon tou povtélou tuppng k — € Twv Launder
kot Spalding. To ocUotnua eflowoewv (Héong pong Kal TUpPwSWV petaBAntwy) emlUetol memAéyueva. H
ETUILAOYH TOU OUYKEKPLUEVOU HOVTEAOU TUPPRNG Paociotnke otnv eupeia xpron tou ot S1hAcIKEG poEC, KaBwG
emniong kat otn duokoAio Tng MeBddou Tepvopevwy Kupedwyv va dnpoupyel, Tomikad, KUPEAeG peydlou Adyou
Slootdoswv. AUTO £XEL WC AMOTEAECHO TNV aduvapia xprnong HovtéAwv tupPng xapnAwv aptBuwv Reynolds
AOYyw Twv TEPACTIWV QMALTAOEWV TIUKVWONnC. ETol, n Xprion ouvaptrioswv Tolyou amoteAel, OUGLAOTIKA,
pHovodpopo. MapoAa autd, n Xxprion cuvaptroEwWV TOLXOU MOPOUGCLALEL ETIIONG KATIOLEC LOLALTEPOTNTEG AOYW TNC
OPKETA HETOPAAAOUEVNG amOoTAONC TWV PBapUKEVIpWY Twv Tepvopevwy Kupelwv and to oteped OpLo Kal
Tpomnomnoleital KataAANAWG.

Ocov adopd tnv avamtuén apOuntikwv peBodwv avdAuon OSLbaACIKWY Powv TOU Tapouctdlouv
onnAaiwon, n apOuntikn pEBodog Baoiletal otn Bewpnon evog opoyevou pelypartog. Mpaktikd, yivetal n
gloaywyn €vog Peudo-peVOTOU, TOU OTOLOU N TIUKVOTNTA KoL MOPLAKA CUVEKTIKOTNTA TPOKUTTEL BACEL TNG
TOTILKAG CUYKEVTPWONG TWV OUCLWV TIOU TO amoteAouv. ETol, ol elowoelg pong yla tn Statrpnon OyKou-opung
KOLL TN HETaPOPpA TwV TUPBWOWY LETABANTWY UIOPOoUV va ekPpaoToUV WG TIPOC TO HElyUO KoL TN LETadOopd TNG
Seutepelouocag ¢AONG, HELWVOVTOC TO OUVOALKO UTIOAOYLOTIKO KOOTOC. To dawopevo tng omniaiwong
gloayetal otnv aplOuntiki HEBodo péow Tou povtéAou Tou Kunz, mou povtelomnolel TG Stadikaoleg e€AtTuong
KOL CUMTIUKVWONG. H aplBuntikn péBodog mou avamtuyxdnke yla tnv eniluon twy e€lowoswy, Baoiletal otnv
nén umapyxouoa umodoun TNG KevTpokUWPEAIKAG SlatuMwong MEMEPOOUEVWY OYKWY. O UTIOAOYLOUOG TWwV
otplBwy Opwv yivetal péow tou oxfuato¢ MUSCL Kat tou kotd Roe emAUTh. ITO TUAUO AUTO omalteital n
Tpomomnoinon Tou oxnuatog to omoio AapBdvel untddn tig emmAéov WOLOTIHEG Kal Tipootabepomoinon Katd
Kunz. JUVOALKA, TO aplOuNnTikd oAU TTou UAOTOLNONKE eMITPETEL TV avaAluon SLpacikwv powv pPeydAou
AOYOU TTUKVOTATWYV Kol eMwEEAEITAL TOTIKWVY TEXVIKWV TUKVWONG Tou Kapteotavol AEyaToC.



21O TUAMA TNG SLatpLBng mou adopd tnv avantuén peBodwv oxedlaopol kabodnyoluevwy amnod tnv kAion
TNG oUVAPTNONG-0TOXOU (Tapaywywv evalobnaoiag), éyve avamtuén epyaleiwv BeAtiotonoinong poponc. MNna
TOV UTIOAOYLOMO TwV Mopaywywv gualobnolog éywve n pabnuatikn Sltatunwon Kal avantuén tou culuyoug
npoBARuarog, ue Baon tn ocuvexn culuyn LEBobdo, ou SiEnetal amd TG S1hACIKES, TUPPBWOELS EELOWOELG PONG
TIOU povteAomolouy kat pawvopeva ontndaiwong. H ouluyng pébodog eival n kupiapyn néBodog umoloylopou
napaywywv svatcdnociog adou pnopel va tig umoAoyllel pe KOOTOG aveéApTNTO TOU TTANBOUG TWV UETABANTWY
oXeblaopoU, emITpENovTag tThv edappoyr tou oe mpoPAnuata peyding kAipakag. H avamntuybeioa pébodog
EVIAOOETAL O €va TAaiolo BeAtiotonoinong popdng, kot ebpoapUoleTal o HEPOVWHEVEC 0iepO/USPOTOUEG Kall
0yWwyouc, TTOPOUETPOTIOLNUEVEC E TN XPron MoAUwWVU WY Bézier—Bernstein. MAgovektipata, mou oxetTilovral
HE T xpnon tng MeBodou twv Tepvouevwy Kupelwy, lval To OTL ETUTPENEL PEYAAEG LETATOTILOELG TOU UTIO
MEAETN cWHATOG, TEPLOPLLEL TIG AAAAYEC TOU TIAEYLLOTOC KOVTA OTO OTEPED CWHA, KOL EYYUATOL TN YEVESN KAANG
TOLOTNTOC MAEYUATWY KATA T BeATIoTomoinon.

H Suvatotnta tng MeBodou Twv Tepvouevwv Kupedwv va mopayetl KAANg molotnTag mMAEypata yupw omd
OTEPEA CWHATA TIOU ETLOEXOVTAL LEYAAEG AAAAYEG, EVEMVEUCE TNV avamtuén pag dtadikaoiag BeAtiotonoinong
tomohoyiag. H avamtuxBeica péBodog mpoodépet uPnAn okpifela kata tn Oldpkela emiluong tou
TipoBARUATOC ToToAoyiag, LECW TNG KATAOKEUNG TWV OTEPEWVY Opiwv. Na tnv uAomoinon autng tg pedodou,
NTav, apXLKA, ovVayKalo N TPOTOTOLNGCN TOU TPOTIOU KATAOKEUNG TwV Tepvopevwy KupeAwv. Ta mpoBAquota
BeAtiotonoinong tomoloyiag xapaktnpilovral and peyaAo aplOuo oploBetnuévwy pPetaBAntwy oxedlaouou
KOL TNV €L00YyWYH OUVAPTACEWV TIEPLOPLOMOY. JUVENMWE, NTaV amapaitntn n uvAomoinon pwg peBodou
oVOVEWONG TwV HeTaBAntwv oxedlaopol Tou va propel va Slaxelplotel Tétolou eidoug mpoBAnuata
BeAtiotonoinong (GCMMA). T tnv afloAoynon tng véag uebodou, €ywvov cuykpioelg pe kAaolkn péBodo
BeAtiotonoinong tomoAoyiag, mou Baaciletal oTnv TEXVLKA TOu Topwdouc, yla va e€axBolv amoteAéoparta. 3To
TUAMO aUTO, avamtuxOnke epyalieio emava&lohdynongAUGEwWVY, TTOU TIPOKUTITOUV aTtd TNV TEXVLKH TOU Topwdoug
og 0pLOSETA MALYLATO, WOTE VA ELVAL TILO AVTUTPOCWIEVUTIKY N oUYKPLoN.

‘O\a Ta apandvw evtaxtnkav oTo olkelo AoyLopIkO TepvOpevwy KueAwv Kal EMITPEMOUV TNV TAPAAANAN
eKTENEON o€ MOA\OUC emefepyaoTEG LEOW TOU TipoTUTou MPI. EmunpdaoBeta, €yve xprion evtoAwv OpenMP mtou
0€LOTIOLOUV VALLATA EVTOG TWV EMEEEPYAOTWY YLa TNV TpaAAnAomoinaon UTIOAOYLOTIKA aKpLBWVY SlepyaoLwy.

Ne€erg KAewdia: MéBobdol Ymohoylotikng Peuotoduvapikng, Aupacikég poég, BeAtiotomoinon Mopdng kat
Tomoloyiag, Zuvexng Zuluyng Mébodog, MéBodog Tepvopevwy Kupehwv.
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Shape and Topology Optimization using the Cut-Cell Method and its Continuous Adjoint for
Single- and Two-phase Turbulent flows, in a Multiprocessor Environment

Vryonis Panayiotis-Yiannis
Supervisor: Kyriakos C. Giannakoglou, Professor NTUA

PhD Thesis Abstract

This PhD thesis focuses on developing a highly automated, general-purpose software for the analysis and
design of practical applications in the field of fluid mechanics by exploiting the merits of the Cut-Cell method.
The principal idea of the Cut-Cell method lies in the generation of simple Cartesian meshes, subsequently
modified by discarding parts that reside in the solid region. This process creates cut cells that conform with the
body surface. The use of Cartesian meshes eases the mesh generation process of the entire workflow, regardless
of the body surface complexity. Emphasis is laid on the extension of the existing Cut-Cell software, capable of
numerically solving laminar, incompressible single-phase flows, via the artificial compressibility method, to
turbulent, single- and two-phase flows exhibiting cavitation. In addition, the developed Cut-Cell method is
applied in gradient-based optimization using the continuous adjoint method.

The Cut-Cell software is extended to the RANS equations using the standard k — € turbulence model, solved
coupled with the mean flow equations. The choice of this turbulence model is its broad usage in two-phase
flows. In addition, the Cut-Cell method necessitates the use of a high Reynolds turbulence model, due to
difficulties in refining along the normal-to-the-wall direction to accurately resolve the turbulent boundary layers,
which results in impractical meshing requirements. Thus, closure is realized via a modified wall functions
technique, while also accounting for varying first cell distances, normal to the wall.

The analysis of two-phase flows that include cavitation effects follows the homogeneous mixture
assumption. Thus, a mixture pseudo-fluid is introduced, the properties of which arise based on the local
composition of each constituent. These are assumed to have a constant density. The RANS equations are, thus,
expressed for the mixture fluid and an additional species transport equation is included. Cavitation effects are
introduced using the Kunz cavitation model, which quantifies the appropriate mass transfer between
constituents, to account for evaporation and condensation. Numerically, a shock-capturing scheme is employed
to account for the large flow variable gradients present at the two-phase interfaces, opting for their flexibility
and the straightforward extension from the existing gas-dynamics solver. In detail, the numerical solution
process uses a cell-centered finite volume method that compute inviscid numerical fluxes via the MUSCL scheme
and Roe's approximate Riemann solver. Due to the homogeneous mixture assumption and the involvement of
additional transport equations for the species, the resulting governing equation need be appropriately
preconditioned (Kunz preconditioner). The resulting numerical scheme allows for the simulation of two-phase
flows with large density gradients and benefits from the localized mesh refinement from the Cut-Cell method.

In the field of gradient-based optimization, the development of both shape and topology optimization tools
based on the Cut-Cell method is pursued. The continuous adjoint equivalent to the described two-phase RANS
equations and cavitation model is mathematically formulated to compute objective function gradients at a cost
that is independent to the number of design variables. The method is integrated into a shape optimization
framework and applied to isolated air/hydrofoils and ducts, parameterized using Bézier—Bernstein polynomials.
The inclusion of the Cut-Cell method in a shape optimization framework confines mesh changes at the
immediate vicinity of the body surface, circumventing the need for mesh displacement techniques, and allows
large displacements without aggravating the Cut-Cell mesh quality.



The ability of the Cut-Cell method to automatically generate valid meshes around rapidly changing solid
boundaries inspired the development of a new topology optimization workflow. The new method overcomes
the low near-wall accuracy of porosity-based optimization methods by reconstructing the solid walls in each
optimization cycle. This is achieved by modifying the process that generates the Cut-Cells. Furthermore, the
GCMMA algorithm is implemented to facilitate the large number of bounded design variables and introduced
constraint function, typically used in topology optimization. The developed method is assessed through
comparisons with a porosity-based topology optimization solver. For the sake of fairness, porosity-based
optimized solutions are re-evaluated on body-fitted Cut-Cell meshes, using a utility tool developed herein.

The extensions are integrated into the existing Cut-Cell software and allow parallel computations on many
processors using the MPI protocol. Additionally, selected computationally intensive tasks are locally parallelized
using threads via OpenMP directives.

Keywords: Computational Fluid Dynamics, Two-Phase flow, Shape and Topology Optimization, Continuous
Adjoint Method, Cut-Cell Method.
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