16481/23/D02 - 30/03/2023

@ EONIKO | | | o
METXOBIO . I
IHOAYTEXNEIO |
ZXOAH MHXANOAOTQN MHXANIKQN
ATL: KOSMHTOPAZX
Abrva, -

IIpog Ta. Mé)m AEII g

Zyoing Mny/yov

Mny/xodv
TPOXKAHZH

Yag mpookoiodue oty mopovoioon g Awaxtopikig AwTpiig tov Y.A. L
AAMIT'OY Maprov, StmTA@patovy o Mnxavokéybv Mnyavicod Tov EMIL, v omoio.

gxknévnoe otov Topéa Pevotdv. H mapovsioon Ba mpayparomomnBel v Ipity 25

Ampiiiov 2023 dpa. 11:007.p. Saducrvard. O ehdnvikog tithog g Adaktopiciig
MAatpipnig eivar o €€fg: ‘

«Ewsayoyn CAD I'sopetprdv og Bpéyovg Avtiokpatikig Behtiotonoinong péom
‘ - Opwxaov Heprypopavy

K 0 AyyAkog og €ENg
«Insertion of CAD Geometries into Gradient-based Optimization Loops via
Boundary Representations). '

)-:',:'a'm}l":g%

SR e ,é’:é. =N

R L
P VY

s

e To 0dnyieg Y10 v TpdoPaon cog dodiktvakd ancvBuvdeite otov EmBrénovra tov Y.A.. -
Ka0. K. TNavvaxoyiov ( kgianna@mail.ntua.gr)

Hpoov Hcﬂxoréxvaiou 9, 157 72 TToAvtexvetovmoln Zaoypagov « THA.: 210-7723492, FAX: 210-7723571



16481/23/D02 - 30/03/2023


Pl EBvVikd MetoopLo MoAuteyveio

YxoAf} MnxavoAoywv Mnxavikwv

Touéag Peuotwv

Epyaotrplo Ogpuikwy ITpoflopnxovwy

Movada MapdAAnAng Yriodoylotikng Pevuotoduvautkng & BeAtiotomnoinong

/Y
(2 2
é’?

POMHBEVS
el

NE
o
nVpPopos

T508

e
[l

o,

@e
N>

3

|

Ewoaywyr) CAD MewpeTplwv o€ Bpoxoug ALTLOKPATLKNG BeAtiotonoinong péow
Oplakwv Nepypadpwv

Mcdapiog Aauiyog
EmiBAénwv: Kuptakog MNnavvakoyAou, KaBnyntig EMMN
NepiAnyn Adaktoptkng Alatpipig

H Swdaktoplky auth dLatplpry acXoAsital Le TNV €l0aywyr] YEWUETPLWY, TapapeTponotnuévwy e CAD
oxnuata, otn BeAtiotonoinon popdng Pactopévn otn néBodo twv culuywv petapAntwy. Napouctalovral n
poBnuatikn Statvmwon Kot vAoroinon nebodwv mou kablotouv ediktr TtV etcaywyn tou CAD oxeblaopol oe
Bpoxo BeAtotomoinong kabwg kot o €Aeyxog Twv HEBOSWV autwv ot £dapUoOYEC TNG agpoduvauikng. O
UTIOAOYLOMOC TWV Ttapaywywyv suvalodnoiag dtadopwv ogepoSUVALIKWY CUVOPTHCEWV-0TOXWY WG TIPOG TLG
petaPAntég oxedlaopol tou CAD yivetal pe tn ouvexn ouluyn pEBodo. %0L uTtoBEoelg eAéyxou Twv HeBOSwWY
Towkidouv oe moAumAokdtnTa amo akadnUaikég €wg PBlopnyavikol emumédou Kot mepAapBavouy, petaty
OAAWV, EMLBATIKA QUTOKIVNTA, ELOAYWYEG KLVNTAPWY, TTEPUYLA CUUTLECTWY, aywyous PUENg Kal sloaywyng
OXNUATWY Kal aywyoug PuEng mrepuyiwv oTpoBAOUNXOVWV.

Ot yewpetpieg CAD pmopel va €xouv U0 £l8WV MAPAUETPOTOLACELG: (a) TNV mapapetpornoinon 6évipou
oToLXElwV TIOU Opllel YEWUETPLKEG OXEDELG LETOED OTOLXELWY OXESLAOHOU Kal elval N puOLKN TapaETPOTOLNON
Twv CAD makétwyv Kat (B) tnv emipavelakr mMOpAUETPONOINCN Tou Teplypadetal Kol petadépetal and to
npdtumo tng Zuvoplakng Neplypadnc. H Zuvoplokn Neplypadn (Boundary Representation - BRep) amoteAeital
and pla culhoyn emudavelwv mou opilouv éva CAD povtélo kal opilovial amod TMPOTUTEG UABNLATIKEG
nieplypad£g (kupiwg NURBS). e avtiv tn diatplpr), n BRep xpnolpomnoteital wg péco meplypadng twv CAD
VEWUETPLWV KOOWE N TIPOTUTIONMOLNKEVN, avOoLXTOU KWALIKA popdn TNG, EMLTPENEL TN CUVOECH TWV YEWUETPLWV
pe Aoyloptkd YrmoAoyotikng Pevotoduvapikng (YPA) kaBwg kat tn xwpkn dtaddplon toug, mou sivat xpriotun
katd tn Sldpkela tng BeAtotonoinong. H mapapetpomnoinon 6évipou, elval onaviwg dtabBéoun o avolytn
popdr, MPAyYHA IOV KAVEL TN oUvdeon TNG e tn PeAtiotonoinon aduvartn.

To mpwTto BApa tnNg datplPrg eivol n yéveon €vOg MOLOTIKOU TAEYUOTOG HUE TPLYWVLIKA OTOLXEla OTLC
emupaveleg tou CAD povtélou. Autd oupaivel kabwe, yla va eloaxBetl to CAD otov Bpoxo BeAtiotomnoinong
elval amapaitntn n mAeypatonoinon tou 3A xwpou yupw (A evtog) NG YEWUETPLOC Tou. Ita AOYLOULKA
TAgyLatomnoinong, ouvnBwg, TTaPEXETOL TO OPLO TOU Xwplou mou Ba mAeypatonownBet oe Stakpltr (o cuxva
TpLywvomotnpévn) popodn. H dtadikacia tpiywvomnoinong xwpiletal os tpla Bripata: (a) emlokeur) Hovtélou,
Tou elval pLo Stadtkaoia mou emAUEL APKETA oUVNBN YEWUETPLKA Kot TOTIoAOYLKA odaApota CAD YEWUETPLWV
TIOU gumepLlEXovTaL oe pdtuma apyeia (STEP, IGES kAm.) (B) umtoAoylopog piag xaptoypddnaong tou BEATIOTOU
pey£Boug Tplywvwy oe éva deutepelov mMALypa Kal (y) dadikaoia BeAtiotonoinong. Ta TOMOAOYLKA KEVA,
€TUAUOVTAL e EAEYXOUG €yyUTNTAG KOL TA YEWMETPLKA KEVA e €vav aAyoplBuo "padng" mou Baoiletal otnv
texvikn EAoaylotomoinong Evépyelag Emipoavelakwv MAakwv. Emewrta, oto "emiokeuaopévo" pOVTENO,
uroloyilovtal ta BEATioTa LeyEON TpLywvomoinong Le xprion Vo adlaotatwy MApAUETPWY, OL OTIOLEG EAEYXOULV
TO PEYEBOC KaL TN UEYLOTN EMITPENMOUEVN METABOAN peyEBoug. O cuvOUAOUOC TwV dUO TapPAYEL Evav XApTn
HeYEBOUC MAsypATIKWY oTolKelwy Ttavw oe éva eutepeliov (BonBNTIkd) MAEYUA TTIOU KATOOKEUATETAL UE TN
HEBoSo Delaunay. Télog, mpaypatomoleltal tplywvomoinon oe kAabe emidpdavela EExwPLOTA HE XPNON TNG
peBoSou Mpoelavvovtog MeTWIOU, MPOCAPLLOCKEVNG O€ TIOPAETPLKES ETILDAVELEG.

To 6eUtepo BrApa eivat n dnuioupyla evog OXNOTOG TAPAETPOTIOINONG To onoio Ba mapdoxel pio otfopn
puEBodo popdomoinong tou poviéhou. To BrApa autd eivol avaykaio kabwg ta poviéha CAD cuvdéovtal



LOXUPWGE HE TIG TINYOLLEG TTOPOULETPOTIOLCELG TOUG OL OTtoieg opillovtal pEow SEvTpwy oTolxelwv Kot Sev elval
npooBacia  and  efwteplkd Aoylopilkd. Awadopetikd makéta CAD  xpnoldomoloUv  SladOpETIKEG
TLOPOLETPOTIOLOELG KL OL SLOVOUELG TOUG SEV TIG KAVOUV YVWOTEC. ZUVETIWG, Ta poviéda CAD mou Ba utootolv
BeAtlotomolnon TPEMEL VO TIOPALETPOTIOLNBOUYV pEOW TNG €MLPAVELOKNG TEPLYpAdnG TOUG TIOU Elval
npooPaociun Héow tnG BRep Kat petadépetol HETAEY AOYLOUIKWY HECW TIPOTUTIWV apXElwV. OL emibAVELEG TTOU
ouvBEtouv éva CAD HoVTENO elval KOUUEVEG TTAPAUETPLKEG ETILDAVELEG KAl VAL AUTOVOWES WG OVTOTNTEG O€ EVa
AOYLOWLKO popdomoinong. AuTo TIG KAveL aKATAAANAES yLa epyadeia popdomoinong kabwg, petatomnilovtdg Teg,
Ba SnuloupyoUVTAV OCUVEXELEG YEWUETPLAG Kol OpAAOTNTOC OTO MOVTEAD. A va OVTLUETWILOTEL QUTO TO
TPOPBANLLA, OAEG OLTIOPAUETPLKES EMLPAVELEG peTatpénovTal o€ NURBS kat emiBAANOVTAL TEPLOPLOOL CUVEXELAG
oTa oUVOPO LETAEY TWV eMLAVELWY. ITN CUVEXELD, opileTal pio vEéa TAPAPETPOTIOINGN IOV LKAVOTIOLEL TOUG
QVWTEPW TIEPLOPLOHOUG €K PpUOEWG, umoAoyilovtag tov UNSeVIKO XWPO Tou lakwBlovol pntpwou Twv
TLEPLOPLOWV.

‘Evag mapayovtag KAelSL ywa tn Poolopévn-oe-CAD Beltiotomoinon eivat n emiPoAn YEWUETPLKWV
TEPLOPLOWY. OL TIEPLOPLOMOL UIOpOoUV e HUGCLKO TPOTIO va 0pLoBolV LéEow Twv §EVTpwY otolxelwv. Qotdaoo,
onwg avadEpOnKe TLo MAvw, Ta SEvipa otolxeiwv Sev eival mpooBacipa Kat Sev pmopouv va xpnotponotnouv
WG HéEoo popdormnoinon Twv povieAwy. OL teploplopol PEMEL, CUVETIWG, Vo 0pLoBolV oTig emipaveleg tou CAD
HovTéEAoU. AvaAoya LLE TOV TUTIO TOU TEPLOPLOMOU KOl TNV TIOAUTIAOKOTNTA TWV emipavelwy Tou CAD, o aplBudg
TWV TIEPLOPLOUWY TIOU TIPEMEL vaL eTLBANBo UV, pmopel va eival oAU peyalog. MNa autov tov Adyo, mapouotaletal
pio péBodog yia ) pelwon tou aplBpol Twy neploplopwy. Me tn pébodo auth, n napaBioocn Tou MePLOPLOUOU
O£ KAMOLov KOUPO TepvaA amod Hia ouvdaptnon mowng n omola emiotpédel BETIKA TN Ot TEepiMTWON mou
volotatal mapafiaon kot undév otnv avtibeon nepintwon. Enetta, ol cuvaptroelg mowvrg abpoilovtal og kAbe
KOMBO TG mpog oxedlacuo entdpavelas. H amoteAeopATIKOTNTA TNG EMLBOANG TWV MEPLOPLOUWY KAT' AUTOV TOV
TPOTO eAEyXETAL EMPBAAAOVTAG TTEPLOPLOUOUG KOUTTUAOTNTAG KOL TIEPLOPLOUOUG EYKAELOMOU. MNa va kaAudOel kal
n emBoln amlovaotepwy neploplopwv o NURBS, delyvetal kal Stadopiletal o mepLoplopds tou dyKou.

To avemtuypévo Aoylopiko sdapuoletal oto oxeSloopo / Behtiotomnoinon Sladopwv CWUETWY TIOU
eumAékouv medla pong OmMwe emPBATIKA QUTOKIVNTO, €LOAYWYEG KLVNTHPWY, TITEPUYLO CUUTTLECTWY, aywyol
PUENg Kat eloaywyng oxnUATwy Kot aywyol PuEng mrepuyiwv otpoBlopnyovwy.

To peyaAltepo TR TNG StatiBrng uAomolndnke oto mAaiolo tou €pyo IODA ITN, evdg TpleToUg £pyou
katnyoplag Marie Sktodowska-Curie mou xpnuatodotOnke anod tnv E.E.

NE€erg KAebLd: Yrioloylotikr) Pevuoto-Auvaptkn, 2Xedlaopog pe tn Bonbeta Yrohoyotr, Tuvexng Zuluyng
MéBodog, Zuvoptlakn Neplypadn Emdavelwyv, Bedtiotonoinon Mopdncg, NURBS, Meploplopol.

ABnva, 2023



npPo.
Sl
n V|

<N Qw% National Technical University of Athens
gé{:\‘,% sm:\ School of Mechanical Engineering
R : I3 ) Fluids section

e
a®

Laboratory of Thermal Turbomachines
Parallel CFD & Optimization Unit

Insertion of CAD Geometries into Gradient-based
Optimization Loops via Boundary Representations

Marios Damigos
Supervisor: Kyriakos C. Giannakoglou, Professor NTUA
PhD Thesis Abstract

This PhD thesis deals with the coupling of CAD-parameterized geometries with adjoint-based shape
optimization. The mathematical formulation of methods for the inclusion of a CAD design in the optimization
loop are shown and tested in applications in aerodynamics. The computation of the derivatives of various
aerodynamic objective functions with respect to (w.r.t.) the CAD design variables is performed based on
continuous adjoint running in the OpenFOAM environment.

CAD geometries may have two parameterizations: (a) a feature tree parameterization which is practically
the definition of geometric relations in the 3D space and also the native parameterization of CAD packages
that generate them and (b) a surface parameterization which is defined and transferred by the standard
Boundary Representation (BRep) format. The latter is simply a collection of surface patches that define the
CAD model, defined by standard mathematical forms (mainly NURBS). In this thesis, BRep is used to express
the CAD geometry because its standardized open-source format allows its direct coupling with Computational
Fluid Dynamics (CFD) software and, also, its differentiation which is necessary in gradient-based optimization.
The feature tree parameterization is almost never accessible via open formats which makes its direct linking to
optimization impossible.

The first step is the generation of a quality triangulation of the surface of the CAD model. This is because,
in order to insert the CAD model into the optimization loop, it is necessary to mesh the 3D space around (or
inside) it. The boundary of the domain to be meshed, in a tessellated (most commonly triangulated) form is
the input to the meshing software. The triangulation process is subdivided into three main tasks: shape healing
which is a process overcoming possible (but quite common) CAD model defects, size map computation which
pre-computes the optimal size of the triangulation on a background grid and, finally, the surface triangulation
itself. Shape healing handles the topological and geometric holes that commonly exist in a CAD model which is
transferred via a standard file (STEP, IGES, etc.). The topological holes are fixed by performing vicinity tests,
and the geometric holes are fixed by performing a sewing algorithm based on Plate Energy Minimization.
Then, on the "healed" CAD model, the size map is computed using two dimensionless parameters, one
controlling the triangle size based on local curvature, and the other controlling the triangle size gradation.
Both parameters produce the size map on a coarse background grid computed via Delaunay triangulation.
Finally, the triangulation is performed on each CAD patch separately, by using a version of the Advancing Front
technique adapted to parametric surfaces.

The second step in this thesis is the establishment of the shape parameterization scheme which will
provide a robust method to deform the shape. This is necessary because CAD designs are strongly related to
their source parameterization which is defined via feature trees and cannot be accessed via external software.
CAD packages (commercial or not) have different source parameterizations and their vendors are very
sensitive about them. The CAD models must, therefore, be parameterized via their surface representation
which is available via the BRep format and transferred by standard files. The surfaces comprising a CAD model
are trimmed parametric patches that exist as autonomous entities which makes them unfit as shape
deformation tools. This is because, displacing them would create SC_0$ and $C_1$ discontinuities in the CAD



model. To tackle this challenge, all parametric patches are converted to NURBS and a method that imposes
desired continuity constraints on their trimming curves is developed. Based on this method, a new
parameterization is defined which inherently satisfies these constraints by computing the Kernel of the
Jacobian of all constraints.

Apart from continuity constraints, the imposition of various other geometric constraints can be a key
factor in CAD-based optimization. Constraints can naturally be defined in a CAD model via the feature trees.
However, as mentioned above, the feature trees cannot be accessed and used to deform the shape.
Therefore, constraints must be defined on the surfaces of the CAD model. In this thesis, a method is developed
to make possible the imposition of multi-node constraints on NURBS patches. Depending on the type of
constraints and the complexity of the CAD surfaces, the number of node-wise constraints may become huge.
Traditional constrained optimization techniques (i.e. SQP or Gradient projection) assume a priori that the
number of constraints is less than or equal to the number of design variables. In the case of NURBS-based
optimization, this can become problematic as the design variables are the control point coordinates which are
vastly outnumbered by the number of boundary mesh nodes on the design surface. For this reason, all
constraints are cast into a single equality constraint. Nodal constraint violations are penalized based on a
quartic function that returns a positive value if the constraint is violated and zero otherwise. The penalties are
then summed up to create a single constraint. The effectiveness of the single constraint is tested by
constraining surface curvature, and enclosing constraints (i.e. constraints that demand that the model moves
within a given space). For completeness, the inequality constraint of the volume of a given model is presented,
to demonstrate a way of handling non-node wise constraints.

The developed software is applied to the design/optimization of test cases such as passenger cars,
automotive cooling and intake ducts, diffusers and turbomachinery blades.

Major part of this work was conducted under the IODA ITN, a 3-year Research Fellowship Programme of
the European Commission funded by Marie Sktodowska-Curie Actions.
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