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EBviko MetooBio MoAutexveio

YxoAr} MnxavoAoywv Mnxavikwyv

Topéag Pevotwv

Epyaotrplo OgpUikwy ITpoBLAopnxovwy

Movada MapdAAnAng YrmoAoylotikng Peuotoduvapikng & BeAtiotomnoinong

Meiwon YnoAoyiotikou Kootoug kot Ztabegpomnoinon tTwv EMAUTWVY TG ZUVEXOUG
Zuluyoug MeBddou otn BeAtiotonoinon Mopdng otnv AEpoSuVaLLKL, LE N XWPLG
ABeBarotnteg

OeULOTOKANG SKAUAYKNG
EmBAgniwv: Kuptakog MavvakoyAou, KaBnyntng EMIM
NepiAnyn Adaktoptkng AtatptBig

3tn S18aKToplk dLaTpLP avamtuooovTal TEXVIKEG UE OKOTO TN HELWON TOU UTIOAOYLOTIKOU KOOTOUG
OLTLOKPATIKWY HEBOSWY BeAtiotomoinong Lopdrg otnv agpodUVALK, YO POEC UE NATILOL XPOVIKA aoTABEeL
n/kat pe aBeBaitdtnteg. OAeg ot texvikég PBaoilovtal otn ouvexny ouluyn péBodo kol avamtuxdnkav oe
nieptBaAlov OpenFOAM, GUUMANPWHUATIKA Tou eMAUTH culuywv €£lOWOEWVY QVOLYTAG POoPaocng o omolog
€xeL avarmntuxBet and tn Movada MapdAAnAng YroAoylotikng Peuotoduvauikng & BeAtiotonoinong tou EMM.
ApXLKA, YIVETOL TILOTOTOLNGON TWV TEXVIKWV Ot aKOONUAIKEC KAl 0KOAOUOEL N Xprion TOug OE BLOUNXOVIKEG
edapuoyEg.

H ouluyng néBodoc yla XpOoviKa HUN-HOVIHOUG ETUAUTEG EXEL LEYGAEG OTTALTAOELS OE UTTOAOYLOTLKO KOOTOG
n/kat anobnkevon dedopévwy. Na autd kot v xpnolpomoleital ocuxvd otn BeAtiotonoinon popdng os
Blopnxavikeég edappoyég. Ou povipol eMAUTEG MPWTEVOUOWVY Kal culuywv €loWoewv Umopolv, Katd
nepintwon, va xpnotpornotnBolv Otov n por MopPoUucLAlsl NI XPOVIKA actddela. tn SwotpBry avtn
edapuoletal n MéBodog Avadpopuikwv MpoBoAwv (Recursive Projection Method, RPM) yLa TV avIlUETWILON
TwV SUOKOALWV OUYKALONG TIOU TAPOUCLAIOUV OL XPOVIKA MOVIUOL TPWTEUOVTEG Kal (ouvexeig) ouluyelg
€TUAUTEG AOYW TNG XPOVIKNG aotdBelag tng ponc. Me to mépag tng BeAtiotonoinong pe HOVIHOUG TIAUTEG, oL
BeAtiotomolnpéveg AUOELG emavatloAoyouvTal amd Kn-HOVIHOUG EMAUTEG TPWTEUOVTOG TPOBARATOC yia va
eruPBefalwbel n pelwon TOU XPOVIKOU PECOU TWV OUVAPTAOEWV OTOXOoU. ETOL, N PBeAtiotomoinon yilvetal pe
UTIOAOYLOTIKO KOOTOG WG KoL KATd pia Ta€n peyeBoug XapunAdtepo amod OTL e XPOVLKA UN-HOVIHOUG ETUAUTEG. H
TEXVLKN QUT Xpnolomnoleital eniong yla BeAtiotonoinon popdng oe pogg 6mou ekAlovtal otpofilotl. MapoTtt
UIopoUV va UTIOAOYLOTOUV BeATIWHEVEG AVCELG YLO TETOLOU £160UC POEG HE HOVIHOUC ETAUTEG, SEV UIOpEL eV
télel va anodeuyBel £évag Bpdxog PeAtiotonoinong KeE UN-HOVIHOUG €TUAUTEG. To CUVOALKO KOOTOC, OHWC,
MELWVETAL XpNOolPomolwvtag tn BeAtiotomolnpévn AUON PE MOVIHOUG €MIAUTEG WE apyLKomoilnon yla tn
BeAtlotomoinon pe pUn-HOVIUOUG.

Je TUO TIOAUTTAOKEG edapHOYEC, oL SUOKOALEG OUYKALONG TWV HOVIUWY TPWTEVOVIWV Kol ouluywv
ETUAUTWY, aKOMA Kot Pe TNV RPM, €ilval oAU mio €vtoves. Awtia ylo autd Pmopel va lval n mowotnta Tou
TIAEYMOTOG YUPW oo TEPIMAOKEG yeEWHETPLEG 1 N Umapén TANBwpAg LBLOCUXVOTATWY TIOU TIPOKAAOUV TN
yprvopn oamokAwon tou ouluyol¢ emAUTh. [pokelpévou va amodeuxbolv TETola  mpofAnuorta,
xpnowuomnoteitat (emutAéov tng RPM) eleyxouevn amodofeon g Zuluyoug Avaotpodng Zuppetadopdg
(Adjoint Transposed-Convection, ATC), evog 6pou mou gudaviletal otig ouvexeic ouluyeic e€lowoelg opung. H
andéoPeon N amalowdpr] autou Tou Opou Xpnolpomoleital ouxvd otn BiBAloypadia yla tn otabepomnoinon
ouveXwv ouluywv erAuTwyV. Meletatal, ebw, n enibpaon TMoOu €XeL AUTH N TMPAKTIKA OtV okpifela Twv
Tapaywywv sualcdnolog os meputtwoelg 0rmou n RPM emtuyxavel amo povn tng tn otabepornoinon tou
ouluyoug eTAUTN. H eAeyxouevn amooBeon tng ATC (edpdoov amatteital) anodelkvUeTal MPAKTIKA aBAafnig
KOl OUVELODEPEL ONUAVTIKA oTnV guotdBela twv culuywv emtAutwy. AvtiBeta, n aveééAeyktn amnooBeon tou
opou amouocia tng RPM eival apketd cuxva emilnuia. Emiong, xapw tng RPM, amodelyetal n emilvon
oLlUYWV €€LOWOEWV BACLOMEVWV OTN HECHN TLUN TWV KUN-CUYKALLEVWY TTPWTEUOVTWY Ttediwv.



To 6eltepo okéNog TG SlatpLPng adopad tnv agpoduvapikn BeAtiotonoinon popdng umod afeBaldtnTeg.
Ye Tétola TpoPAnpata, mpoodlopileTal MOCOTIKA N amokplon uiag Moootntag EvéiadEpovrog (Quantity of
Interest, Qol) w¢ mpog éva cuvolo petaBAntwy afefatdotntag pe tig Aeyopeveg pebodoug Noootikomoinong
ABeBaidtntag (Uncertainty Quantification, UQ). Auto aufavel GnUOVTIKA TO UTIOAOYLOTLKO KOOTOG EVOG Bpod)ou
BeAtiotomnoinong. Xpnottomnolouvtal ot péBodot Npwtng-Tagng Asvtepng-Pomng (First-Order Second-Moment,
FOSM) kat Avarmtuypatog MoAvwvupikol Xaoug untofonBoulpevou amod tn fuluy MéBobdo (Adjoint-assisted
Polynomial Chaos Expansion, APCE) yLa Tov UTIOAOYLOMO TwV U0 MPWTWV OTATIOTLKWY POoTtwyY (LEONG TLUNAS Kal
TUTIKAG amtOKALoNG) pog Qol. To otabulopévo aBpolopa aUTwY TwV POTIWV XPNOLLOTIOLELTAL WG CUVAPTNON
otoxo¢. lNa pla Tétola ouvaptnon, n PBeAtiotomoinon HE MOPAYWYOUS €ualoONnolog amoltel TG MLKTEC
Tapaywyoug g Qol wg mpog TG puetaPAntég oxedlaopol kot afefaiotnrag. Kabwg, Opwg, apkel povo o
UTIOAOYLOMOC TNG TPOPBOANG TOU UNTPWOU TWV MHLKTWV Tapaywywv oe dlavioparto, ovamtucoovtal Svo
péBobdol BeAtiotomoinong pe mpoPoAEg, ol pFOSM kat pAPCE, oe avtiotolyia pe tig dvo pebddoug UQ mou
npoavadEpOnkav. Baowko képdog amd Tn xpnon twv pebodwv mpoPoAng elval Mwg To KOOTOC UTIOAOYLOUOU
ToU TPOREPANUEVOU UNTPWOU MIKTWV Tapoaywywv O8ev aufdvetat pe 1o MAROOC Twv HeTOPANTWV
opeBalotntag ) oxedlacpou.

Ztnv pFOSM, to k6oToGg ava KUKAO BeAtiotomoinong sival (oo pe 4 YmoAoylotikég Movadeg (Equivalent
Flow Solutions, EFS), wc §nAadn va Avvetal to mpoBAnpa porg 4 dopég. Itnv pAPCE, to kOoTtog gival ioo pe 4L
EFS (L elvat To mAnBog twv onpeiwv deypatoAnyiag otnv maAvdépopnaon). To kKEpSOC elval ONUAVTIKO aKOua
Kal yla ukpd mAnBog petapAntwv apePfaiotntag. H pAPCE €xel peyoAUTEPO UTTOAOYLOTIKO KOOTOG QMo TV
pFOSM, aAA@& umoAoyilel OTOTIOTIKEG POTIEG ME peyoAUtepn akpifsta. Ot SUo péBodol mapoucidlovtal os
npoBARuata agpoSuvapkng BeAtiotonolinong Hopdng yla oTPWTEG Kal TUPPBWOELG POEG. 2TIC TEAEUTAIES, N
eniluon ylvetal e xprion Tou povtéhou TUPPNG Twv Spalart-Allmaras kat tng culuyoug Tou eflowaonc.

OL Blopnxavikég edappoyég meplhappavouv tnv aegpoduvaptkny BeAtiotomoinon popdng oxnUAtwv
emiyelag petadopdg Le Xpron HOVLIUWY EMAUTWY 0€ GUVSUAOLO HE TNV RPM Kat piag mtépuyag agpookadoug
napoucia aBeBaloTiTwyY we MPOoG TG CUVBNKES pong 1e xprion twv pFOSM kot pAPCE.

NE€erg KAewbud: Aepoduvapikny BeAtiotonoinon Mopdng, Zuvexng Zuluyng Mébodog, Itifapog Ixedlaoudc,
MeBobog  Avadpoutkwv MpoBoAwv, EuvotdBelo Eflowoswv, Juluyng Avaotpodn Juppetadopa,

MNoootikomnoinon ABePatotntag, Avamtuypa NMoAvwvu kol Xdoug, OpenFOAM.
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The objective of this thesis is the development and assessment of techniques for the reduction of the
computational cost of gradient-based aerodynamic shape optimization for flows that exhibit mild unsteadiness
and/or in the presence of uncertainties. All these techniques are based on the continuous adjoint method and
have been developed in the OpenFOAM environment, as a complement to the adjoint solver developed and
made publicly available by the Parallel CFD & Optimization Unit of the National Technical University of Athens
(PCOpt/NTUA). They are first validated in academic cases and are later used for aerodynamic shape
optimization in industrial applications.

It is well known that adjoint-based shape optimization using unsteady solvers is costly and/or memory
demanding. For this reason, it is sparingly used in real-world applications. When mild unsteadiness is present,
steady primal and adjoint solvers can be used instead provided that convergence difficulties are properly
treated. In this thesis and for this type of applications, the steady primal and the corresponding (continuous)
adjoint solvers are both stabilized by implementing the Recursive Projection Method (RPM), a stabilization
method for iterative procedures. Upon completion of the optimization using steady solvers, unsteady re-
evaluations of the optimized solutions should normally be used to confirm a reduction in the time-averaged
objective function. Thus, shape optimization costs less, even by an order of magnitude, than an optimization
using unsteady adjoint. This approach is further tested in flows with vortex shedding wherein steady flow
solutions are computed with the help of the RPM. Although vortex shedding problems can be optimized with
steady solvers, optimization using unsteady adjoint cannot be avoided. However, the latter starts with a good
initialization, computed by the steady solvers, and this reduces a lot the overall CPU cost.

In complex cases, the convergence difficulties of the primal and adjoint solvers are far more prevalent. For
instance, the RPM may not necessarily ensure convergence of the adjoint solver on its own. This might be due
to the lack of good grid quality, often in applications involving complex geometries (e.g. a car with wheels, side
mirrors, surface details etc.), or the existence of many unstable modes causing rapid divergence of the solver.
To overcome this difficulty, the controlled damping of the Adjoint Transposed-Convection (ATC) term in the
adjoint momentum equations is occasionally employed along with the RPM. In the literature, the damping or,
even, elimination of the ATC term is frequently used for the stabilization of continuous adjoint solvers. The
effect of this treatment on the computed Sensitivity Derivatives (SDs) is studied in cases in which the RPM, on
its own, makes the adjoint solver converge. Controlled/mild ATC damping (if needed), as applied in this thesis,
proves to be harmless and greatly contributes to robustness. On the contrary, the uncontrolled damping or,
even, elimination of the ATC, an action that would have been required in the absence of the RPM, may
become harmful. In addition, the RPM stabilization helps avoiding the solution of the adjoint equations based
on averaged primal fields.

In the second part, this thesis tackles aerodynamic shape optimization in the presence of uncertainties. In
such problems, Uncertainty Quantification (UQ) techniques are used to measure the effect of uncertain
variables on a Quantity of Interest (Qol). The inclusion of UQ in a shape optimization loop may noticeably
increase the computational cost. Two UQ methods, namely the First-Order Second-Moment (FOSM) and the



Adjoint-assisted Polynomial Chaos Expansion (APCE) are studied. Both FOSM and APCE compute the first two
statistical moments (mean value and standard deviation) of the Qol and the objective function to be
minimized is their weighted sum. Gradient-based optimization with such an objective function requires mixed
derivatives of the Qol with respect to the design and uncertain variables. However, in practice, only the
projection of the matrix of mixed derivatives on some vectors needs to be computed, instead of the matrix
itself. These projections are herein exploited in both UQ methods to reduce the CPU cost, yielding projected
counterparts of these two methods. Their key point is that the cost of computing the projected matrix of
mixed derivatives does not scale with the number of either the design or the uncertain variables.

In the projected FOSM (pFOSM), the cost per optimization cycle with gradient-based methods is 4
Equivalent Flow Solutions (EFS), i.e. as if the flow equations are solved 4 times. The cost of the projected APCE
(pAPCE) is equal to 4L EFS (L is the number of collocation points needed in the regression). The gain in CPU
cost is significant even if only a few uncertain variables are involved. The pAPCE method is more expensive
than pFOSM but computes more accurate statistical moments. Over and above to some laminar flow
problems, pFOSM and pAPCE are demonstrated in aerodynamic shape optimization problems with turbulent
flows, solved using the Spalart-Allmaras model and its adjoint.

The industrial applications involve aerodynamic shape optimization of ground vehicles using steady
solvers and the RPM and of an aircraft wing in the presence of flow uncertainties, to assess the pFOSM and
pAPCE.

Keywords: Aerodynamic Shape Optimization, Continuous Adjoint, Robust Design Optimization, Recursive
Projection Method, Stability, Adjoint Transposed-Convection, Uncertainty Quantification, Polynomial Chaos
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