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NepiAnyn AotpiBig

Ma tnv eniluon mpoPAnudtwy BeAtiotonoinong oto mAaiolo tng YmoAoylotikng Peuotoduvautkng (YPA) pe
xpnon nopaywywv, n (cuvexnc) culuyng LEBodog xpnoLoTmoLeital eupUTATA VLA TOV UTIOAOYLOTLKA aIod0TLKO
uroAoylopd Twv Tapaywywyv. Kabe Efexwplotd mpoPAnua PBeAtiotonoinong amattel mbavov tn xprnon
Sladopetikol polkol POVIEAOU, CUVAPTNGCNG-CTOXOU KOL TIEPLOPLOUWY Kall, Kat' eméktaoh, n ouluyng pébodog
TPEMEL va. TpooapuooBel katdAnAa. EmunpdaBeta, n culuyng uEBodog elval amapaitnto va cuvoualetal Ue
£€va cUVoAo PeBOSwWV/epyaleiwv yla TNV emiAuon mpoBAnuatwy BeAtiotonoinong o PLOUNXAVLKAG KALLOKOG
edappoyég. Itn BAcn aUTWY, 0 OTOXOC AUTAG TNG gpyaociag eival &ittog. O mpwTtog sival n eméktaocn TG
ouvexoUl¢ ouluyolg ueBodou oe pogg mou meplypdadovral and dUo acuumieota avapeifipo pevotd. Evw o
Seultepog eival n avamtuén Twv peBOdwv Tou xpeldletal va cuvduacBouv e tn cuveyr culuyn pEBodo yla tnv
eniAvon mpoPAnudtwy BeAtiotonoinong popdng Blopnxavikng KALAKOC 0 pOEC EVOC 1 KAL TIEPLOCOTEPWV
peuotwv. OL péBodoL auTég mephapfdvouv Tny avantuén (o) adyopiBpou yla tnv eEodAUVON TWV MOpaywWYwv
KOTA Tn Xpron tng KouPBikng mapapetponoinong, (B) pag pebodou mapauopdpwong MAEYHOTOG LKOVAG va
Statnpel vPNANRGg modTNTAg MAEyHata Katd tn Sldpkela tng mapapdpdwonc, kabwg kat (y) dadikaociag
eMPBOANG OXESLACTIKWY TIEPLOPLOPWYV KATA TN BeATioTOoMOLNON.

Q¢ mpog tn ouvexn ouluyn HéB0SO, apXIKA amalteital N emMiAucn Twv ELOCWOEWV pong yia dUo avapeiflpa
aoupmieota peuotd. MNa tov AOyov auTOv, XPNOLUOTIOLEITAL EVOCG XPOVLKA-UOVLUOG ETUAUTNG TWV €ELOWOEWY
(mpwtevov mMPSOPANUA), TOOO yLa OTPWTEG 00O Kal ylo TUPPBWEELS poEC. 2 TUpPBwWOELS poEg, ebapudleTal To
povtélo TUPPNG Spalart-Allmaras yia tov umoloylopd tng tupBwdoucg ouvektikdotntag. H ouvexng ouluyng
HEB0SOG edapudletal oto poikd MOVIEAO SUO PEUCTWY KOl TAPoucLlAaletal avaluTika n Stadoplon Twv
eflowoewv HEOw TNG omolag MPoKUTTouV oL ouluyeic EELOWOELG, OL OPLOKEG TOUG CUVONKEG, aAAA Kal n ékdpaon
TWV apaywywv evatodnoiag. Ot teAeutaisg emaAnBelovTal yia oTpwTES Kol TUPPWSEELS pOEG.

MNa tv enilvon mpoPAnudatwyv PeAtiotonoinong popdng amattsital n  emhoyn plag pedodou
napapeTponoinonc. 2tn Sibaktopikn Statplpr akoloubeital n uEBoSog TNC KOUPLKNG TTAPAETPOTIOinoNG oTNV
omola Ol CUVTETAYHEVEC OAWV TwWV KOUPBwWVY Ttou emidpavelakol mAEypatog sival petaBAntég oxedlaocpol. H
TMPOOEYYLlon outr Tpoodépel to péyloto MAROo¢ petafAntwv oxedlaocpol yio tn Se6opévn XWPLKA
SloKpLTOMOiNoN, KE TO HELOVEKTNO OTL N Utapén aplduntikol BoplBou oTLG Tapaywyous UMopEel va odnynoeL
0f UN-OUOAEG emIdAVELEC. JUVETIWG, £lvol amapaitnto va cuvbudletol pe pia péBodo efopdluvong twv
napaywywv, n onoia Baciletal otnv eniluon plag Mepwkng Atadopikng E€lowong (MAE) Slatumtwpévng mi
KOUUAWYV ML OVELWV.

H emopevn ouvelodopd adopd tnv mapapopdwon TMAEYUATOC yia XpHon Kotd tn BeAtiotonoinon popdng,
yla TNV omola mpoteivetal pLo pEBoSo¢ Baolopévn og TEXVIKEG BEATLOTOTOINONG MOLOTNTAG MAEYHATOC. KOtd T
Slapkela NG BeAtiotonoinong Hopdnc, N XELPOTEPEUGT TNG TTOLOTNTOG TOU UTIOAOYLOTIKOU TIAEYUOTOG AOYW TNG
Mapapopdwong Tou amoteAel kuplapyo mpopAnua. M' auto, avantuooetal pla pEbodog BeAtiotonoinong Tou
TIAEYMOTOG KOTA TN SlapKela TNG Tapapopdwons. Mia tétola HéBodog Umopel va amoTpEPel TNV avaykn
ETAVATIAEYLOTONOLNONG TOU Xwpiou. MNa autd oplleTal Ulo PETPLKA TIOLOTNTAG, N OTMOLO AVTIKATOTTPLlEL TN



ouUVAPTNON KATOAANAOTNTAG WG TIPOG TNV omoia BeAtioTtomnoleital To mAgyua. H pébodog edbapudletal yla tn
BeAtiotomoinon TOOO OYKIKWY 000 Kol €MIGAVELOKWY TAEYUATWY EMUTPEMOVIAC TNV OAloBnon Ttwv
ermupavelakwy KOPBwv Tou mAéypatog. H petpikn autr Sladopiletal avaluTikd wg TPOG TIG KOUPLKEG
OUVTETOYHEVEG TOU TIAEYLOTOG KOl OL UTLOAOYLIOLEVEC TIOPAYWYOL TTPWTNG Kol SEUTEPNG TAENE XPNOLLOTIOLOUVTAL
ot pa pEBodo Newton. Kata tnv edpappoyn tng, mpooapuoletal o Eoolavog mivakag xpnolUomolwvTag Uia
Tpomomnolnuévn mopayovronoinon Cholesky n omola eyyudtal OtL autog eival Betikd oplopévog. TEAOG, n
MEBOSOG emekteiveTal ylo tn PeAtiotonmoinon MAEYUATWY TIOU TEPLEXOUV KEALA He uPnAn oavicotporia
(amapaitnta yia tnv owotr TPOAeEn TOU OPLAKOU OTPWHOTOC), XPNOLUOTIOLWVTAG KATAAMNAEG XWPLKEG
METATPOMEG. 2TO TAAiolo NG PeAtiotomoinong popdng, o PeAtiotonolntg MAEYHOTOG CUVOUATETAL HE LA
uEBodo mapapdpdwong Laplace yia tn BeAtiwon tng anddoaong Tou.

MNa va propécouv va kovomolnBouv oxeblaotikol Teploplopol, opxlkda, n HéEBodog etopdAuvong
POoapUOleETOL WOTE Va SLOTNPEL CUYKEKPLUEVA TUAMATA TNG eMlpavelag otabepd, eMIBAAAOVTAG TOUTOXPOVO
Tov eTBupnTo Babuod cuveéxelag tng enddvelog. Emiong, avantuooovtal HeBodol yla Tov XWPLKO MEPLOPLOUO
™G BEATLOTNG yewMETplag pe xprion otepeoAiBoypadikwy (STL) emidavelwv oploBetnonc. TéEAog, ebapuolovral
Tieploplopol yla Tn dlaTApnon Tou TAXOUC HLOG YEWUETPlag A.X. mrtepuylwv. Mpoypoppatiletal plo pon
gpyoolwy, oto mAaiolo BeAtiotonoinong Hopdng oTn UNXAVLKA TwV PEUCTWY, N omola cuvdualel TNV KOUPBLKN
mapapeTponoinon, thv mopopdpdwon kot PBeAtiotomoinon mAéypatog, kot (epooov amalteltal) Toug
ovaykoioug oxeSlaotikolg MepPLOPLOPOUG e TN ouveXr ouluyn HEB0SO yLa ToV UTIOAOYLOUO TWV TTAPAYWYWV.
Autn Sokipaletal kol epopUoleTal o akaSNUAIKES Kal BLOUNXAVIKEG EDAPHOYEG, O POEC EVOG aANA Kot SUo
PEUOTWV.

H nmpwtn edpappoyn adopd tnv eAaxlotonoinon tng onoBéAkovoag os Eva eTBATIKO Oxnua. ITnv edapuoyn
ouTtn, opiletal éva cUVOAO TIEPLOPLOUWY OL OTIOLOL ETUTPETIOUV OVO OE GUYKEKPLUEVA TUALOTO TOU OXHHOTOC
va mopapopdwvovtal, evw, EMIMTAEOV, EYYUWVTAL TN GUVEXELD TTPWTNG MOPAywyou otnv emiddavela tou. H
Seutepn Blopnyavikn edpappoyr oToxeVEL OTNV EAAXLOTOMOLNGN TWV ATIWAELWVY OALKNG TIleong o€ éva guoTnpa
KAtpotiopou (HVAC) aUTOKLVATOU, TTOU UTIOKELTOL OE XWPELKOUG TIEPLOPLOMOUC WOTE N YEWUETPLO VO TTOPAEVEL
MECQ OE OUYKEKPLUEVA OpLa. KATA TN SldpkKela TG PeATiotonmoinong. Itnv tpitn edopuoyr otoxog elvat n
BeATiwon TwV XOpAKTNPLOTLKWY EVOG TOONTIKOU aVAUEIKTN pONC. ZUYKEKPLUEVA SLATUTIWVETAL KL ETUAUETOL EVal
npoPAnua BeAtiotomnoinong SUo OTOXWV yla TN HEYLOTOMOLNGN TNG OVAUELENG KAl TNV EAAXLOTOMOLNGCN TWV
anmwAELWV OALKAC Tiieong. To mpoBAnua BeAtiotomoinong SU0 OTOXWV LETATPEMETAL O TIPOPANUA EVOG GTOXOU
ME xprion ouvieheotwv PBdapout. Xpnolpomolwvtag SladopeTikoUg cUVTEAESTEG BApoug dnuloupyeital To
METWTTIO TWV UN-KUPLAPXOUHEVWY AUCEWV. ITNV edapuoyn auth opilovial U0 MAPAUETPOTIOLOELG, OL OTIOLEG
ocuvbualovtal toéco Sladoxlkd 600 Kol Tautdxpova Katd thn Sldpkela tng BeAtiotonoinong odnywvrag os
KOAUTEPEG OXESL00TIKEG AUCELG TOU TTABNTIKOU OVaELKTN. 2TNV TETAPTN Kal teAeutaia epappoyn, eMSLWKETAL
N UEYLOTOMOLNGN TN OVAUELELLOTNTAG EVOG EVEPYNTIKOU OVAMELKTN 0 omoiog mepAaUBAVEL pLa TTEPWTH TUTIOU
Rusthon. Auto emutuyydvetal pe tTnv oAAayr TOU OXAUATOC TWV TMTEPUYLWY TNE TTTEPWTNE SLOTNPWVTAC OUWE
otaBepd To MAKOC TOUG.

H Slatplpr mpaypatomnol)dnke oto mAaiclo tou Eupwraikol epeuvnTikoU mpoypappotog IODA, to onoio
£\aPe xpnuoatoddtnon amno tn 6pacn Marie Sktodowska-Curie katd Ta tpia mpwta £t Tne.

NE€elg KAeWbL&: Ymoloylotikry Peuctoduvaukn (YPA), Poég Avo Peuotwv, BeAtiotomoinon Mopdng,
Mapapetponoinon IxAuatog, uvexng 2uluyng MeEBodog, Beltiotomoinon MAéypatog, Xxedlootikol

Meploplopol
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PhD Thesis Abstract

The adjoint method is widely being used to solve shape optimization problems relying upon CFD and
gradient-based search, due to the cost-effective computation of gradients it offers. Different optimization
problems require different flow models, objectives, and constraints, and the adjoint method must be adapted
accordingly. In addition, the adjoint must be coupled with a set of methods/tools to create a complete
optimization workflow that can solve industrial-scale problems. On account of this, the aim of this PhD thesis is
twofold. The first is to extend the already well-established continuous adjoint method for single-fluid to flows
of two incompressible miscible fluids governed by the necessary mixing model, in order to solve shape
optimization problems related to mixing devices. The second is to develop the methods to be integrated with
the developed adjoint solver to perform shape optimization in single and two-fluid industrial-scale problems.
These methods include the developments of (a) a gradient smoothing technique to be used along with a node-
based parameterization, (b) a mesh deformation algorithm capable of producing high-quality deformed meshes,
and (c) methods to apply a set of design constraints using the node-base parameterization.

Regarding the continuous adjoint method, at first, the (primal) equations governing steady (laminar or
turbulent) flows with two miscible fluids are solved. In turbulent flows, the Spalart-Allmaras turbulence model
is used. The continuous adjoint method to the two-fluid model is developed, leading to the field adjoint
equations, their boundary conditions, and the sensitivity derivatives’ expression. The computed sensitivities are
verified in both laminar and turbulent flow cases.

Shape optimization problems require a parameterization scheme. In this thesis, a node-based
parameterization is followed, in which the coordinates of each boundary node are the design variables. This
approach offers the richest possible design space, though numerical noise in the adjoint derivatives can cause
shape irregularities. Thus, it is necessary to couple it with the smoothing of sensitivities. This is carried out by
implicitly solving a set of PDEs onto curved surfaces. In order to meet different design constraints often imposed
in shape optimization, the implicit smoother is enhanced to maintain the desired continuity level between
different patches on the surface. In addition, a packaging constraint algorithm is developed, in which STL
surfaces delimit the space in which the shape should stay. Furthermore, a thickness constraint method is also
considered and applied in the context of shape optimization of rotor blades.

The next contribution of this thesis concerns mesh deformation using mesh optimization techniques during
shape optimization. In shape optimization, mesh quality degradation due to its deformation is a known issue,
and a mesh optimization method is necessary to allow extended shape deformations. This can delay or even
overcome the need for re-meshing during the optimization. A quality metric based on the geometric definition
of Sphericity is introduced for mesh optimization, acting as the mesh fitness function to be maximized during
mesh deformation. The method can be applied for optimizing both volume and surface meshes and has the
capability of sliding nodes along the surface. This mesh quality metric is analytically differentiated twice with



respect to (w.r.t.) the mesh points, and its first and second derivatives are used by the Newton method. In case
the Hessian is not positive definite, it is appropriately manipulated using a modified Cholesky decomposition.
Finally, the method is extended to account for high aspect-ratio cells (necessary for the correct boundary
resolution) by using appropriate R® space transformations. In the context of shape optimization, the mesh
optimizer is coupled with a Laplacian morpher with an inverse distance-depending diffusivity to improve
efficiency.

A workflow that combines the shape parameterization, mesh deformation, optimization, and (if required)
constraint handling, coupled with the continuous adjoint method for the computation of gradients, is
implemented on an open-source CFD package based on OPENFOAM. This is tested in several academic and
industrial-scale applications for single and two-fluid flows.

The first industrial-scale application concerns the minimization of the drag force in a concept car model.
Constraints allowing only the car's rear part to be deformed during the optimization while maintaining a C1
constraint across the surface are imposed. The second case aims at minimizing the total pressure losses of an
HVAC system of a passenger car in which a set of packaging constraints are imposed. In the third case, the
optimization targets the improvement of the characteristics of a static mixing device equipped with a set of
baffles. In specific, a multi-objective optimization problem is formulated and solved for maximum mixture
uniformity at the exit and minimum total pressure losses. The multi-objective optimization problem is converted
into a single-objective one through the weighted sum of the two objective functions. A Pareto front of non-
dominated solutions is derived using different value-sets of weights. In the fourth and final case, the
optimization targets the maximization of the mixture uniformity of an active mixing device that contains a
Rushton disc impeller. The goal is to optimize the surface of the blades of the impeller while maintaining their
thickness.

This work was conducted within the IODA ITN, a Research Fellowship Programme of the European Union
funded by Marie Sktodowska-Curie Actions over the first 3 years, in ENGYS S.R.L. (Italy); NTUA (Greece) was also
a beneficiary in the same Network.

Keywords: Computational Fluid Dynamics (CFD), Two-Fluid Flows, Shape Optimization, Shape Parameterization,
Adjoint Methods, Mesh Optimization, Constraint Imposition.

Athens, 2022



