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PhD Abstract

This PhD thesis develops methods to perform adjoint-hased Topology Optimization (TopQ) in
Computational Fluid Dynamics (CFD) problems with (or without) Conjugate Heat Transfer {CHT). All
methods and tools are developed within the open-source CFD code of OpenFOAM, extending the
adjointOptimisation library programmed and made publicly available by the Parallel CFD & Optimization
Unit of the NTUA.

A key contribution of this thesis is to alleviate some of the well-known weaknesses of the widely—
used density—based TopO {denTopO) approach, related to the accuracy of the corresponding analysis
code. denTopO is performed on a static CFD grid hy introducing a single design variable per grid cell which
stands for an impermeability and indicates whether each cell is occupied by fluid or solid material. 1deally,
binary designs, where all the design variables take on 0/1 values, are expected. In view of this and ta avoid
well--known checkerboard pathologies, the filtering of the design variables based an a Helmholtz PDE is
performed. This vields a smoother field that is later projected using a smooth/differentiable Heaviside
function to become sharper. The so-computed field is introduced to the flow equations through the
Brinkman penalization terms, standing for blockage forces inside the solid parts of the domain. The flow
is modeled by the Reynolds-Averaged Navier-Stokes (RANS) equations coupled with the Spalart-Allmaras
turbulence madel, CHT problems require solving the temperature equation over the fluid and solid
domains. Due ta the one—way coupling between the mean flow and the temperature equation, the latter
is solved as a post-processing step by making use of proper interpolation schemes for the thermophysical
properties based on the values of the design variables. This thesis relies upon the continuous adjoint
method which computes the gradients of the objective and constraint functions with respect to {w.r.t.)
the design variables. This computation comes at a cost that does not depend on the numher of design
variables which, in TopO, is equal the number of grid celis.

The ability of the denTopO method to compute innovative designs and unexpected topologies
comes with lower accuracy of the CFD/CHT solution, as the denTopO solver is unable to impose exact
conditions on the Fluid Solid Interfaces (FSls). Instead, it models solid areas as porous regions of high
impermeability, without being able to avoid spurious/unwanted flow leakage. Extracting the FSl from the
TopO solution is a task that, depending on the way it is perfarmed and the formulation of TopO (e.g.




density—based, level-set etc.), might lead to slightly different optimized solutions, For this reason, and
due to the aforementioned inaccuracies of denTopQ, performances may change if the optimized solutions
from denTopQ are re—evaluated on body—fitted grids. As a first remedy, this thesis proposes to compute
the FSI upon completion of denTopO and, then, generate body—fitted grids in order to proceed with Shape
Optimization (ShpO) as a means to further refine the denTopG solutions; however, this increases the
computational cost.

To eliminate the lack of accuracy of the denTopO solver in the near wall regions and avoid
continuing with ShpO, this thesis proposes and implements the cut-cell method which computes the
intersections of the FSI with the ceils of the background CFD grid in each cycle of TopQ. This leads to the
cut—cell TopO methad which is still based on the impermeability field of denTopO. However, in contrast
to denTopO, this is used exclusively to compute the FSI. The solution of the flow and CHT equations is,
thus, performed, on the cut—cell grid, allowing the imposition of exact boundary conditions on the FSt
Moreover, cut—celt TopO applies h-refinement close to the computed FSls. ShpO is no more needed, and
accurate performance values as well as a clear FSI become available. To update the design variables, the
derivatives of the objective and constraints w.r.t. the node positions on the FSls are computed first, and
are then transformed into derivatives of the same variables w.r.t. cell impermeabilities by applying the
chain rule of differentiation. The superiority of the cut—cell TopO method w.r.t. the “‘standard” denTopO
method is assessed by comparing the results in different test cases.

The next part of this dissertation pertains to the TopO of two-fluid heat exchangers, performed
by extending the previously developed denTopO and cut—cell TopO tools. In such cases, it is important to
ensure the non-mixing of the two fluids. The developed framework relies on a single field of design
variables to parameterize regions occupied by solid material or either of the two working fluids. Compared
to mono—fiuid TopO, the bi-fluid TopO method incorporates the fiftering and projection operators in two
steps. The second step contrals the user-specified minimum salid thickness separating the two fluids, and
vields two distinct fluid indicator fields. in denTopO, these are used to impaose the Brinkman terms in the
flow equations, solved separately for each fluid. In cut-cell TopO, the two fluid indicators are used to
compute the FSl and generate cut—cells, without affecting directly the governing equations.

The developed tools for TopO, either based on the “standard” density approach or the cut—cell
method, are assessed in problems of academic and of practical interest. 2D internal flow problems
targeting min. total pressure drop and/for max. heat exchange are tackled. The application of mono~fluid
TopO for the minimization of total pressure losses inside an HVAC duct, bringing cool air from the front
console to the rear part of a passenger car, is aiso worked out. For bi—fluid TopO, both the density-based
and the cut-cell method are assessed in the optimization of a compact heat exchanger with many inlets
and outlets, for the two working fluids.

As mentioned before, both ShpO and TopO are supported by continuous adjoint. Selecting proper
discretization schemes for the solution of the cantinuous adjoint problem affects the accuracy of the
computed derivatives. On the other hand, discrete adjoint solvers provide consistent gradients, as the
discretized primal residuals are differentiated. This PhD thesis develaps the “Think Discrete-Do
Continuous” {TDDC) adjoint for the incompressible RANS equations solved in OpenFOAM using the
SIMPLE algorithm for the pressure-velocity coupling. In the TDDC adjoint, the development starts by
hand-differentiating the discretized residuals of the primal solver, as in discrete adjoint. The terms
emerging from this development are appropriately re—arranged to reverse—engineer consistent fluxes for
the discretization of all terms in the cantinuous adjoint PDEs. The new adjoint solver combihes the best
of discrete and continuous adjoint, as it gives exact/consistent gradients of the objective function which
are in perfect agreement with those computed by Finite Differences {FDs) and maintains a low memory
footprint.

This dissertation provides two ways of salving the set of adjoint PDEs. The first is based on a fixed—
point iterative scheme derived by first rewriting the segregated SIMPLE algorithm in the form of a fully-




coupled left—preconditioned Fixed Point Iteration {FPI). The transpose of the derived preconditioning
matrix is then used for the adjoint FPI. Even in fully coupled farm, the preconditioner finally acts on the
adjoint residuals in a segregated manner. This leads to the adjoint to the SIMPLE algorithm that perfarms
the exact same operations as the primal algorithm but in reverse order. This strategy is duality—preserving
as the adjoint solver inherits the convergence characteristics of the primal FP1. However, in real-world
applications the primal solver is likely not to converge tightly/monotanically, but enter Limit Cycle
Oscillations {LCO}. In such cases, solving the steady—state adjoint problem by making a linearization
around the last snapshot of the flow solution is likely to diverge since the adjoint FPI {derived directly from
the primal FPI) might not be contractive, i.e. might possess eigenvalues of magnitude greater than 1. To
address this issue, the solution of the adjoint problem in a fully coupled manner by making use of Krylov
subspace linear solvers is propased. The full adjoint system is solved using the Flexible variant of the
Generalized Minimal Residual method with Deflated Restarting (FGMRES-DR) between restarts to avoid
residual stagnation. The linear solver is implemented in OpenFOAM and makes use of the developed
adjoint SIMPLE algorithm as preconditioner. The coupled Krylov adjoint solver is robust enough to
converge even in problems where the primal solver enters LCO, with enough, though, Krylov basis vectors.
Occasionally, the coupled adjoint solver may significantly reduce the cost of solving the adjoint problem,
at the expense of a larger memory footprint.

Keywords: Aerodynamic Shape Optimization, Continuous Adjoint Method, Discretization Schemes for the
Adjoint PDEs, Primat-Adjoint Consistency, Primal-Adjoint Duality, Adjeint Stabilization, Krylov Sub-space
Methods, Topology Optimization, Conjugate Heat Transfer, Heat Exchangers, Cut-Cell method
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BeAtiotonoinon Tormoloyiag kal Mopdiig otn Peuvotopunyaviki & Zulguypevn
Metadopd OeppdtnTag Re Xprion Tng Iuveyoug Zuiuyous MeBadou pe Zupfath
Alaxprronotron

NikdAaog MaAavog
ErmBAsmwv: Kupidkog X. NMavvakoyhou, Kadnyntrig EMI
MepiAnbn Adaxtopikng Atocpifng

H AtBaxtoptkr autr AT TEAYRATEVETOR THY QVATTTUEN, FLOTOTIONaN KoL shappoyn Hebddwv kat
Aaytopxol ya nipefAnpata BeAtiotonoinong popdng kot Kuplwg Torokoyiag 1000 aTn PEVOTOBUVAULKH
600 kot g€ ipoPhApara Suleuypévng Metadopds Geppdtntag (IMB). OL LéBodol avarTtiaoovTaL aTo
avoixto hoylopké OpenFOAM enektelvovtag t BLBAoBrikn adjointOptimisation mou éxeL avarmtuyBei,
Kal £ival TpooPdoin and dioug, amd ) Movdda NMapdAinAng YmoloyiotikAg Pevatobuvapikig &
BeAtiotoreinong (MIYP&B) tou EMIT.

SNUaViKy cuvelshopd autrg g AltpBrg eivat n enéxtacr Aoylopikol BeAtiatornoinang
Tomohoylac {BTon) rnov avantixBnke os mponyolpeves Si8axtoplkés Slarpipes g MMYP&B yia
npoBApora Peuotoduvauikig og mpoPhipota IMO 1000 e éva 600 Kok e S00 pEVOTA epmodiloveag
napdMnAa thv avéudn toug. Mvetan xpran g ywotg ot Bifhloypadia [gBébou g TEYVITAC
abLamepaTdTTAC N onola wwdyel pua petafintr oxediaapol avd Oyxo eléyxou Tou UTIOAOYLGTIKOU
MAgYHOTOC N onola ko UTESNAWVEL THY TTapousia peucTol 1 oTEpED EVTOE TOU GYKaY EAEYXOU. [t TNy
efdhewpn averBopntwy “potiPwy okaxigpac” xard t BTor mpaylatonoteitas opatomnoinon tou rediou
ABLATEPATATNTAS HECW TN TAUGNG HLag pepung Sladopuirs eflawaong (MAE) timov Helmholtz. Enelta,
vivetal yphonc wag opafc/Sladoplopng ouvdptnong Heaviside obtweg wote to TeAko nebio
ablamepardthtac vo AapBdavel Tyég 0/1 nou unodnidvouv peuctd/cTeped, avtiatoka. To nedio autd
£LadyETaL 0TLC ELOWOEL ACUPTEGTNG PORG, TTOU eTUAUOVTaL PE Tov aAyoplBpo SIMPLE, péow twv Gpuv
rown ¢ Brinkman wote ot poikéq petaBAntég va Aappavouy (mpaxtixd) HLNBEVIKEG TULEG EVTOC TOU atepzol
xwplou. To avartuyBéy hoylopikd ehappdletat 1600 ot npoPifuara PEucTOSUVALKNG 000 Kal IMO.
Ttn Peuotoduvaikn, mou 1 pox elvat TupBwdng kat xpraotorolsital o wovteho TpPng Twy Spalart-
Alimaras, ylvetar PeAtiotonoinon evag 2A tetpaywviol ywplou oxedtacpou pe pla elgodo kat U0
££680UC VLA TO PELGTO Kal EVOC 3A aywyol khpatiopoy emBatikoy autokwrtou. Ze npoPAfpata IMO
HE éva peudtd, yivetar Behtiatornoinon thg 0éng 24 rinyay Beppdtntag ot SiadopeTike Slardeis kal




TPOYHATOMOLOVVTAL TOPAMETPLKEG HEAETEG yia Tv enidpach g opadonoinong otn Béitiotn Adan,
Akdpa, mpaypatonoleital BTor evé 34 evahhdktn Beppodtnrag tlnou avilpotiq He Ta dlo peupata va
ELoEPYOVTAL/EEEpYOVTAL oMb Tov £VAAAGKT atd mOAAAmAES elcodouc/efoboug, emuBardoviag lon
KQTAVOLLY TS TTapoyi Tou kpUou peuatol ot OAeg TI§ £6680u¢ katd T BTom.

To kUplo nAgovektipata tng BTom pe ™ HEBoSo g TteExvntig adlanepardtntag elvar n
Suvatdtnta va aAGleL Spagtikd Ty TomoAayid thg ALGNG KaBwg Kal n SuvdTdTNT UROAOYLOHOY P
aupBatikiy Aloswv n omoia odsietal oto peydho mAnBog¢ uetafAntwv oxediacpol. Autd
GuvoSEUoVTaL CUVRBWE amd eAdXOTO KORO Goov adopd Thy avdamtuén Tou oYeTko) Aoyiauikos. To
LELOVEKTIA TNG HEBGSOU elval n pewwpévi akpiela unooylopol thg porig kaBdt bev unohoylletal n
Aeriddveta Peuatol Stepeoy (APE) pe amoTédecpa n ENBOAN Twy OpLUKWY ouvENKWY Tou Tolyou va
yivetal éupeoa péow Twyv dpwv motvig Tomou Brinkman. Na autav tov Adyo, ot Aboewg g Blon
enavafiohoyolveal oe opldSeTa TASypaTa, adOTou YIVEL UTIOAOYLONOS TG AP, e Th enavagioAdynon
va 08nyel cuvriBug otov umahoylopd Siadopetikwv oAakAnpupatikwy peyeduwy, Ze autiv t Aatppn,
npotelvovtatl 8Uo evadhaxtuol TPOMOL Yo TV QVTLHETWITLON cuvadwy avakpiBewwy g BTom: (a) o
urtoAoytailde g APE oto téAog TG BTOR Kot 1) yéveot) oplodetou mAEYHATOS WATE va akohoubroel éva
ermAéov oTabLo oxeStaauol onou paypatonateital Bektiotonolinan Mopdng (BMopd), (B) n avdrzuén
pae &€ ohokhipou véag pweBodou BTom n omole Baoiletal otn MéBobo twv Teuvdpevwy KueAav
(BTonTK). H BTorTK kdvet ypron tou nedlou texvntrig adlanepatdnrag wote fdosl autoul va oploeL
APS trv ortola kat uroAoyilel og kK&Be kiAo BeAtiotonoinorng. Me autdy Tov TpdTo, yivetal emiiucn Twy
£E10WOEWY PONS 08 0PLOBETO TALYLLY e EMBOAN CWOTWY OptakwV ouvlnKWY ot dpta PEUATOU-0TEPEOY.’
Tautoypova, n BTonTK npayparonotel Npogappootikn fikvwer) tou MAéyparog (MMNMT) mou anookomeEl
Syt oty aténon tou TARBoug twv peTafAntwy oxsdlaopol add otnv mepatépw BeAtiwan g
akpiBelac tov poikol erAOT. H onpasia xpriong NI ket T BTorTK emiBeBaidiveTal He NAPOETPLKES
pehétec. Téhoc, emiBePatwveral r Unepoxr; T véag HeBodou avadoptid ue Tnv “khagwkn” ueBodo Blorn
rou Baoiletal otny emPoAs Twv Gpwy THou Brinkman ot §lowoelg guyKplvovTag Ta anoTeEAEopaTa
Ty 800 1EBOSwy o 24 kae 3A npofArfpata.

H BTom, elte kdvovtag xprion twy opwy Brinkman eite ¢ peBodou Twv Tepvopevwy ke eAwy,
uraotnplleton amd T cuvexr cuuyi LEBOSO YL TOV UTLOAOYLALO TWV TLAPaYmYWY eVaLoBnaloag oL onolsg
araitolvial Yo Ty avavéwon Twv HetafAntiv oxedlagpol. To KUpLo MAEOVEKTHUO Tr¢ OLVEXOLG
culuyolc peBddou eivan n Guawr emonreia Twy auluywyv MAE Kal Twy oplakwyv guvinkwy Toug, Kas,
ELSLKATEPT, OF XUUNAEC ATATHOELS GE PVHEN TOU BXETIKOL Aoyiapikou, Ta ayfpata Swakpiranoinang rou
YpnaowponowivTal ya tg ouluyels efloWoEl] Popolv VA EMNEEAOOUV CHUAVIKA Ty akpifela
UTTOAOYLOLOL Twy apaywywy ebaiodnalag, oo outd Sev elval aupBatd e To SLAKPLTOITONIEVO POTKO
(mpwretiov) mpdBAnua. H Swaxpuey aufuyrig HéBodog efaadarilel autr) tn cupfardtnta, aAid ouviBwg
e avénpévec amontrioels puning. H Alatpifn yedupavel to xdoua avdpeaa otig SUo cuiuyels peBodoug
QVaITUaoOVTAC e TavieAas véa “Think Discrete-Do  Continuous” {TDDC) ouluyr peBodo otig
AoUPTEGTEC EELOWITELS POTG TTOU ETUAUOVTAL PE TV TEVIKR SlapOwang Tng tieans (aAyoptBuog SIMPLE).
H TDDC ouiuync péfodog spunvéetar arnd tn Suaxkpien ouluyn péBobdo npokelévou va avantigel cupPard
oxfuate Swakpltonoinanc yia ¢ suvexelc ouluyeic MAE. H oupBati Slaxpronoinon mou eretuyxaveln
via péBoboc uneptepel Tne “kKAaoun|c” we TTPog Ty okpiBeL UTOAOYITHOY TV Mapaywywy evatsBnotiag,
CLYKPLYOVTAC JE TIC apayayout o unchoy et n pebodog twy Menepaapévav Aladopiy, aveiaptiTwg
TG MUKVATATOG TOU TTAEYILATOG TTIOL XPNaHLOTOLETa YLa TOV UTTIOAOYLOHS QUTWY. AUTO TULOTONOLETAL OE
éva TIPOPANHA EGWTEPIKAG epoSUVALIKAG OroU peheTdTat évag 2A aywydg TUmou S. H Behtiwuevn
akpiReta voAoyiopol apaywywy evalsdnaiag cuvteel kot 6Ty KoAUTEPR Topeia evog aiyopiBuou
awtokpatkic BeAtiatonoinang.

Téhoc, n AtatpiBn npotelvel SUo evaAAakTikols kal dROSOTIKOUG TPOTOUG YL TRV ERIALOT TWY
aulLywv eflooswy. O mpwrog Baciletal othy avdrtudn V6 EMAVOARTITIKOU OXNHATOG HECW TOU
omolou ertctuyydvetal SulkdTrTe Tou culuyods YT e TV évvola 0Tt 0 TEAEuTaiog kAnpovopEl Ta




YOPAKTNPLOTIKG Kol Tov puBud olykAlong tou poikol (npwtedoviog) emAlTn. H emavoaAnmuikni
Sladwaoia, erovopalduevn “o culuyng ciyopiBog SEIMPLE”, avantiooetat avTLOTpEGOVTHC TO PrpLaTa
Tow TpwTEbOVTOC cAyopiBuou kal evdeikvutal yia xpron ae mpoAnpara Orou 0 polkag EMALTAG
ouykAivel povatova (Ywplg Ta urdAoua TG poriq va Tahavtwvovtat) kaBuc sfaadailfel T adykiion Twy
SulUYBV ESLCWoEWY LIE ToV (Sto puBpd. NoTé00, 08 TIOAES EQAPHOYES, O pOTKOG ETAUTNG S&V GUYKALVEL
rAfpws. Avr'autol ta undhouta twv e§lOWOEWY pofig Telvouv vat TAAQVTWVOVTAL. Z& QUTEC TIG
REPUTTWOELS, N XpRon Tou Suixod culuyolc emAltn propel va 0SnNyNoEL oIV AMOKAMOT) TWV SUUYWY
gEL0oEWV av N ypappikenolnon npaypatonown el yipw and eva pOiKO aTIYLLOTUTIO yla To onolo To
LNTPWO TOU MPWTEBOVTOE EMAVOANRTIKON TXALATOS EXEL LELOTLHES peyodltepssg TG povadac, MNa
otafeponoinar] Tou culuyol MPoBAALATOS OE TETOLEG TIEPUTTWOELS, N AlctpilP Quth TPOTELVEL TNV
emtiAuon Twv oUTUYWV ESLWOEWY [LE TARPWC NERAEYHEVO TPOTIO KAVOVTAS xprion HeBodwy udxwpwy
Krylov. Zuykekpuléva, YIVETOL RpOYPOUUATIoNOE TNG EUENKTNG £KEOXTG TOU ypokpkol emAotn GMRES
{FGMRES). Mpokewiévou va eviaxuBel n mopela alyikhong Tou ypa ko EMALT Kok v elvas cuykploLan
Le exeiv Tne TARpoug FGMRES, ylvetal UTOAOYIGUOG NPOCEWIGTIKWY (SLOTUHLULV Kt 1StoSLlavuapdrwy
70U laKwBLavol UnNTpwoy yLd TNV EMAVEKKivon T Sladwkasiag Arnaldi,

Agfeic kAewSLé: Agpoduvapikr Behtiotomoinon Mopdii, Zuvexng Tufuyfic MéBodog,  Ixupara
Alaxptronoinang wy Tufuywy E§owoewy, Iupfatdinta Mpwtehovioc-Zuluyols EmAUTh, AuvikdTnTa
Npwrtetovioc-Tutuyadc EuAdtn, StaBeporolnon Zuluydy EmshuTiov, MéBodoL Yrmoywpwy Krylov,
BeAtiotonoinon Torohoyiac, Tulevypévn Metadopd Qeppotntag, EVOAAKTES Oeppdntac, Mebobog
twv Tepvopevwy Kudghwmv
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