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Xpovikd Mn-Maovyn Zuvexfic Zuluyig MéBodog yia ta Movtéha URANS & (D)DES kat
Teyvikéc Tupmrisonc otnv AepoSuvapukr BeAtiotonoinon Mopdng

Avbpéoag-Itédavog |. Mapyng
EmBAénwy: Kupldkog X, Tavvakoyiou, Ka8nyntig EMIN
MepiAnn Abaxtopikig Atatpipng

H SiSoxTopwy) SLoTplBr eVIGOoosTal oThv TIEPLOX TN aUTloKpotikie Bedtiotonoinong popdrig oty
aepoSuVaLLKE oe TIPOPARHATA ou SLETOVTAL amd XpoViKG Hn-povipes Mepikég Atadopkég Efiawoels (MAE),
drwg oL pn-pévipee eflamoelg Navier-Stokes, kat oTig onoleg ol apdywyol TNG cUVApTNONG KOATOUG WG TPOG
T peTaPAnTéC oxedlaoiiol unohoyloviar xpnoylonolavtas t culuyr {adjoint) péBodo. To kbplo {itnpa
nlou epmoSiZeL Ty eupeia XpHon TG XPOVIKE HN-poviunG culuyous peBdbdou (unsteady adjoint method) ot
Blopnyavia oxetiletal pe To yeyovog OtL ot ovluyele e§loW0EL; ohokANpWvovTaL KATEVTL oToV Xpdvo,
EERVIVTAC Qtd TNV TEAEUTalo Xpoviky oty Tou poikod erdutn. H analtnon va elvan daBsopa ta fén
untoAoylopéva paiké media oe kdBe xpovikd PApa ToL oLTUYOUG ERAUTH QUEAVEL ONUAVTIKA TG WITALTATELG
anoikeuonc Sedopsvwy f/kal To uTtoAoyatikd k6atog. O akpaleg Tpooeyyioelg autol Tou NTApaTog elvan
{a) n TeRvikn Tng mripoug amoBrkeuang {full storage) tng xpovooeipdg tng porig, n onala av Kat £YEL TO
EAGYLOTO  SUVOTO  UTIOAOYLOTIKG KOOTOG, QUERVEL UTIEPHETp TIC QUOUTAOELW; o pvipn, dwitepa o€
Blopnxavikic edappoyéc, kat (B) n texvikr ™ dndevikig anoBrikeuong (zero storage), ouvobdeuopevn pe
ENAVOAQUPOVOHEVOUC UTIOAOVIGHOUE yla TV avdktnon wwv poikwv medlwv kdBe xpovikou Prpoatog,
EEKIVLIVTAG MAVTA AT Ty aEXIKA OTYHA, KETL Tou augAveL SPapaTikG TO LTIOAOYLOTIKO KOOTOG. Mia EUPEWS
XONOWOTOOUUEYN evaAhaktiky Ttpoodyylan elvon 1) Texvik Touv Suwvupiod check-pointing, n orola
NEPLOPLLEL TIC AMATAGELS PVING LG BAPOS [l EAEYXOUEVNG alENGNG TOU KATTOUS,.

O npwitec oTéXog TS SwatpePhg elval n pelwon TOCO Tou KEGTOUG, OGO KAl TWV QIATHOEWY 08 HVAHN
TE XPOVIKG Un-udvipng ouluyols ueBASou, XphOLUOTIOUIVTAG TEXVIKEG oulnieong Sedopévawy, He kol Xwplg
amAela TAnpodoplac. Iuykekpluéva, cuvdudloviol {o) o ortadlakde 1610-TEVIKELUEVOG ALXWPLOHAG
(incremental Proper Generalized Decomposition, iPGD), (B) o aAyopiBpog ZFP kat {y) o chyopilBuog Zib,
SnuloupywvTag Tov nuphva cuprieang (compression kernel) iPGDZ". O cupBotucdc aiyoplBuog PGD analtel
voo elval SwaBéouun oAOKANPN N XPOVOOEWE THG PORG NPV auth oupmeotel. Qotdoo, av uTipxE
ArOONKEUTLKOC XWPOG LKAVAG va aroBnkeVosl oAGKANpN Th XPOVOOERd XWwplG oupmieon, n ek Twy uoTEpwyv
cuurieon twy potkwy TeSiwy 8 Ba npoaédeps kdmolo MAsovéktnila. Autd anoteAel to kivntpo yia thy
avdmrutn tou iPGD, to omolo cupriéZel ta poikd redla KdBe popd mou uTtoAoyileTal £va véo OTIYHLOTUTO TNG
pofic. Itn StatptPr, o IPGD enavefetdletat, PeATuveTat Kat eMekTelveTol oe pn-Sopnpeva TAeypotd.
Erumiéov, Sedopévou 61t to ZFP elval oxelacpevo yia Sopnpéva mAEyLATA, avarTuadovtal TPEL
napaAAayEC TOU (L€ 0TOXO TN PEATLOTN Xpron ToL O Un-Gounuéva IAEyHOTa.

Exovtac we kowt Béon to iPGDZ, avamtisaoviat Sto Texvikés : (o) n Compressed Full Storage {CFS),
n omola cuumelel ohOKANpn TN XPOVOGElpd TNG PONG HE 1O iPGDZ", efahsidboviag v avdykn poikwv
eravuToAoyapwy, kal (B) n Compressed Coarse-grained Check-Pointing (3CP} n ornola auvBudlet to iIPGDZ’
1E TO SLwvUpLKS check-pointing, HEWIVOVTHE REPAITEPL TIG AMALTAGELG OF pvipn, cAld auéavovtag to KOOTOC
ae oyton pe To CFS Adyw TWV ANaToOpeEvwy poikiv enavumoloyiopay. Mop' 6ho oy n dlatpPh eotadet
QTOKAELGTIKG O TPOPARRATa aepoduvaplikig BeAttotonolnong Hopdric, oL TEXVIKEG cULMTleon ToU
QVATTTUCOOVTAL O QUTHY Mooy EUKOAX va XpnolloroinBolv o oROLaSHMOTE QUTIOKPATIKG TPGPANH
BeAtioTonoinang To onolo poviehonotsltoe ard xpovikd pn-povipes MAE, YPHOLLOTIOWVTAC E(TE TH CUVEXH




elte Tn Slaxpurr culuyr pédodo. Itn SlatpiPh, oL texvikes CFS kat 3CP aflodoyolvtal wg Tpog TIg analTHoELg
TOUG GE PVALN, TO KAOTOE KAl Thv akpiBeta t¢ oupnieong, kal auykpivovral pe To Suwvuplikd check-pointing.

To S£0TEPO OKEAOC TNC SLATALPAG EFUKEVIPWVETAL OTHY AVAITTuén T cuveyols culuyolg peBodou yia
Tt poviéha poric Detached Eddy Simulation {DES) kat Delayed-DES {DDES), Baclopéva oto povtedo tippng
Spalart-Allmaras, yta npatn gopd ot Piphwovpadia. Npdkerrar yia uPplbikég LeBodoug ol oroleg
suvSudlouy ta povtéha pohg Unsteady Reynolds-Averaged Navier-Stokes (URANS) kot Large Eddy Simulation
(LES), ertttuyydvovtag uinAdtepn akpiBela o axgon pe ta poviéAa (U)RANS, aAhd ue onpavTikd pHkpoTepo
UIOAOYLOTIKG KOOTOG ot oYéon pe Ta LES. AroSewvietal ot n erthuon g culuyois sflowong tou poviéhou
T0pBNC elval anapaitnTn i Tov UToAoyLopd aKkpLBLY napaywywy euaiadnalag, A.x. o8 moAL kadr cupdwvia
LE TIC Mapaywyoug avadopds urohoyopéveg pe 1 péBobo twv MNemepacpévwy Aadopwv (Finite
Differences). AviiBeta, n ouyvd xpnolponololpeyn apadox me Taywuévng Tphng, n onola auekel v
eniSpaon twy petafAntawy oxedlacpol oty tuppwsdn cuvekTkdTnTa, onyel atov LTIOAOYLOHO TLaPAYWYWY
guoLodnalac ot onolec v yével anorkAlvouv onpovtkd ond Tig Tég avadopds. Aedouévou OTL T LOVTEAX
(D)DES elval eyyevilg Xpovikd pn-pévipa, n npotewopevn auluyrig péBodog pmopel entong va emwdeknbet
artd TLC TEXVIKEG GUUTTEDTS TTOU avartUocovTal otn Swrppn.

OAec oL U€Bodol mpoypappatiotnkay aro nepBdiiov avolytol kwdika OpenFOAM, wg enegxtacn g
ghelBepa mpooBdoylng adjointOptimisation PipAONAKNG, n omola £xsl avantuxfel omo T Movada
NapdAning Yrohoylotikrg Peuotoduvapikis & BeAuotonoinong wou EBvikol Metcolou MoAutexvelou
(MMYP&B/EMM). Afwodoyolvtar apxikd os pla oepd and akadnuaixd mpoPriuota aepoduvapikiig
BeATLOTONOINGNG HopdiG Kal, OTh CUVEXELD, O éva upl pacua shoapuoywy TNG autokvntoplopnxaviag, atig
ortolec oL por} Siénetal ard ta URANS kay/fy (D)DES povtéda porc. ITdyog Twv ehaploywv autwy elvat n
peiwon g onwBéAkouoag S1abopwv oxNUATWY. Ie GAEG TIG MEPUITWOELS, Ot TexVikeg CFS kaw 3CP pewwvouv
10 KOGTOS avd kUKo BeAtiatonolnane katd mepinou 30% kat 5%, aviictoxa, cuykpitikd pe to check-pointing.
Tautdypova, to CFS HEWWVEL TG anattioetg o pvran Katd 5 £wg 35 @opés ouykpltud e to check-pointing (1
350 £wc 1200 @opég ouykpLTKA e TNV mAREN amoBnkeuon Xwplc suprieon) otig URANS edappoyég kal katd
1.2 £wC 8 popEg OUYKPLTIKA pe To check-pointing (1} 70 £wg 120 popég UYKPLTIKE e thv TANph anobrikeuan)
ot DDES edapployéc. Amé tnv dAAn mheupd, to 3CP netuxalvel akdpa HeyaAlTepn pelwon oTny araltodpevn
pvApn, 1 orola Kupaivetal and <30 wg +60 cuykpLTKG e To check-pointing (1} +1900 £wg +2500 ouykplTikd
He Ty rAfpn amoBrikeuon) atig URANS edoppoyég kal and +15 wg +40 guykpiitkd ye to check-pointing (1
nepinou +1000 cuykpLtkd (e Thy TAApN amodhkeuan) ot DDES edappoyéc. Mpokeuévou va entextabet to
glSoc Twv efetalOpevwy TPOPANUATWY, HEPOG TV HEBSGSWY CUNIKENN( EVOWHATWVETAL KA OTO AOYLOMIKO
PUMA T MIYP&B/EMIT, 1o ortolo exteAelton o8 KAPTES YPOPLKLIY, KAL XPNOLLOTIOLETO YL TOV UTIOAOYLOHO
napaywywy evalaBnotag oty meplntwon evog PovidAow aEPOCKAPGOUG HE TITEPUYEG HE HEYGAO AGYO
eniikouc {High Aspect Ratio Wing (HARW) aircraft model) oe suvBrikeg Sinyntukrig pors.

TuAUaTA The EpELVNTIKAG Epyactag Xpnuatodothdnkay amd Ty etalpela Bayerische Motoren Werke
AG {BMW) Mavéyou, and tv Eupwrnaiky Evwarn kat tn Tevike fpapporteia Epeuvag kal Texvooviag (ITET),
LEGW TOU EPEVVNTIKOY Tpoypdpuatog exaFOAM Euro-HPC {ap. Z0uBacng 956416) xai ard tov EWSIKO
Aavaplacpd Kovbuhlwy ‘Epevvag {EAKE) tou EMI, péow tetpastols unotpodiag yie tnv umoatnpudn
Yropndlwy ABaKTdpwy. YROAOYOTIKGG Xpovag Ttapaaytnke ard 1o EBuwé Alktuo YmoSouwv Texvohoylag
kaL Epeuvac (EAYTE AE. — GRNET S.A.) atov £6vikd umepumohoytotr] udnAuv embocewy ARIS, péow twv
£pywv 10031, 13004 kal 15009, ‘

Aéfete Khewdid: Aepoduvanwr Beitiatonoinan Mopdrig, Yrohoylotiky) Pevotobuvapikn, Xpovikd Mn-povipn

Tuveyric Tuluyric MéBodoc, Texvikég Tuprnisong Aebopévwy, ITabdlaxkdc 18to-TevIKEUIEVOS AlaXWwpLapog, ZFP,
DES, DDES, Spalart-Allmaras, OpenFOAM
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Unsteady RANS & (D)DES Continuous Adjoint and Compression
Techniques in Aerodynamic Shape Optimization

Andreas-Stefanos I. Margetis
Supervisor: Kyriakos C. Giannakoglou, Professor NTUA
PhD Abstract

This PhD thesis focuses on aerodynamic gradient-based shape optimization in problems governed by unsteady
PDEs, such us the unsteady Navier-Stokes equations, in which gradients with respect to the design variables
are computed using the adjoint method. One of the major challenges hindering the widespread use of
unsteady adjoint in industry is the backward in time integration of the adjoint equations. During this,
previously computed instantaneous flow fields must be available at each time-step, notably increasing
memory requirements and/or computational cost. Treatments of this matter include (a) the full storage of the
instantaneous flow field time-series, which, despite having the minimum cost in the absence of flow
recomputations, is infeasible in large-scale problems due to excessive memory demands, and (b) a zero-
storage policy combined with repetitive flow recomputations starting always from the initial state, which
drastically increases the computational overhead. The current state-of-the-art technique for handling
unsteady adjoint is binomial check-pointing, which reduces memory demands at the expense of a controllable
number of flow recomputations.

The first objective of this PhD thesis is to reduce both the memory requirements and the
computational cost of unsteady adjoint by means of lossy and lossless data compression techniques. These are
built by synergistically implementing (a) the incremental Proper Generalized Decomposition (iPGD), (b) the ZFP
and (c) the Zlib algorithms, giving rise to the so-called iPGDZ* compression kernel. Standard PGD requires the
complete time-history of the flow to be available prior to compression. It is though obvious that, if the
available hardware has sufficient capacity to store the complete flow solution uncompressed, there is no
reason for the fields to be compressed. This is the motivation for developing and using its incremental variant
iPGD) which compresses snapshots incrementally, each time the flow field at a new time-instant is computed.
In this thesis, iPGD is revisited, improved and extended to flow fields computed on unstructured grids. Given
that ZFP was initially designed for structured data, three variants of the algorithm are developed to optimize
its application on unstructured grids.

Two different implementations of the iPGDZ" algorithm are developed: (a) the Compressed Full
Storage (CFS) technique, in which the iPGDZ" kernel compresses the entire time-history of the flow in memory,
thereby avoiding costly flow recomputations, and (b) the Compressed Coarse-grained Check-Pointing (3CP)
technique, which combines iPGDZ" with binomial check-pointing for even greater memory savings, albeit with
an increased cost compared to CFS due to flow recomputations. While this thesis focuses solely on
aerodynamic shape optimization using continuous adjoint, the devised compression techniques are general
and can readily be applied to any gradient-based optimization problem modeled by unsteady PDEs, using
either continuous or discrete adjoint. Herein, the CFS and 3CP techniques are assessed in terms of memory
savings, computational cost and representation accuracy and compared with binomial check-pointing.

The second objective of this thesis is to extend the continuous adjoint method to higher fidelity eddy-
resolving flow models, for the first time in the literature. This involves the development of the continuous
adjoint to the incompressible Detached Eddy Simulation (DES) and Delayed-DES (DDES) models, both based on
the Spalart-Allmaras turbulence model. It is shown that solving the adjoint to the turbulence model equation is



crucial for the computation of accurate derivatives of the objective function with respect to the design
variables, which closely match reference values obtained using Finite Differences. In contrast, derivatives
computed under the “frozen turbulence” assumption, which neglects variations in turbulent viscosity due to
changes in the design variables, are prone to inaccuracies. As (D)DES models are inherently unsteady, the
corresponding adjoint methods can also benefit from compression techniques developed in this thesis.

All methods are implemented as an extension to the publicly available adjointOptimisation library of
OpenFOAM, developed by the PCOpt/NTUA. They are first applied to academic aerodynamic shape
optimization problems and, then, across a wide range of industrial automotive problems governed by the
Unsteady Reynolds-Averaged Navier-Stokes (URANS) and/or (D)DES flow models. These applications are
concerned with the shape optimization of various ground vehicles for minimum drag. In all cases, the CFS and
3CP techniques reduce the computational cost per optimization cycle by approximately 30% and 5%,
respectively, compared to check-pointing. Additionally, CFS reduces memory footprint by a factor of 5 to 35
compared to check-pointing (or 350 to 1200 compared to full storage without compression) in the URANS
cases and by a factor of 1.2 to 8 compared to check-pointing (or 70 to 120 compared to full storage) in the
DDES cases. Meanwhile, 3CP achieves even higher memory savings, ranging from +30 to +60 compared to
check-pointing (or +1900 to +2500 compared to full storage) in the URANS cases and from +15 to +40
compared to check-pointing (or approximately +1000 compared to full storage) in the DDES cases. To extend
the application domain, (some of the) compression techniques are also implemented in the GPU-enabled
solver PUMA, also developed by the PCOpt/NTUA. This allows the use of the developed compression
techniques in computing objective function gradients in the case of a high aspect-ratio wing aircraft model,
governed by the compressible URANS equations and featuring shock waves, thereby confirming the versatility
of the developed compression tools.

Keywords: Aerodynamic Shape Optimization, Computational Fluid Dynamics, Continuous Adjoint, Unsteady
Adjoint, Data Compression, Incremental Proper Generalized Decomposition, ZFP, Spalart-Allmaras, DES, DDES,

OpenFOAM.
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