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Ilepiindn

H Swaxtopins Slateifr avamtiooel ex Tou UNdEVOS Eval aUTOTEAEG GUVONO EpYOAElWY PE x0T TN
EEUC TOBUVOUIXT| AVEAUCT] X0t BEATIOTOTIOINOT) LOPPHG O EPUPUOYES TNG UNYAVIXAC TWY PEVCTMV.
H dotpBr) otnpiletar ot P€dodo Twv TEUVOUEVLY XUPEADY, TEOXEWEVOU Vo GREL TIC DUOXOMES
TOL UTOREL VoL ELGAYEL 1) YEVECT) TAEYUATOC GTNY OVIAUGT) XAl OYEBLIOUS UMY AVOROYIXWDY TEOLOVTLV
mohOmhoxng popgnc. H pédodoc auty| yenowonotel xoptectovd TAEyuota o ool XahOTTOUY O-
AOXANPO TO UTIOAOYLOTIXO Y WE{0 CUUTERLAUBAVOUEVOU TOU TUNUITOS TTOU XoTohouBdvETOL oo To
oteped cwpata. Kotd tny enfluor tng porg, T0 61eped Ygpog Tou TAEYHATOC OV YpnotdomoLe{to
X0, CUVETIOC, OMOXOTTETOL ELOAYOVTOC THY EVVOLX TV TEUVOUEVLY xuherodv. Tlpdxeitar yio oplio-
Yovieg mopodhnhoypoppes (2A) 1 tapodnAeninedes (3A) xudéle mou Tépvovton amd o HpLo NG

yewueTplag xou tor omola avaoynuatilovtor aroBdAhovTag To 0TEPES TOUG TUAUOL.

H pédodoc twv tepvéueveny xuerodv mopouctdlel ToAd TAeovexTAUATA PE PaotXOTEQO AUTO TNG
YEYOPNS ot QUTOUATNG TAEYUATOTOMONG TOU TUpoEVEL OVECHPTNTY OO TNV TOAUTAOXOTNTA
ToU UToAOYIGTIXOU Ywpelou. Emmhéov, 1 yeron toug elvor TASOVEXTIXT O EQUOUOYES TIOU TEPL-
Aof3dvouy xvoUUEVa OTERES GOUTA, XM auTd UTopoly va xwvolvTal eheblepa Tévew and To
ATUPALOPPOWTO XAPTESLUVO TAEY M. 'ETol, amogelyeton ex veou Theyuotonolnom 1 yerorn epyaie-
lwv Tapaude@WoNe TASYHAT®WY, TV OTOlWY 1) anoTEAEoHATIXOTNTY Eivan au@iBoln ot TEPITTMOoELG
EVIOVNG PETATOTUONG TWV OTEPEMY oplwy. ‘Ooov agopd T BehtioTonolnon Lopghc, 1 yeNon xop-
TECLVOY TAEYUATOV xplveTon WOLdTEPA EMWPEANG. ME qUTA Tor TROBANUUTA, 1) ATOPUYT] BlaExoUg
YEVEOTC 1) TOUROUORPWONS OPLODETWY TAEYHUBATWY XU TV EYYEVOY DUGKOALNDY TOUG ETITEETEL TNV O-
volhTnon BEATIE TV AIGEWY ETITEETOVTOC TNV AVABELET o EEECNTNUEVLY YEWUETEIXDY CYNUETWY.

Apyxd, n Satel3r) mapouotdlet ueddd0uUC AUTOUATNC Xl YR YOPNS YEVESTC TAEYUATOC YLOL TNV UTO-
oThEEN TNG HEVOBOU TV TEUVOUEVGY XUPERDY, UE YOUNAES amanTAoELS o uTohoYio TixY uvAurn. H
LPMAY) TOLOTNTAL TWV HAPTECLAVMDY TAEYUATWY eCUcQUAIETOL UE TNV OUAAY| UETAHBOAT TN TUXVOT-
TdC TOUC XOVTA 0T GTEPEN OPLAL XL OE TEPLOYES TIOU AoBAvOLY Yo POIXE PaLVOUEVL LOLAUTEPOU
evolagépovtoc. Xto (Blo mhaiolo, wodyovton véor akyderiuol, txavol vo utoloyicouy TV axeiBn
TOUY| TWYV XUPTECLAVOY XUPEADY [UE TAl GTEPES OPLAL X0 VO XATACKEVACOUY TIG AVTIG TOLYES TEUVOUE-
VEC (UPENEC XOAUTTOVTOG OAO TO QPACUA TWV TIAVOY YEWUETPIXOY UTOTEQITTWOE®Y. Emmiéov,
amoelyovTal apriunTnég actdeleg xatd TNy apuiuntxy emthucn Tng porg HECW TNG CLVEVLOTC
YELTOVXOY XUPERDY apXETY OlopopeTol ueyédouc. Axdua, mapouctdlovton uédodol yeriyoenc
aviyveuong yYertovxay xueray, apliunong xouBwy xou edp®yv, xomg xot TEYVIXEC BIAOTACTC TOU
TAEYUOTOG OF EMPUEQOUC TUAUATA UE OXOTO TNV ETLAUGT] TNG PONC O TOAVETEEERYAUOTING TEQYBAA-



Aov.

YN ouvéyela, TopouctdlovTal ToL AOYLoUIXd apUNTXAC ETEAUCTC CUUTIEGTAC XAl ACUUTIECTNG
PONC OTOU, YLo AOLUTHECTES POEC, epapuoleTon 1) TEYVIXT NS eudooupmiestotnToc. To mpotel-
VOUEVO Oy Yo Blaxpitonoinong enwgeleitor and tny WLadtepn dour| TOU XAPTECLAVOD TAEYHATOC
xou BaciCeton ot Wiot xEVTPOXUPEMXT| BLUTOTWOT| TEMEPACUEVLDY OYXWY, EQPUPUOLOVTIC TO YU
MUSCL xou tnv xotd Roe mpooeyyiotin) Aion tou npofAfuatoc Riemann. e TeEQInTOOEL K-
VOUUEVWY GTEPEMY 0plwV, 1 TOXVWOT TOU TAEYUUTOS UETOPBSAAETOL UE TO YPOVO axoloudmvTog
Vv xivnot| Touc. Egoapudlovtar xouvotoues uédodol uetopopds Tou Tedlou poric 6To TAEYUA TNG
ETMOUEVNG YPOVIXNG OTLYUNS Xad(S XL TEYVIXES YELPLOUOU TV XUPTECLAVGDY XUPEA®Y, To oTola
METOMNOOUY amd TN GTEPEY| OTN PEUC T TEQLOYY| TOU TAEYUATOS XU avTioTROMOL.

H oxpiBeta Tou avamtuydevtog Aoylouxol moTonoteltal UEGW TNG CUYXELONG TOV UTOAOYIGUOY TOU
UE avTio TOLYEC TELRUUAUTIXES PUETRHOELS OE EQUOUOYES TTOU XUAUTTOUY EVOL EURY PACUO TEPLTTOOEWY
eowTepxhc xan e€wTtepniic, atelBolc 1 otpnTrc porc. Emmiéov, mapovoidlovian Brounyovixéc
EQUQUOYEC TIOU AVOBELXVUOUY TN YENOTIXOTNTA Xl ATOTEAEOUATIXOTNT TNG MeVodou.  Apyixd,
ueAeTdTon 1 poY| p€oa ot [ia unyov xOAong, xdtt To omolo omavilel ot BiAoypagpio. XTn ou-
véyela, e€eTdlETon 1) PEUCTOBUVAULXT] CUUTERLPOEE (oG Bapeoryuatixiic avTilag ywels BaAfBidec,
OTOL TOEd TOV PEYEAO apliud xUPEADY TIOU Gup®VoVTaL and To GTERES Oplo xGVE YEOVIXT| OTLY-
un, To hoylouxd eyyuvdton Tn Swtrenon tng pdloac. Téhog, mpocouowdveton 1 pory o Pordulda
avTAlag e€6puing meTpelaiou UixTol TOTOU OToL 1) UEVODBOG TWV TEUVOUEVKY XUPEAMY TROTEVETL
(¢ EVUAAIXTIXOG TPOTIOC AVTYETWTLONG TOU TEOPBANUNTOS AAANAETIOPAUOTS TNG XIVOUUEVNS XL TNG
axbvnng mTeEpYWOoT.

Ye mpofAfuara Behtic Tomoinong pop@ric, epapuolovTon n cUVEYNS xat Slaxpltr) culUYTC BlaTUTKOT)
YLt TOV UTOAOYIoUO TNg xhiong tng cuvdptnong otoyou. O uédodol autéc etvar Wwialtepa TpooL-
Aelc Aoy Tou WiadTEPa YaUNA0) UTOAOYIG TIXO) TOUC XOGTOUS, TO OTOL0 TORUUEVEL aVELBPTNTO TOU
TAAUOUS TV PETABANTOVY OYEBIAOUOU TOU EAEYYOUV TO Oy TNG exdoToTE YewueTtplog. AiCet
var onuetwel, 6Tt 1 pordnuatiny SlatiTwon TV HEIOBmY aUTMY Xt AvVETTUET TOU avTiGTOL 0L Ao-
YIOUXOU Y10l GUVEXTIXES N/ X UN-UOVIIES POEC OE TAEYUATA TEUVOUEVKDY XUPEROY TapouctdleTto
Yo et popd ot Bihoypapia. ‘Ooov agopd tn cuveyT| BIUTUTWOT), TEAYHATOTOLE{TOL DIEQEUVT-
O™ TV TEOTWY dlaxpttononong Twv culuy®y eEl6OoEWY Xo TeoTeivovial o GLLUYT LoodUVouA

v oynudtey FVS, HLLC xo Roe.

H avdmtuén tou Aoylouwol tng doxettric ouluyols pedodou Bacileton otn Bia Yelpdg dlopdelon
ToU avticToryou Aoylouxol emthAucng TNG CLUTEC TG xan acuuticotng pong. Idudtepn Eugaon
0BT OTO GWOTO YEIPIOUO TOU YPOVIXOU 6POU, XATL TOU CUVETAYETOL T1) DLUPORLoT TV OAYO-
elduwv mou elvar uteduvol Yl TN WO TH PETAPOEE ToL GTIYHlaiou TEd{ou POHC 6TO TAEYUA TNS
ETMOUEVNG YPOVIXAG OTIYUNG. 2TN CUVEYELX, TO hOYIoUIXO e@opudleTon o€ TpoBhuata Brounyovixon
OYEBLUOUOU, OTKG 1) ENAYIC TOTOINOT TWV ATMWAELDY OAMXTHG TlEONG EVOS aywYoU, 1 UEYLOTOTOMON
NG AVWONG TTEPUYOS XAl 1) EAXYLOTOTOINOY TNE EQATTOUEVIXNS ToyOTNTaG otny €Zodo Borduidog
avthiog e€opuine metpehatou. Téhog, yenowomoleiton ot BeATioToNOMON TOAGY OO WY UTO
TEPLOPLOMOUC ULAG OLOPEOYXTIXAG AVTALUG. Y€ ONEC TIC TEQLTTWOELS, TO AOYIOUIXO TR YXYE YEWUE-
TEWE oy ot aUENUEVNS amOB00TS, EMPBEBAMVOVTIC TNV ATOTEAECUATIXOTNTA TNG avarTuyVeloog
uedéoou.
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Abstract

This dissertation thesis develops integrated, robust, and reliable Computational Fluid Dynamics
(CFD) methods and software for the analysis and shape optimization in real-world applications
in fluid mechanics and aerodynamics. To this end, the cut-cell method, which removes mesh
generation barriers from the flow analysis and design process is adopted. The computational
domain is firstly covered with a Cartesian mesh and then parts occupied by the solid bodies are
discarded, giving rise to the cut-cell mesh. The benefits of this method are profound in fluid
problems with moving solid bodies which are allowed to move upon the stationary background
mesh, avoiding the use of mesh deformation tools. Moreover, contrary to body-conforming
approaches, the changes in shape during an optimization loop do not affect the surrounding
mesh, preventing mesh generation failure and the premature breakdown of the optimization
loop. Therefore, this dissertation thesis exploits these beneficial features and develops a cut-
cell-based flow solver and shape optimization tool for compressible and incompressible flow

problems.

Firstly, a fast and automated mesh generation method with low memory requirements is de-
veloped, which guarantees smooth mesh refinement close to solid boundaries and flow features
that require higher mesh resolution. Cells intersected by the geometry get rid of their solid
part by giving rise to the so-called cut-cells. New algorithms are proposed for computing
their topological characteristics needed by the flow-solver and post-processor. Numerical insta-
bilities caused by the presence of small cut-cells adjacent to much larger ones are avoided by
cell-merging, according to which small cell fragments are geometrically merged with their neigh-
bors. Furthermore, algorithms for fast neighbor detection, mesh connectivity computation, and
mesh-partitioning are also developed and used.

Then, compressible and incompressible flow solvers are developed, the latter being based on the
artificial compressibility method, to numerically solve the (U)RANS equations. The presented
numerical scheme takes advantage of the Cartesian mesh structure and uses a cell-centered,
finite volume approach employing the MUSCL scheme and the approximate Riemann solver
of Roe for the convection terms. In applications concerning moving geometries, the mesh
is continuously adapted to their motion, employing local refining and coarsening operations.
Strategies to accurately extrapolate the current flow solution to the mesh of the next time step
are presented. Additionally, a novel method to impose the flow conservation laws even in large
geometry displacements is developed by performing a cell clustering algorithm which properly
treats the sudden change in cells’ status from solid to fluid and vice-versa.



The resulting software is parallelized using the Open MPI protocol and assessed in a series of
tests concerning internal and external, inviscid and laminar flows. Moreover, comparisons with
data provided by conventional body-conforming approaches indicate its ability to deliver flow
solutions of the same accuracy. The method’s effectiveness is demonstrated in several challeng-
ing applications of practical interest. Among other, the flow simulation in a scroll machine,
which is quite rare in the literature due to its high complexity, is presented. Another applica-
tion concerns the flow inside a valveless diaphragm micropump, where the mass conservation
is successfully imposed despite the intensive deformation of the diaphragm. Finally, the flow
within an Electrical Submersible Pump (ESP) stage is studied, introducing the cut-cell method
as an alternative to address the rotor-stator interaction problem.

In the field of gradient-based shape optimization, the continuous and discrete adjoint approaches
are developed, programmed, and used. These methods compute the gradient of the objective
function at a cost, which is independent of the number of design variables, providing a viable
tool for industrial design processes. Their mathematical formulation, software development,
and implementation in cut-cell meshes for viscous and unsteady flows are presented for the first
time in the literature. Concerning the continuous approach, different discretization schemes for
the adjoint Partial Differential Equations (PDEs) are investigated, resulting in adjoint schemes
which are equivalent to the FVS, HLLC, and Roe’s approximate Riemann primal solvers.

Moreover, a discrete adjoint software is developed by accurately hand-differentiating both the
compressible and incompressible flow cut-cell solvers. Particular emphasis is laid on properly
treating the discrete adjoint time integration by differentiating algorithms dealing with flow
field extrapolation between meshes of subsequent time steps. Furthermore, the adjoint cut-
cell software is verified and applied to industrial optimization problems, such as the total
pressure losses minimization of a duct, the lift maximization of a wing, and the outlet tangential
velocity minimization of the Electrical Submersible Pump stage. Finally, the multi-objective
optimization under uncertainties of the diaphragm micropump is carried out. In all cases,
solutions of adequately improved performance are delivered, confirming the effectiveness of the
developed method and software.



