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HNEPIAHYH

H mapodoa epyoacio agopd TNV TPoCOHOI®MGT GTPOTNG ACLUTIEGTNG PONG YUP® OO TEPICTPEPOLEVO
KOAWOPO pE HOVTEAOD ehatT@UEVTG TAENG akpifelag POD-Galerkin. Eival cuvéyeio oyetikng epyaoiog
TOV GLYYPAPEDY Yo PO} YOP® OO GTUTIKO KVAWIpo o€ apOud Reynolds 100, 6mov mapatnpeiton
eP10d1KN exkmount| dwvav (vortex shedding). Amotehei Prjpa pog v avantuén apBuntikng uebodov
eléyyov pong (flow control), e 6TOYO TNV EAATTOON TNG £VINGTG TOV QUIVOUEVOL TG EKTOUTNG SVMV
6€ Po&G YOPp® amd KOAVOPO Kot UETAPANTY eA&yyov TV TaOTNTO TEPIGTPOPNG Tov. ['a T0 GKOTO
oVTO amotteitan emTdyvvon g HeBOOoV apBUNTIKNAG TPOGOUOINONE YMPIG ONUAVTIKY HEl®oN NG
a&lomiotiog TV arotelecudtov e To minpeg povtéro Paciletar oe gpmopikd Aoywouikd CFD. To
HOVTELO ehaTTOUEVNG TAENG axpifelag mov mapovoidletor PacileTon otn pebodoroyio KatdAining
OpBoywvikng Amodounong (Proper Orthogonal Decomposition-POD) tov mediov taydtToC.
SOUQOVE LE OLTHV, 1) TOYXVTNTO AVOTUPIGTOTOL LEGH YPOUUUIKOD GUVOVUCHOD YOPIKMDY SLOVOGUATOV
TOAALOTAQGIOCUEVOVY [E YPOVIKOVG cuvieleotéq. H pébodoc ypnoipomotel deiypo ovITpocOTEVTIKOV
eKOveV Tov Ttediov pong pe okomd v eEaywyn cuvolov opBouovadiainy cuvaptioemy Pdong Tov
TEPLYPAPOVY TO YDPO TV Abcewv. Méow mpoPoing Galerkin tov Mepikmv Alwagpopikdv E&lomdoewmv
(MAE) mov diémovv tn pon| oTig ouvaptioelg Pdong moapdyovrar Xvvidelg Awapopikéc E&lomoeig
(ZAE) ¢ mpog tovg ypovikohs cuVTEAESTEG. To amOTEAEGULOTO GLYKPIVOVTAL LE OUTE TOL TATPOVG
HovTéLOL, MG TPOG TNV aKpifela TG AVong kot TNV €E01KOVOUNGT VITOAOYIGTIKOD YPOVOU.

AéEearg Kheona: Moviého ehottopévng taéng oxpifelog, mpoPorn Galerkin, exmoums Swvdv,
OUUOPOVG TTEPLGTPEPOLEVOL KVATVOPOV.

1. EIXAT'QI'H

To eavopeva ekmounng SV TapaTnPOVVIOL TOCO GTN GVUOT 0G0 Kol OTNV TEYVOAOYia, 1d10iTepa GE
POEG YOP® OO CMUOTO UEYOANG UETOTIKNG empavelag. H exmoumn dwvav e&ottiog g amokoAAnong
NG PONG, YO TOPASELYLLOL OO TV OKUY TPOCTTMOOTG UI0G KATUOKELNG, EXAYEL GE QUTIV TOAOVIMGELS
OV LITOPOVV SLVITIKA VO TPOKAAECOLV TNV KOTAOTPOEN TNG. [ To Adyo avtd eivar onpavtiki M
épeuva. mepl TG eAdTTOONG NG €viaomg TETOV Qowvouévav. To oO6gelog omd To GYETIKA
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amoteléopata agopd mANBoc epoppoydv oty wpdén, Onwc my. o€ Koataokevég [loAttikov
Mnyovikov, yéeupeg moAD peydiov unkovg (dve tov 3 km, long-span bridges), twv omoiwv ot dokoi
oTPENG eivar dSuvatd, AOY®M TV 1O10GVYVOTHT®Y TOVS, VO VITOGTOVV TOANVIMCELS EMUYOUEVES OO TOV
dvepo o€ TOAD HIKPOTEPES TOOTNTEG OVEUOL Ao TIg TayVTNTES oyedaopuov tovg (Kubo, 2004).
IToAAég wkatookevée £€yovv  HeTafANTéG YEPIOHOV Kot vrootnpilovv evepyd €leyyo pomg,
eEaocpallovtag TV acPoin Asttovpyia Tovg o€ TOKIAeC cLVOTKEC. Mia amd TIG APKETA VITOGYOUEVES
TEYVIKEG TTOL €yovV TTPoTafel Yio TV EAATTOON TG EKTOUTNG VAV Elval 0 EAEYYOC PONG TOV OPLOKOV
OTPOUOTOG HEGH TNG TEPIOTPOPNC KaTtdAANAa Torofetnuévov kuAivopov (Gad-El-Hak, 2000)(Kubo,
2004). Ov oyetikég eQapuoyés amavioviol, ektdg omd Krtipla kol yépupeg (Zymua 1(a)), omnv
agpoduvapikny oyediaon oynudtov (Zymue 1(B)) yw ™ peimon g emayduevng omcOEAKoLGOg
(avtioToong) dpa Kol TNG KOTAVAA®MOTG KAVGIHov Kot 6 TAN00G axoun podv g Mnyavoloyiag kot
™G Agpovautikiig (avénomn g avmong Kot eA0yIoTomoinen NG OMICHEAKOVGOS OEPOTOUNG UE
OVOGTOAY] TNG OMOKOAANGNC TNG PONC, KTA).

N

Yympae 1. Hopadeiyuaro ovvntikod eAEYYOD poNg uéow ¢ Katallnlo wepiotpopns kvlivopov: Eleyyog
PONG UE TEPLOTPEPOUEVO KDAIVOPO QVAVTL YEQVPAS UEYGAOD unKovs (apiotepd, Kubo, 2004). Meiwon
omiobéikovoas ae popthyo ue pouovikovuevo tunue (oeéia, Gad-El-Hak, 2000).

H mopovca epyacio amotedel LEPOG EPEVVOG UE AMMDTEPO GTOYO TNV OVATTLEN, OO TOVG GLYYPAPELS,
oG pebodoroyiag evepyold eréyyov TG pong, TPOPAENTIKOD TOTOV, YOP® OMO CAOUUTO UEYHANG
UETOTIKNG EMPAVELNG LE OKOTO TNV EAGTTIMOT TOL QPOIVOUEVOL TNG ekToumng dvav. H pebodoroyia
0o PBooiletor ot ocvvdvacpévn ypnon ™G Un-ypopukng pebodov mpofienticod tomov NMPC
(Nonlinear Model Predictive Control) (Allgéwer xot Zhen, 2000)(Weiguo et al, 2012) ot
EMTTOWIEVNG TAENG aKpiPelag LovTeAOTOiNoT TG PONG, UE HETAPANTH EAEYYOV TN YOVIOKY] TayOTNTO
TEPIOTPOPTG KATOAANAC TOTOOETNUEVOL KLAIVOpoL. H katackevn poviélmv glattopévng tdéng anod
UEYOADTEPNC TOAVTAOKOTI TG HoVvTELD PacileTon gite 68 amlomoinon Tov PLGIKOL TPOPANUATOG gite
og padnuatikn npocéyyion (Theodoropoulos, 2000). 1o mAaicio g vad aviantuéng pebodoroyiog
emAéyOnke 1 péBodoc Kardaining Opboywvikng Amodounong (Proper Orthogonal Decomposition-
POD) (Sirovich, 1987), enedn eivon axpifnc, amodotikn kot kobiepopévn. Ymd 10 mpioua tov
TOPATAVEO, 1 TAPOVLGA £PELVA, APOPA TNV AVATTLEN evOg YoUNAOD KOGTOVE Kol LYMANG eveMEiag
VTOAOYIGTIKOD EPYOAEIOV TTOV EVOMUATOVEL TPONYUEVEG HOONUATIKES TEYVIKEG. AMOTEAEL GLVEYELD
TPOTYOVLEVIG TOV 1010V CLYYPaQE®V OYXETIKO pe TV avartuén POD-povtélov peiopévng taéng
okpifelag KoL TV €QOPHOYN TOL OTNV TEPITTOON OPOUNTIKAG TPOCOUOI®ONG OTPOTAS PONG
OCVUTIEGTOV PEVGTOL YOpw omd akiviito kKOAMvopo (Bonis et al, 2013). Edd 1 uébodog emekteiveton
OTNV TEPITTMON GTPEPOUEVOV KVAIVOpOL pe petafintn toydtta (1 omoio Kot TPOKEITaL HEAAOVTIKA
VO OVTILETOTIOTEL MG PETUPANTH XEPIGUOV). XTIC ENOUEVEG EVOTNTES TOPOLGLALETOL KO TIGTOTOLEITOL
n pebodoroyic POD vy v opiBuntikn mpocopoiowon pong yopw omd oTpe@iuevo KOALVOPO,
oYOoAALoVTaL TO OTOTEAECUOTO KOl GUYKPIVOVTIOL UE OVTIGTOL(O TOV TAPOVG HOVTEAOL aplOuNTIKNG
TPOCOLOIOTG, MG TPOG TNV OKPIPELd TOVS Kot TNV €E0IKOVOUNGT) VTTOAOYIGTIKOD ¥POVOV.

2. HAHPEX MONTEAO APIOMHTIKHX ITPOXOMOIQXHE EKITOMITHX AINQN

To wpoPAnua Tov emAEYONKE Yoo TNV APIOUNTIKT TPOCOUOIMOT) PONG LE EKTOUTN VAV 0POpPa TN PO
OCLUTIEGTOV PEVOTOD TLKVOTNTOS P YOP® amd dedIoTOTO KOAVIpO dropétpov D apBpod Reynolds
Re=100 (Graham et al, 1999). H por] avtn etvar otpmTn, un-péviun Kot yopaxtnpiletor and meplodikn
exnmopny dwmv. Ot elomoelg mov di€movv 10 TPOPANa eivar N 1 (Babuwt) e&icwon g cvvéyelog
(dwtnpnon palag) ko 1 (Sravvcpatiky) e&icworn Navier-Stokes (e&iocwon opung), ov omoieg o€
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0O1AOTOTOTOINUEVT] LOPOT (XPNOUOTOIOVTAG MG TOXOTNTA OVUPOPAS OVTH TNG E1GOJ0V) YPAPOVTOL,
avtiotolya:

Vu=0 )]
a—u+(u Vu=-V +LV2u 2)
ot P Re

O1 cvvoplakeg ouvOnkeg Yo TG Tapondve eElomoelg etvor u = (1, 0) oto obvopo T, (eic060g), p=0
oto I'; (€£000¢), %:0, u,=0 ota I',,T, (MAvo, KGT® cOVOPQ) KA u-(—ny,nx)=1, u-n=0 ot I,

(xolwvdpog, n = (—ﬁy_,ﬁx) =Ka0eT0 povadiaio dLEVUGHA GE AVTHY), EVOD 01 apyIkég cuvOnkec ivatl u=0.

To mapomdve TpofAnua poviehomoOnke Kot emAvdnKe and eumopikd tokéto Aoyispkov COMSOL
(2008). Ot €E16GGEL SLAKPITOTOWONKAY GTO YMPO HECH TEMEPAGLEVOVY oTotyeiov Lagrange P*-P'. To
VTOAOYIOTIKO TAEYHO (Zymuo 2) amoteleiton omd 4528 tpryovikd otoyeio pe 20766 Pabuodc
grevbepiac. Ta obvopd tov T, T, kou ', anéyovv 10D, and 1o kKEVIpPO TOL KLAIVOPOL, EVED TO GUVOPO

I', mov amotelel v £€€0d0 TOL cLoTALATOC, aneyel 15D, dnov D givon 1 ddpeTpog Tov KLAivdpov. Ot
GLVTEAESTEG Gvmong Kot omicBéAkovcag vroloyiotkay wg C=2F,, Cp=2F,, pécw mg x- kot g y-
GLVIGTAOGCAG TNG SVVOAUNG €L TOL KLAIVOPOL
1 Ou
F=(F,F)= i——— |dT 3
(7 )= [ -] ©

T

210 Zynuo 1 (0e&ud) ewoviCeton m ypovikn e&EMEN TV 000 TOPATAV® GULVIEAECTMOV. ATO ALTO
QOIVETAL 1] TEPLOSIKOTNTA OV OTOKABIGTATOL GTO PAIVOUEVO, LE TEPTOd0 5.9 ypoviKéc pLovadeg, kabmg
KL ot P€GES TWEG TOV cuvteleot@v C, =-2.55 ko C, =—1.15. v gpyacio twv Bonis et al (2013)
&xel emAvOel ko motonombel mg mpog ) Piproypaeia (Graham et al, 1999), 1 avtictoyn nepintmon
oKivnTov KVAIvdpov.
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Yympa 2. Yroloyiouixo mléyuo. (opiotepd). Xpovikn e&édiln ovvieleotwv avawong, avtiotaons (d0etia,).

3. MEQGOAOAOI'TA KATAAAHAHX OPOOTI'QNIKHY ATIOAOMHXHX

3.1 Zrpatnywi pebodoroyiag POD Yo tnv avamtoén povrélov peropévig taéng axpipeioag

H pébodoc KatdrAining Opboymvikng Amoddunong (Proper Orthogonal Decomposition), POD oto
g€Ng, ovvavtatar Ko pe tovg 6povg Avantuén Karhunen-Loéve kot Avaivon oe Kopieg Zuviothoeg
(Principal Component Analysis) ka1 £xet Tig pileg g ot Ztoatiotikn (Hotelling, 1933). Anotelel o
VTOAOYIOTIKA 0m0d0TIKY pebodoroyio eAatTtmpéVNG TAENG akpifelog mov ypnoonoteitan oe TAN00C
gpappoyov (Liang et al, 2002). Kat’ avtfv, omowdNToTe €QIKT KOTAGTACT TOV GUGTHMOTOS
OVOTTOPIoTATOL G YPOUUUIKOC GUVIVAGHOG XPOVIKOV GUVTEAECTMV KOl YOPIKM®Y GLVOPTHCEWV Bdong,
omote T0 cvoTNUe Suvapkedv Mepikav Alopopikav E&iocdoewv (MAE) mov diémovv to mpofinua
npoceyyiletal péow evog pukpov mAnBovg Xvuvnbov Alagopikdv EEiohoewv (XAE) o¢ mpog tovg
YPOVIKOVG GUVIEAEGTEG TNG AVATAPACTAONG, Ol 0Toiec Kot avtikadiotovv 1ic MAE. 'Etot, to didvucpa
™mg tovTTaG u € RY TOL pevoTod o dVo dactdoelg (d=2), oe kGbe onueio Tov ydpov x e R’ Kt
Kd0e ypovikn oTiyun ¢ e R, dideTon amd EKQPACT TNG LOPPNGS

"pop

i(x,0) =u(x)+ 3 4, ()¢, (x) )
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omov 4eR’ eivon n katd POD mpocéyyion g toyvtntog, a(f):R—>R  eivar ot ypovikd
HETAPOAAOUEVOL GUVTEAESTEG TNG avaapdoTaons, ¢ (x): R — R? givar o1 yopwd petaBailopevor
opot (ovvaptnoels faonc), To TAnog n,,, TV onoiwv Kabopilel TNV akpifeia g TPOcEyyiong, VA
weR’ eivon éva otabepd didvoouo oto ypdvo. To mAnbog tov Babudv elevdepiog Tov TAHPOLE
povtélov givol n=d.N 6mov N 10 TAN00¢ TV Stovuopdtov Tayxdtntag (dniadn to TAnbog kopfov
Tov TAEYHoToC). ‘ETol, 10 d1dvuopo KaTtdoTtaong Tov cuothpatog U :R" — R" amoteleitor omd n

cwviot®oeg (N S1odidoTata SlavOcUATO TaXLTNTOG, U(x,t):[ﬁl(x,t) 0, (x,0) ... ﬁn(x,t)]T ), eV TO
dtbvuopa g Paong POD @ :R" —» R onoteleiton and n,,, O00ACGTOTEG GLUVOPTAGELS PAOTG

CD(x):[(pl ® o . 9, (x)]r. YvpuPorilovtag OlOVUGHOTIKG TOVG YPOVIKODG GUVTEAECTES

a)=[a,(t) a®) .. a,, ©] . ) ypagetar
U(x,0)=U(x)+a" () d(x) @)

3.2 H pé0060g TV GTIYHIOTOTOV
Mio amd 711 emkpatovoeg HeBddovg gvpeons TV ocvvaptioewv Pdong eivor . péBodog Twv
oTypotonev (Sirovich, 1987). Zopemva pe avtn, éva tAn0og M avIImpOGOTEVLTIKM®Y GTIYUIOTOT®V
NG OVUGUOTIKNG UETAPANTAG KATACTOONG U TUPAYETAL OO TO TANPEG LOVTEAD KoL 1] €YY TOV
Bértiotov ocuvvorov ovvoptiocewv Pdong avalnteitor péow NG eAaylotomoinone (ot AOyKn
ehayioTmv TETpAYdVOV), Yio dedopévo TAN00c cuvapToemv BAONG 71, , TOV GOAALOTOS OTOKOTNG

M

e, =%Z“U(x,tj)—U(x,tj) (5)
Jj=1

2

Av16 emruyyAveETOL HEGE TNG LEYIGTOTOINGNS TG TAPACTAGTG
M
max{Z}(U(x, N (x))2 /M -||(D(x)||2} (6)
=
omov (), €lvar 1 Evicheida vopa mov endyetar oand 10 S10VUGLOTIKO EGMTEPIKO YIVOLEVO GTO YWPLlo
Q. To mpofinua Pertictomoinong (6) eival 16od0vapo pe 10 akdAovBo TPOPAN LA IOLOTIUDOV:
Ry, = Ap,, 1=12,....np, (7)
2 puéBodo TV OTIYLOTOTI®V, 01 GLVAPTAGCELS Pdong ekppalovtal MG YPOUUIKOG GUVOLAGUOG TOVG,
omote 10 Pooikd {nrodueva ival 0 VITOAOYIGUOC TMV GUVTEAEGTOV TOL YPOUUIKOD GUVIVAGLOD KOl O
kafopiopdg tov TANOovg TV cvvaptioe®Vv PAoNG n,,,. Apyikd ot petafAntéc katdotaong
TPOTOTOLOVVTOL GTE 1) LECT] T TOV OTIYLOTOT®V Vo ival pndév, vroroyilovtag to HEGo Stivuc
KOTAOTOONG TOV GTIYHMOTUI®V G KAOE GNUELD TOV YDPOL KoLl PUPOVTOS TO Ao kKae oTIyudTLTO.

U(x) = %ZU(X, 1) 8)

Vt)=Uxt)-Uxt), j=12,...M 9)
Me g tpomomompéves petaPintés kardotacng vrooyiletat o mivakag cuoyétiong [C|e R
1 ..
C; =HVT(x,ti)-V(x,tj), Lj=12,....M (10)
OV YPNOWOTOlEITOL Yoo TNV €miAven Tov okdhovBov mpoPAnuatog oty (W eivar ta
Wodavocpata tov mivoka [C]):
CwO =aw?, i=12,..,.M (11)
0TOTE 01 GLVOPTNHOELS PAong vmoAoyilovtal g
M
P.(x) =Y WV (xt)), i=12,..M (12)
j=1
Ko givar opbopovadiaies, Mradn (¢,,9,), =9, , Aoy® Tov 611 0 Tivakag C givar GLUPETPIKOG Ko

Betid opiopévoc. Xpnowomowdvtac Ty e&icwon Error! Reference source not found. avti g (4')
EUMAEKETAL TIVOKOG HKPOTEP®V dlootdoemv (MxM avti nxn). Ot 1810Tipég mov vroAoyilovtar A
dloTaocovTal KoTd Ehdocova Gelpd e fdomn To PETPo Tovg. H «ouvolikn evépyeioy TOL GLVOAOL T®V
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M

1010010VUGUAT@V OV OVTIGTOLYOVV GTIS O0TIUES AVTES elvan E,, = Z/lj , EV TO «ITOCO EVEPYELNG»
j=1
"pop

mov «cLAapBaverar and v POD povtehonoinon eivon E,,,,., = > 4,/ E,, . H tipi tov miioug
Jj=1

Npop OPLEETOL OO TO EAGYIOTO OMOJEKTO KATOOAL EVEPYELNG TOV OPYIKOD GLOTNLOTOG TTOV TPEMEL VOl
cvAAapPavetot.

3.3 Hopopetpiki POD pe ™ pé00do g ovvaptnong sréyyov

210 TAOIG10 OVTAG TNG epYaciog, To poviélo POD mov mapdystot gival TapapeTpico, oniadn el o
oaveEdptnn peTafAntn (T yoviekn tayhTnTo TEPIGTPOPNS) Tov Umopel va petafAnbel dpmvtog wg
Babuog ehevbepiog. Xe avtiv v mepintoon 1 Khaowkny POD pe ™ pébodo tmv otrypotinwv npénet
va Tpomomonfel, dOTE Vo £YOVUE OUOYEVEIG CUVOPLUKEC GUVONKEG OVTi Yo TIC TPOKVTTOVGCES
avopotloyeveic (Graham et al, 1999). T'a t0 Ad0Y0 0VTO, EVOOUOTOVETOL W10, GUVAPTNON EAEYYOV
(control function), otV avomapdotacn Tov mediov ToyVTNTOS. EvaAlaktikd 0o pumopovoe va
ypnooron el «uébodog mowvng» (penalty method), doTE Vo TPOKVTTOLV OVOLLOLOYEVELS GUVOPLOKEG
ovvOnkeg ot mpoPoin Galerkin, oavti va Tpomomolovvtal ol GuvapTioelg PAcels. LTy TPocEyyIon
™G oVVAPTNONG EAEYYOV, Yoo TNV eE0ywyn TV cuvaptioemy Pdong g POD, apapeitoan and kabe
OTIYHOTLUTO TPV TNV ¥PNOT TOV, U0 GUVAPTNOT €AEYXov. AVTH 1 GuVApPTNoN Wropel va emieyel
eleblepa, apiel va dotnpet TNy 1010TNTA TOV TTEGIOL VA etvarn undevikng amorkhong (divergence-free)
KOl VoL IKOVOTToLEL TIG oployevels oplakég cuvinkeg ota 6pro Iy, I, I3, I'y. ES®, w¢ cuvaptnon eréyyov
emAéyOnke 1o medlo ToyvINTOG Yoo yoviakn toyvtnta y=I1. Ta tpomomompéva oTiypdTuma
YPTOULOTOLOVVTOL Yo, TNV €EAYMYN TNG UECTG TAYVTNTOC KOl TOV GUVOPTHoE®Y Pdong 6nwg oto
poNyovLEVO £0ap10. Opmg TAéov 1 eicmon (4) meprhapfdvet Kot TNV cuVAPTNOT EAEYYOL:

pop

(e, 0) = () + 7 (Ouc (x)+ 3 a, ()@, (x) (13)

3.4 YToLOYIGPOS TOV YPOVIK®OV GUVTELEGTAOV UE TN pé00d0 Galerkin
2TV TEPINTOON TEPIOTPEPOLEVOL KVALVOPOL, 1 TayVTNTO ENL TNG EMUPAVELOG TOL KVALVOpov T glvan
un-undeviky Kou ion HE TN YPOUIKN ToOTNTO TEPIOTPOoPnS tov. H mpocéyyion katd POD oty
nepintoon avt olvetar amd v (13). O cvvieheotig y(7) divel TN duvatdTNTO YPOVIKNAG UETOPOANG
oTNV TOXOTNTO TEPLOTPOPNG TOV KLAIVOPOL KOl OTOTEAEL TN UETUPANTH EAEYYOL OTNV TEPIMTOON
wpoPAnpatog eréyyov g pong (flow control) péow g mepiotpoeric. H POD-mpocéyyion tov
dtoavdopotog petafintav katdotaong pe Paon ™ oxéon (13), amoutel ektdC amd TIC GLVOPTHOELS
Baong ¢,(x) kot Tovg ¥POVIKOVG GUVTELESTES ¢, (¢) . XNV mapovoa pebodoroyia, avtol vroroyilovron
péom g mpoPoing Galerkin towv eflomoewv ot davdouata tng Pacng. ‘Etotl, n egicwon g
GUVEYELOG Y10 TO TTPoceYYLoTikd POD-medio tayvtntog (1) ypdeeton

Vii=0=>V-w+Veu+y a,(Ve)=0 (14)

J

H ocuvOnkn un-stoympnong (Undevikng g ovvonkn Neumann) yio tnv POD-taybtnto oto chvopa
YPAQETAL

ﬁ-ﬁ:O:>L7-ﬁ+uC~ﬁ+Zjaj((oj-ﬁ):O (15)
Toco 10 péco POD-medio taydtrog #(x) 0G0 KAl 0VTO OV OVTICTOUYEL G€ LOVOdLOio GUVTEAESTN
TEPIOTPOPNG . (x) woavomowovv Tig oyéoelg V-u =0, V.u.=0 wxor u-7a=0, u.-n=0, onwdte ot

maparave dvo egomoceig (13) ko (14) ypapovrol Zaj (V-goj)= 0 xot Zaj ((oj ~ﬁ) =0 Kot enewdn Ta
J J

duvdopata faong ¢, eivar ypoppukd avegapnta, TpokLTTovY ot akdrovbes oxEoels (Yo j=1,n,,)
V.p, =0 (16)
@;-1=0 (17)

H mpoPoin Galerkin g e&icwong opunig oto (1) otov voY®Po AVCE®Y TOL YEVVATOL Omd TO
dwavdopata Baong ¢, (x) ypaoetor (Yo to Toyado i =1n,,,)
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ou N . 1 N
(%EL ==(0,@-V)it), ~(9,9P)y +2-(0, Vi), (18)

Me ypnon W10TATOV S10poptkod SLOVUGHLOTIKOD A0YIGHOD Kot Tov Bondntikav oyxécenv (16) kot (17),
TPOKVITOVY Y10 TOVE OPOVG TNG TOPATAV® £EICMONG 01 KOAOVOEC EKPPAGELG

ou da,
(%EL ~a (19)
(2:VP), =0 (20)
(0@ Vit)y = (0,,@ Vi), + D0, (900, VE) +Da, (.G V)p,) +
Za,{zak(wi,(w,-V)wk)g}w(w,-,(uc-V>ﬁ)9+y(¢i,(ﬁ~vwc)g+ 1)
}/2((pi,(1/lc'V)MC)Q-FZ)/C!JA((pI.,((Dj'V)Mc) +Z7aj(¢,~,(uc'v)¢)j)

(0.V4) =[pVal,+>a[oVe, | ~(Ve,VE), Za (Vo.Ve,), +
J

}/[go,VuC]m _7/(V¢i’v“c)g
omov 9Q eivol To cVvopo Tov Yopiov Q. Metd v avartvén tev exepdcenv (18)-(21) ko v
avtikotdotacn toug oty (17), mpoxvntel N e€lomon eEEMENG Yo KABE ¥povikKO CLVTEAESTY| a, &tvon
pio ZAE g popeng (4, /,k = l,nm )
da (1)

(22)

7 D, (x) + A (x)+ ZB”(x)a )+ ZZ (a0, (1) (23)
omov ot epupoviiopevol varskscrag opilovtor amod Tig omokonesg OYECELG
D, (x) = —Fy(¢,,uc) (24)
A) =Rl T) == P 4= (0,7) (25)
B, ,(x)=-F(p,0,,u)~F(p,u,0,) = F(@,0;,u.)~ —F((pl,¢,)+ F((ﬂ,,(ﬂ,) (26)
C i (x)=-F(9.9,,9,) (27)

omov u' =u +yu,. Ol tehecTéG MOV gppavifoviar otig mapamdve eEicmaoelg opilovtar cupPfoiikd emi
TV fondntikdv Sovocpdtov b= (bx,b),) , = (cX,cv) , d= (dx,d‘,) Kot T0 KaBeto povadiaio didvucpo

GTO GVVOPO TOV YWPiov 7 = (ﬁx,ﬁy) oG e&ng:

F,(b,c,d)=(b,(c-V)d), ”[ ( a;y}rb[ a:;+ Z‘i}’nm (28)

6b 0
F,(b.c)=(Vb,Ve), = [ ob, e, © o (29)
ox 6x Oy Oy

. Oc, 5 0 oc, , oc,
F,(b,e)=[b,Ve],, =Dlg[bx[ ; acx ;y]+b ( . +nyEDJF (30)

[No v ohoxAnpwon oto ¥pdvo tev mapariveo ZAE oc mpog ta g, (f) , amortodvon apyikés cLvONKeg

o1 omoiec mapéyovtal amd TV TPoPoAn TOL SVOCUOTOC 4 — i — yu,. = Za L@, 670 61voopa Baong ¢,
J

miadn a,(t)= (@, 0—u—yu.), ondte Yy t=0 6mov a,(0)=(¢,, 0, —t —yu.) wou i, =4(0) eivoar TO

apywéd medio g POD-taydtrag.

4. TAPOYXIAXH KAI XXOAIAXMOX AIIOTEAEXMATQN

4.1 Zviioyn ZTIyoTontov Kot YToloyiopos Xvvaptiieemv Baong
H ovAloyn otiypiotomov and 10 mANpeg HOVTEAO Tpocopoimong EeKva HOAS omokataoTadel M



Anapzprog I'. Kovumoyiavvng, Xopdaloumog Zopiufens, lodvvne Mrovng

ePodIKOTNTO 0T AvGT. O ¥povog derypatoinyiog amd to povtédo mAnpovg 1aéng (CFD) eiva 0.1.
Ta otrypdtome cGuAAEYoVTOL Yo S TEPLOGOVG, OTATE TPOKLITOVY TivaKeS dtdoTaong 9212x178 v Tig
X- KOl Y-GUVIGTOOCEG TNG TOYLTNTOS. ATO 0VTOVG TPOKVTTEL O TIVAKAG GLGYETIONG dtdoTaong 178x178.

15 15

a0 : 0 5 0 15 ) Ty r 0 5 0 5
Yypae 3. Méoo medio otiyuiotdTmy x- (0pioTepa) Kal y- oOVIeTOOOS THS TOYDTHTAS (0e1d).

15

0 e W -0.05
T b 5

-10 -5 ] 5 10 15

Yypae 4. Hpwty ovvapthon foons (avtiotoiyei oty mpot-owniotepy 1010tyun) yio m x- (0plotepa,)
KaL TRV Y-a0VIoTOO0 THS Toy0TNTOS (06£14,).

15 0.2 15 0.25
015 o2
10 10 015
0.1
0.1
s .05 5 005
o 0
0 O - 0 Calp ' . . '
» & 005
.0.05
5 = 0.1
0.1
015
10 015 10 e
0.2 025
15 15

-10 A 1} a 10 15

Xompoa 5. devtepn ovvapthon faons (aviiaroiyel oty deDTEPY 1010TIUI) YI0. TH X- (OPLOTEPG) KoL THV -
oVVIGTWOO0. THS ToYOTHTOS (06£10).

To medio mieong de ypnoyomoteitar ot detypoTtoAnyio kot o tpokvmTov poviého POD divel udvo to
nedio ToyvuTNTaS. Amd 10 mEdio avtd pmopel vo avoktnOel n mieon pe v emilvon g e€icwong
Poisson. To medio ¢ mieong mepattépm pmopet va ypnoipomoindel yuo T 0pec TV SVVAUEMY TOL
aoKoLVTOL 6TOV KOAVOpO kot Twv cuvtedeotav C; kot Cp. Epappolovtag v dwdwkacio POD tov
mponyovuevov edapiov, Ppiokovpe T cvvapthioelg Pacelg EE. (12) kol Tig ekppdoelg yio. Tovg
ypovikovg ovvtereotés EE. (13). T'w 1o amoteléopato mov Topovoldaloviol oTr GLVEXELN
ypnoworomnkav 10 cvvapticelg Paong, porovott 2 povo Ba ntov apketég wote POD povtédo va
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cvAlopfavel To 99% g «evépyslog» TV oTiyplotimov. To Zyfua 3 mapovoidlel to péco medio
TaXOINTOG OM®G oVTO TPOKLETIEL amd T OoTypoTVTA Tov ypnowomodnkay. To idwo medio
yxpNoonomdnke kot Mg u.(x) otn cvvlptnomn el&yyov. Aev givarl GUUUETPIKO OTWC TO AVTIGTOLXO
OTNV MEPITTMON GTOTIKOV KLAIVOPOL, AOY® TNG TEPIGTPOPNG ToL TeAgvtaiov. Ta Zynuato 4 wot 5
gwkovifouv TIg TpMTEG Ko deVTEPES, AVTIOTOLYO, GUVAPTNAGELS PAONC (TOV AVTIGTOLYOVY dNAd otV
TPAOTN-VYNAOTEPT KaL TN OEVTEPT 1O10TIUN) Y1a TIG OV0 GLVIGTMOGES TG TayvTNToG. Eivotl mpogavég oti
TO GNUAVTIKA QOIVOUEVE AAUBAVOVY YDPO GTOV OUOPPOL TOL KLAIVOPO.

To mpoxvmtov POD povtého ypnoiomot)dnke yio v TPOGOUOIMoN NG POoNg OTIS GLVONIKEC TOV
TANPOVG LOVTEAOV. ZUYKEKPIUEVE, PPEONKOY 01 OPYIKEG TIUEG Y10 TOVG YPOVIKOVG GUVIEAECTEG, OTMC
TEPLYPAPNKE 0TO €00 1.4, ¥PNCILOTOIDOVTOG TO TEDIO TAYVTNTOS TOL TANPOVS LOVTEAOL Yio YPOVO
91.6. H mpocopoiwon éywve yia ypovikd didotmpo 1 meptodov, dniadn ypoévo 5.9 povadov. Xto
Zynuato 6 Ko 7 mapovcstdloviol o amoTeAEsHOTA ToV poviéhov POD yuo to apyikd kol 10 TeEMKO
7edlo NG X- KOl y-GUVIOTMOGOG TNG TOXVTNTOC, OVTIOTOXO, KOl GLYKPIVOVTOL WPE TO OVTIGTOU(O
OTOTEAEGLLATO TOV TANPOVE LOVTELOL.

15 15

10 n

5 5

-1

W s 0 & s e
Yypa 6. Iedio e x-ovviotwoog TS ToXOTHTOS OtV opx (Oplotepa) kol ato tédog (deéia) piog
wepioodov. llavw: amoteAéouara mAnpouc uoviédov. Kdatw: avtiororye omotedéouata poveédov POD.

"Evog delktng g motdtnTag TG TPocEyyIonsg HEC® TOL HOVTEAOL EANTTOUEVIG TAENG ELvaL 1) YPOVIKN
€€EMEN TOL AOAVLTOV KOl TOV GYETIKOV GOAAUATOG TNG HEBOdOV G TPOG TO TANPEG LOVTEAO TOL
opilovtan and Tig oxéoeig e, (1) =|ulx,t)—di(x,0)| wou e, (@)= Julx,0)—i(x,0)|/[u(x,0)|, avtictoya. Zto
Zymua 8 ekovileTol T0 GYETIKO GOAALN 6TO Y®pio Tov poviéAov POD w¢ mpog to mAnpeg oto ypdvo
Y0 TIG X- KOl Y-GUVIGTOOEG TNG TayLTNTOC Kot Yoo A0 cvvaptioewv Paong 2 kat 10. Iapott to
o@aipo givar @Bivovoo ocvvaptnon g ddotacng tov poviédov POD, 6mwg gaivetanr kol oto
YPOONUO, Kot Ta 2 HOVTEAN KPIVOVTOL IKOVOTTOMTIKA KOOMG o1 TIHEG opdipatog youniéc. Emumiéov,
OTMC TPOOVaPEPONKE, 6TO VIO HEAETN TPOPANLA, akdUN Kol LE 2 cuvapTioelg Pdoelg eival duvati M
avéxktnon Tave omd 99% g evEPYELNG TV GTLYOTOTI®V.

To Zynua 9 avoa@épetor GtV TPOGOHOI®ON Yo ¥POVIKG StooTAHaTe TEPAV TG Mg mep1ddov.
2UYKEKPUEVA, AmEKoVICOVTOL TO EMMESN TIUDV CPAALOTOC 6TO £EETAlOLEVO YOPIO TOV AVTIGTOLYOVV
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o€ kobepia mepiodo Tpooopoinong, Kabmg Kot 1 EEMEN TV GLUVIGTOOOV TG ToyLTNTAG 0td Too CFD
kot POD povtéla o€ cuykekpipévo onpeio tov opoppov tov kKuAivopov. To cedipa avédvetat pe Ty
avénon tov ypdvov katd tv POD mpocopoinomn, kdtt Tov dtapaivetal Kol ot ypovikn eEEMEN TV
oNUEWKOV ToyLTTOV. Evd ot taydtnreg and ta povtéha CFD ko POD givon apyikd mToAd kovtd, 660
TPOYMPA 1N TPOGOUOIWGT, TO OTOTELEGLLO TOV LOVTELOV EAOTTOUEVIC TAENS OMOUOKPVVETOL TTOGOTIKA
KoL ToPoVGtael KATOO YPOVIKY] VOTEPTOT MG TPOS CVLTO TOL TATPOVG LOVTELOV.

Téhog, T0 VTOAOYIOTIKO KOGTOG TOL TANPoVS povtéhov CFD yia mpocopoimon ypdvov piag meptodov
glvar 449s, evdd KOGTOC TO YLl TOV OVTIGTOLYO VTOAOYIOUO HEG® Tov poviélov POD eivar 0.686s,
dNAadN M ELATTOGN TOL amalToVUEVOL Ypdvov givar 99.8%.

15 15

0 s 0 5 w15 TR 0 5 w15

Yompo 7. Iledio s x-ovviotwoos TS Toy0TNTOS OTHY apyh (0plotepd) kot ato TeAog (0eC16) g
mepioodov. llavw: amotedéouara wAnpovs poviédov. Kdrw: avtiotoryo amotedéouata poviélov POD.

0.1

008

006+ Uermr,N=2

Vermr‘N:Z

uerrur,N:1 a

0.04 -

VermnN:m

0.0z A

a1 a2 93 a4 95 96 a7 98

Xompoa 8. Xpovixy eléAiln tov uéoov opaiuotos oe pocouoiwon 1 wepiooov yia diaotaon 2 kot 10 tov
POD povrtédov.

5. MEAAONTIKH EPEYNA

H moapovoa epyacio amoterel o mpog v avantvén apfuntikng nedddov eA&yyov pong yo v
EMITTOOT NG £VTAONG TOL PULVOUEVOD EKTOUTNG Ov@dV € pom YOpw amd kKOAVOpo. H «ekmaidevon»
Tov povtéhov POD péom g pefddov Tmv oty loTOTmVY, Tov €00 TOPOVGLACTNKE Yo TNV TEPITTOO
otafepng ToOLTNTOG TEPIGTPOPTG KLUAIVEpOL, Ba diepeuvnBel doTe Vo LTOPEL VL aVOTAPUGTHCEL KOl
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POEG UE LETOPANTN TOLTNTAG TEPIOTPOPNGC, EVG 0N cuvE el Oa pedetnBei n «exmaidevon» Tov POD
ue mapdpetpo tov aptdud Reynolds, pe 6tdyo v avamapdotact podv dlagopetikod aptduov Re.

Y m ®m e = @ W@ @ 9 % = e w  wm W & @ W @ W &

Xompa 9. Xpovikny eéeiiln tov uéoov opdluatog oe mpooouoiwan 3 wEPIOOmV (0PLoTEPE) KOl EKOEIKTIKN
oOYKpIoN TV TESIWY ToyDTHTOS 08 3 TEP10d0VS 070 onueio (1.411,-0.0398) tov oudppov (decia,).
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Abstract

The present paper presents the reduced order modeling of the laminar flow of incompressible fluid
around a rotating cylinder by means of a POD-Galerkin method. It is the sequel of a corresponding
paper of the same authors concerning the same flow around a static cylinder in Reynolds number 100,
for which vortex shedding is observed. In particular, it consists a step towards the development of a
numerical method for the flow control around a cylinder aiming to the suppression of the vortex
shedding phenomenon. This control is important due to the fatigue induced to the structures by vortex
shedding and a way to achieve it is by means rotating the cylinder, with the rotation velocity being the
control variable. To this end, the acceleration of the involved computational methods is required,
however without harming significantly the solution reliability. The full modeling of the phenomenon
relies on the use of Computational Fluid Dynamics (CFD) commercial software. The reduced order
model presented herein is based on the Proper Orthogonal Decomposition (POD) of the velocity field,
according to which velocity is represented by a linear combination of spatial vectors (basis functions)
multiplied by temporal coefficients. The method uses a number of representative snapshots to
appropriately extract a set of orthonormal basis functions spanning the solution space. A Galerkin
projection of the governing flow Partial Differential Equations (PDEs) on the basis functions provides
a set of Ordinary Differential Equations (SDEs) for the evolution of temporal coefficients that replace
the PDEs. The results are compared with the corresponding ones of the full model in terms of their
accuracy and computing time required.
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IHEPIAHYH

[Tapovoidlovpe apBUNTIKES TPOGOUOUDCELS OTIS 0Oieg cLVTNPEITUL TVPPMOING KaTdoTaoN ota Re, =
970 pe pio poévo pn undevikn appovikni oty devbuveon g pong Kot ywpic kapio GAAN Tapéupacn otig
eEiomoelg Navier-Stokes. H tuopPodng katdotoaon Asttovpyet pe tov avayevvntikd kokio (self-sustaining
process — SSP) mov cvvinpei v tupPmdn Katdotaon o datuntikég TupPadelg poéc. H gbpeon g
OTAOTOINUEVIC VTG TVPPDOOVE KATACTAGNC UTOPEL VA 0ONYNGEL OTN KOTAVOTOY| TOV OVOYEVVITUIKOD
KOKAOL SSP Kt otnv e&evpeon pebddmv eAEyyov T TVPPMOOVE PONC TEPAV TNE YPOLLUKNG Oempiag.

AgEarg KAe101d: TUPPDONG POT], GUVEKTIKEG OOUEG, OTATIGTIKT] SLVAIKT, EAEYYXOG TUPPDOOVS KATAGTAOTG

1. EIXATQT'H

H 10pfn og dotpuntiKéc poég cuvTnpeiTal amd TNV EVEPYELN TOV TPOEPYETOL OO TNV KAIOT TNG LECNG TO-
xotnTag TG pons. Otav n péon pomn €xetl onpeio KApmng TOTE 1) TOPPN TPOoPOdOTEITAL HECH TOV PEYEANG
KAMpokag vopoduvapkmdy actadeidv. Ot TeplocdTepeg OGS LEGES POEG GE aywyols dev £xouv onpeia
KOUTNG KO O TPOTOG TPOPOSOTNONG TNG TOPPNG Elval TeEPlocdOTEPO SAUSAADING. YTAPYEL TAEOV YEVIKN
GUHE®VIN OTL 1) TOPPN CLVTNPELTAL GE AVTEG TIG POEC LECH EVOG avayEVYNTIKOD KVUKAOVL (self-sustaining
process — SSP) péom tov omoiov petagépeTan evépyeta amd tn péomn pon oty topPr. O KOHKAoG 0vToG,
7oV Tpotdlnke amd Tovg Hamilton et al. (1995), Waleffe (1997), expetailedetaol Kot TiG TPELG O10GTAGELS
™G PONC HEC® HeYEANG KApokog cuvekTikdv dopdv! mov yopoktpilovy kafolkd OAEC TIC TVPPMIELS
SITUNTIKES POEC KoL O1 OTTOTES SOHOPPMVOLV PEST] pon} e onpeia kapmng otn diebBvvon katd 1o TAGTOC
oV oywyo¥. Ot dopEC avTéEG KOVTA oTa. Totydpata (near-wall region) amoteAobvtal Kupiwe amod pio cepa
KVAvdpiKav otpoPirov (rolls) pe dEoveg ot dievBuvvor TG pofg Kat Le oYeSOV d160146TATO TEGIO TAY V-
TV, Kot gkel Tov 1 TaxOTNTA TOV oTPOPiAmV amouakpHveToL amd To, TOLYOUATO, eppavileTon peimon
g TovINTOg ot dtevduvon g péong pong (low speed streak), evad 6mov 1 TaxdTNTA TOV GTPOPiAmV
elvan Tpog ta Torydpata speavifetor tpooavénon (high speed streak) (BA. Xy. 1). O peydireg avtéc cuve-
KTIKEG OOUEG GLVOOEVOVTOUL OO LUKPOTEPEG O1ATAPOYES OATETOYUEVES OE YN V TOV OVOPEPOVTOL YEVL-
KOG oG KekApéveg drotapayég (oblique perturbations). Ot kvpiapyeg S0UEG VTES TOpATNPHONKAY TPOTA
o€ TEPALOTA e YpNoN PLGOAIdwY VOpoyovov (Kline et al. 1967) kot apydtepa o AESESG OPIOUNTIKES
npocopowmnecelg (direct numerical simulations — DNS) g tuopPddovg katdotaong o€ coinveg (m.y. Kim
et al. (1987)). Tehevtaieg TPOGOUOIOGELS TOPOVGLALOVY OVAYAVQT ATOTVTMOT] Kol TV dVO0 TOTMV GLVE-
KTIK®V dopdv (PA. Wu and Moin (2009)). EmimAéov, £yve avtiinmtd o€ TopPddelg poég 6€ ToAD DYNAOVG

"'Me oV 6po GUVEKTIKEG BOEC EVVOOVIE OPYOVOUEVES KIVIGEIC TOV £XOVV YPOVIKT KAl YWPIKT GUVOYT KoL EUTEPLEOVY
ONUAVTIKO TOGOOTO TNG EVEPYELNS TNG PONGC.
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Iypa 1: Ovwobyeig mg Us = U — [U], 6mov U 1 otypuaio péon, og mpog x, x tayvta kot [U] to
uéoo mpoeid g tayvmras ([U] cvpPorilel v péon i og mpog z) kot to medio toyvmrov (V, W)
oto eninedo (y, z) and mpooopoiwon TupPpmddovg porig Couette pe Re = 1000, Baciopévov otnv nia-
nooTaon 0 PETAED TOV TOYOUATOV. AlokpivovTol ot HEYOAEG GUVEKTIKEG OOUEC: L Ta BEAN Ol oTPOPihot
(rolls) ko pe To ¥pdua 01 TPooavENGELS TG x TayvTNTOG (Streaks). Agdopévov 6T 1 uéom pomn av&dvetat
ue 1o y, o6mov V. > 0 Ba mpoxdnbel peimon tov U, kot ovtictotya 6mov V' < 0 advénon. Zto oynua
@aiveTal OTL Ol TPOGAVENCELS EVICYVOVTOL OO TOVG oTpofilove. Emedn dpmg ot mpocavéncelg kat ot
UETAPOAES TOVG OEV GUUTITTOVY OKPIBMG TPOKAAEITOL 1) GUVEXNG LETATOTIOT TOV TPOCAVENGEDV GTIV
TUPPOIN KOTAGTACT).

apBpovc Reynolds 611 vrdpyovv Kot ovTioTorEG GLVEKTIKEG SOUEG GTO AOYaPLOUIKO OTPOLLO TOL gival
Wwitepa eMUNKeLg mTov ovopdotnkay “vrepdopnéc” 1 VLSM (BA. Toh and Itano (2005), Marusic et al.
(2010)). Z10 Zy. 2 TAPOVGLALETAL TO EVEPYELAKO PAGHO. TV SOTAPAYDV> OO TPOCPUTES EPYOCTIPLUKES
napotnpnoelg v Hutchins and Marusic (2007b) og vymiovg apiBpovg Re.

H mpoéievon kot 1 S10T)pNnon oVT®V T®V CUVEKTIKOV SOUMY GTO ECMTEPIKA KOl EEMTEPIKA CTPOUATO
™G pong eivar kevipikd Kot Oepelddeg epdTNUA 6TO 0Toi0 VITAPYOVY 6V0 oXorég orkéyne. O TpdTOg
TPOTOC OKEYNG EMXELPEL VA eENYNOEL e KOT® 0VGLOV YPURUIKESG SEPYACIES TIG CUVEKTIKEG OVTEG OOUEG.
O1 dopég Bewpovvtar 6tL oynuotiloviol amd actdbeleg g péong pong N amd petafatiky avénomn e
EVEPYELNG TOV SATAPOYDV TOV TPOKUAEITOL KATA TNV OAANAETIOpaoT pe T péon TopPddn pon (PA. .y,
Schoppa and Hussain (2002)). Y76 avtr| TV Groyn ol GUVEKTIKES SOUEG OPYOVAOVOVTOL LECH TG TaONTL-
KNG ATOKPIONG TNG YPOUUIKNG SUVOLUKNAG OTO GTOKTO daTopakTikd medio mov yapaktnpiletl tn TupPddn
Kotdotaon yopig va Aapfdvetal vwoyn n avadpacn Tng UECTG PONG OTN SLUUOPP®GCT TOV TEGIOL av-
t00. To yeyovog Opmg 6Tt o T€Tota, Bedpnon LWTopel va avamopdyel To SLOTAPAKTIKO EVEPYELNKO PAGLLOL
0V Xy, 2 avadetiviet To KabopioTikd poro TG HéoNg pon oty opydvaon g toppng (del Alamo and
Jiménez 2006, Farrell and Ioannou 1998). O de0tepog tpdmog oréyng Bempel 6t o1 Sopég aVTEG TPOEPYOV-
ToL oo KoOopd pUn-yYpopUKES SlEPYUCIES .y, amd TNV GUEST UN-YPOUUIKT] CAANAETIOpOoT) KEKMUEVEOV
dwtapoydv (PA. Benney (1960)), gite ™ didomacn Kot enavévaon otpofilmv (Adrian 2007).
[Ipocedtmg mpotddnke Evag VEOG UNYOVIGUOG Y10 TOV GYNUOATIOUO TOV GUVEKTIK®OV SopmV omd Tovg Far-
rell and loannou (2012) mov cvvdvalel Tovg dVO TPOTOVE CKEYNG KOl GTOV OTOi0 Kot €3pAlETal Kal 1
gpyacio mov Ba Tapovciicovpe. Ag Be@pPoOvLE ay®mYOUS PE TOlXOMATO TApIAINAa 6TO eminedo (T, 2)
Kot £0Tm OTL apykd ) péon pon, U ()X, pe dievbuven tov aEova z, eivar opoyevig ot z diedBuvon, katd
TO TAGTOG TOL Oy®YOoL, Kot e&aptdral Lévo amd T kdBeTn 6T Toy®paTH devbuvon, y. Av avtiy 1 pon
oLVOOEVETAL [IE TVUPPN TOTE 1) TOPPN TPEMEL VO gfval KO 0VTH GTATICTIKA OPOYEVIG 6T dtevBuvon z kot
1 OHOYEVC aVTH KoTdoTaoT ot d1ehBuvvon 2z amotelel oNUELD 1IGOPPOTING TNG CTATICTIKNG OUVOUIKNAG
™g pong, dOnAadn onueio 1G0PPOTING TOV GTATICTIKOY POT®V NG pong. To evdlapépov givarl 6Tl avty
M 2 OHOYEVNG KOTAGTOOT 160pPOTiag KaBIoTATAL GTATIGTIKA 00TAONG Yo opkoOvVTmG peydio aplfud Re

MIo66TNTEG EEEPPUCHEVES OE EEMTEPUCES LOVADEG OBLAGTUTIKOTOLOVVTOL PE HOVEda pfkovg Ty nuomdotacn b () 6) pe-
10£D TOV TOYORATOV Kot Lovada xpévov 1o h/u- kot o apldpog Reynolds og avtég tig povadeg eivar Re- = u,h/v 6mov
ur = /v dU /dy|,, eivarn toygora avtictaong (friction velocity) kar dU /dy|, ivar 1 khion g péong pofig ota tordpata.
[MocdTNTES O8 £0MTEPIKEC HOVAdES GOIPOAILOVTON Le T, Kol 6e AT TN TEPInTOGT ot ToyHTNTES £X0VV adtaToTiconomBel e
TNV Uy KOLTO UNKN €400V odtactatikonomOel pe v/ uy .
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Ty 2: Ot eoOTEPIKES Kat EEDTEPIKEG KOPLPES GTO EVEPYELKO PACHA U2 TMV SLTOPAYGDY TOV TESIOV
ToOTNTOG Katd T devbuvon g pong, T, o€ oplokd otpopa pe Re, = 7300 and mopatnpnoes tov
Hutchins and Marusic (2007b) avTioTo00V LE TIG EMUNKEL CUVEKTIKEG OOUEG TOV OVOYEVVITIKOV KU-
KAov (SSP) onv ecotepikn meployn aALG Kot LE TIC “vmepdopéc” 1 VLSM oto e€mtepikd g pong 610
AOYOPIOUIKO GTPpMUA. TN KAT® YPaeiKn Topdotact) oxedtdleTon 1 aviiotoryovca péon pon (avoiktol
KOKAOL) KaBdS Kat 1 HETUPOAT TOV w2 GLVOPTAGEL TG OMOGTaoNC amd o Toyydpata yT. Edd pe ki
cupPorilovv o1 GLYYPAPEIC TOV x KOUOTAPIOUS KOl e A1 TO PAKOG KOLLOTOG.

K0l 1] OLOYEVELD OTT) 2 S1EHOVVOT KUTUGTPEPETAL LE TNV ELPAVIOT] GUVEKTIKMV SOUMV UE T KOLOTAPIOHO
k; = 0. Ot GUVEKTIKEG SOUEC AVTEG ATOTEAOVVTOL OO GTPOBIAOVG GUVOOEVOUEVOVG E TPOGAVENGCELS
otV & péon tayvnTa, O0nmg oto Xy. 2. H aotdbeia avti Baciletar otv e€ng KatamAnktikni 1ot ta
7oV €yel KaBoAKY| 1oyd: ov 1 péorn pon datapoyfel Kot EAGYIOTOV Kol [LE OTOOVONTOTE TPOTO GTOV
a&ova z pe mpooavéEnomn ko peiwon toyvttog U, tdte n Tapapdpemon vt g pong dlatapdccel T
OTOTIOTIKY OHOYEVELD TNG TUPPNG LE TETOLO TPOTO MGTE 1) TOPPT] VL SMUOVPYEL TOVG KOTAAANAOVG GTPO-
Brovg ot omoiot kot eVioyHOVY TNV APYIKT TAPAUOPO®ST. AVTH 1 avddpacn HeTa&d TOPPNS Kol péong
PONG 00MYEL OTO GYNUATIOUO TOV CUVEKTIKOV SOUDV GALA Kol ETITPETEL TNV 0évar cuvomapén oTpofi-
Awv (rolls) ko Tpocavéncemv Tov Tediov tayvtitev (streaks) 6tav n pon| ivar TvpPddng. H avddpaon
ot amoterel dnAadn ™ duvapuky Bdon tov avayevvntikod kKbklov SSP. e avtr ) Bedpnon 1 wovy
duvapkn dadkacio givat N un-ypoppukn aAAnienidpacn petatd tov otpofilav, Tov Tpocavéncemv
TOV POV TaLTHTOV (dV0 media e undevikd kopatapBuo, ky; = 0, otn dievbuven g pong =) Kot Tov
dwatapaydv (to medio tayvtitov ue k, # 0). O SSP cuvieleitar Adyow ¢ aotabols avadpacng mov
neprypayape mponyovpévms. Emreldn n aotdbela sival otatiotikn, eKONAGVETOL pLOVo av e&eTdooupie
TN OTOTIGTIKY SUVOUIKNY TG PONG, ONANSN TO GTEPO GUGTNIE OADV TV GTATICTIKOV POTMV TNG POTS
(BA. Hopf (1952) kon Frisch (1995)). Aedopévov 6pmg 0Tl apopd LOvo 6Ty aAAnAenidpoon petald g
UEOMG pONG Kot TV dtatapaydv, 1 ekOAoon avtig g Oepelddovg aotdbelog emttuyydvetal e Tov
TEPLOPIGHO TOV GLGTILOTOG TWV CTOTIGTIKOV POTMY GTO GLGTNLA TOV 0pileTaol Amd TIC TPMTEG dVO OTA-
TIOTIKEG POTEG KO AYVODVTOG TIG GAAEG. AVTH 1 TPOGEYYION TNG GTOTIOTIKNG SUVOUIKNG PEPEL TO OVOLLL
S3T (Stochastic structural stability theory) 1 CE2 (second order cumulant expansion) (BA. Farrell and
Ioannou (2003), Marston et al. (2008)) kai amodeikvieTol OTL TPOKOTTEL 0V OE®PCOVLE TN GTATIGTIKY
duvapkn tov eElcmoewv Navier-Stokes (NS) kpatdvtag ot diebBuvon g pong LOVO TIG UN-YPOUUIKES
oAMNAETIdpdoelg o) petald dotapaydv e avtifetoug Kupotapldpove otn dievbuvon g pong (dniadn
10 kz1 oAMNMAETOPE e TO kzo HOVO OV ko = —kz1, OTOTE N AAANAETIOPOGCT) 001YEL GTO GYNUATIGUO
uéong pong e k; = 0) ko B) petald dwatapoymv k., # 0 kot tng péong pong k. = 0. OAeg o1 alAniemt-
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Iyfquo 3: Zyedudypoppo tov aAAniemdpdoswv petald kopatopBumv g péong pong U(K) pe kopo-
appo k = (ky, ky, k) pe k; = 0 ko tov dwrapaydv u' (k) pe k; # 0. Z1ig e&lomoelg ya
péon pon (la’) meprhappdvoviol aAAnAenidpacelg (o) e TIC 0moieg o1 datapayés pe KopaToptOpone
ki = (kz, ky1, k1) ko ko = (—kg, ky2, k22) emdpody ot péomn pon kot (B) pe Tig omoieg péca media oA~
Iniemdpovv peta&d tovg. H addnienidpaon (B) mpoxodel Tig mpocavénoeis otn péon tayvtnta (streaks)
evo péom TV (o) oynuatifoviot ot pécot otpofirot (rolls). Kat ot 600 aAinienidpaoeic mepthappfdvovtal
otV avtiotoyn eicoon RNL (2a"). X116 e§lomoeig yia tig dratapoyés (1B7) mepthapfdavovtar ot aAin-
Aemdpdoetg (v) netald péong pong Kot dtatapoydv Kot ot OAANAETOpAcelS (8) petald datapoydy pe
kz1 # —kg2. O (y) guB0vovton yio TV aotddeto 1 T petafotikn odENom TV SlTapoy®V Kol GOUTEPL-
AapBavovror oty avtictoyn e&icmwon RNL (2B7), evd ot aAAniemidpdoceig () dev suumeptAapfavoviat.
O amokAelopOg TV OAANAETIOPAcE®Y (O) eMTPENEL TN oTATIOTIKY dvvapukh Tov RNL giohoemv va
TPOocdLopileTol TANP®S amd TG VO TPMTEG POTES,

dpdoeig TV KopoTaplOumy otig dAleg drevbivoelg mepiapfavovror TAnpwe. Avtiy 1 RNL (Restricted
Nonlinearity) tpocéyyion tmv NS napdyet eEloDGELS e TG 101 S TNPNOIUES TOGOTNTES OTG Kot ) NS
Kol £l TO TAEOVEKTNLO OTL 1 6TOTIOTIKN duvaukn Tov RNL cuotiuatog KAEivel Kot avTioTotyel 610
KAeloo devTepNc TaéNG TG oTaTIOTIKNG duvapukng Tov eélo@cewv NS (Marston et al. 2008). H RNL
pocéyyion Tv NS mapdyet Tupfmon Katdotaon mapopotn pe avtiv g DNS o€ poég Couette (Thomas
et al. 2014) kot og poég Poiseuille (Constantinou et al. 2014). ®o TaPOVGIAGOVLE PEPIKE XOPAKTIPLOTIKE
g RNL dvvapuxnig kot Ba deiovpe 6Tt 1 RNL aoLURTOTIKA KOTAANYEL VO, GUVTNPEL L0 OTAOTOINLEVT
TUPPHOON KATAGTAOT 1 OTOl0 ATOKAADTTEL TO EAAYLOTO GUOTATIKGE SLVOUIKG GTOLYELD TOV ATOLTOVVTOL
Yo T GLUVTHPNON TVPPMOOVE KATACTOCNG LUE TO 1010 LOKPOTKOTLK( YOPUKTNPIOTIKG 1e avtd Twv DNS.

2. HITPOXEITIXH RNL KAI H AITIOKAIMAKQXH THX TYPBQAOYX POHX

Oswpnote pio emninedn pon Poiseuille vod micon G, d6mov x 1 dievBuvvon g poric. H kabetn ot Toyd-
pata dtevbuvon gival y Ko 1 Katd TAdtog dievbuvon z. To pniKog Tov aywyod oty z, ¥ Kal 2 dtevbvvon
etvan avtiotoya Ly, 2h ko L. Ta toyodpato eivorotay/h = 0 kot 2. Méoeg Tipuég og mpog tn dtevbuvon
™G pong  cvpPorilovtol pe o = L;l fOLI o dx, ko péoeg THEC MG TPOG TNV KATA TAATOG dlevBuvon
zue o] = L1 fo * e dz. H tayvtra, u, avaidetor ot péon tiun g katd tn dievbuvon g pong,
U(y, z,t), ko tnv amdkhion and ) péon tn (Swatapayn), w'(z, y, 2, t), ondte N ToxvTNTO TNG PONG Ei-
vat u = U +u’. Ovz, y, 2z coviotdoeg g U eivon (U, V, W) ko ot cuvictdoeg g u’ givan (u/, v, w').
H Bobpida tng micong opoing exppdleton og: Vp = V (—=Gx + P(y, z,t) + p'(x,y, 2, t)). Ore&icdoeig
NS pe avt v avaivon 160dVVapIovVY LE TO GOOTNLA EEICDCEWMV:

oU+U-VU-Gx+ VP —-vAU = —u -V, (1a")
Btu'+U-Vu'+u/-VU+Vp/—1/Au’:—(u’-Vu'—u’-Vu’) ) (1B
V-U=0, V-u=0, (1y")

UE ¥ TOV GUVTEAESTN KVNUOTIKOD 1EDS0VGC. Ot aAAnAemdpdoels petaly g péong pong kot Tmv dia-
TAPOYDOV TOL TEPIAUUPAVOVTOL OTO TOPUTAVED cHOTNHA TTEptypdovTal oto Xy. 3. H mpocséyyion RNL
TPOKVITEL LLE TOV OTOKAEIGUO TOV QAANAETIOPACEDV UeTAED TV dotatay®v otnv &icmon tov dwuto-
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poyov (1B7) (BA. Zy. 3). To cvotnua RNL givar cuvenag:

BU+U.-VU—Gi+VP—vAU = -0 -V | Qa)
o' +U-Vu' +u' - VU+ Vp' —vAU =0, (2B")
V-U=0, V-u=0. 7))

O1 RNL g&iomoelg £xovv Tig id1€G d10TNP1GULEG TOGOTNTES KO TAPAYEL POT} TTOV £XEL TEXEPAGUEVT OMKT)
gvépyela 6mmg kot ot NS. To memepacévo g evépyelag TV dtatapay®dv otn tpocsyyion RNL €yet pia
onpavtikn enintoon. Eoto ot el mpocdiopiabei n e£€MEn tov cvotuatog RNL kot givotl yvoot) 1
xPOVIKN eEEMEN TV Vo mediov Uy, z,t) ko w'(z,y, 2, t), ta omoia givar nenepoaocpéva. Tote Y to
ovykekpévo U(y, z,t) 1o nedio w'(z, y, 2, t) Ba umopovoe va mpocdiopiobei emhbovtog v (237), N
omoia VTd AT TNV £vvola givor pia ypappuky e&icmon wov cupfoAikd Bo prTopovce va Ypoeel wg:

ol = A(U)u | (3)

omov A(U) évag ypappkdg xpovoeEaptdevos TEAEGTNG HE YopaKTnploTikd aptBud Lyapunov axpifag
{60 pe o Undév kot pe o w’ avaykaoTikd vo teptopileton’ otov vIoympo mov mapdyetar and Tov A(U)
7OV AVTIOTOLYEL 6TO HEYIOTO aVTO UNdeviko aptBpd Lyapunov (BA. Farrell and loannou (2012)). Avt n
wotnto ¢ dvvapukng RNL odnyel og amdctaén tov datapaktikod mediov g tupPfddovs pong, omo-
KMpak®vovtag Tig dtotapayés kot vrootnpiloviag povo tig Sopég Tov voydpov tov tereat A(U) mov
avtiotolyel 6to undeviko apifud Lyapunov. Avti  ouoikn andotaén Kot amokAUGK®OGOT AmokaADTTEL
ToVG evepyons Pabpovc elevbepiog mTov gvBuvovtar yo T deTrpnon g TOPPNG.

ITivaxag 1: TopapeTpol Tov TPOCOUOIDGEMY: TO HWAKOG Kot TAATOG TV aywyoV [L,, L.]/h, o apiBudg
TV apuovikev Fourier IV, N, mov éovv kpatnOel ot mpocopoimon kat Ny 0 aptdpog twv moAvmvo-
pwv Chebyshev. Re, etvar o apBpdc Reynolds tng mpocopoimong wov gival faciopévo otn taydtnto
avtiotaong kot [L},L}] etvar 1o péyedog ov aywyod eEc@pacuévo og 0mTEPIKEG HOVASEG.

Zoviunon [Lg,L.]/h Ny x N, x N, Re, [Li,LT]
NS950 [, m/2] 256 x 255 x 385 939.9  [2953, 1476]
RNL950 [, m/2] 256 x 255 x 385 882.4 [2772,1386]
RNL950k,12  [m, 7/2] 3 x 255 x 385  970.2 [3048,1524]

Ba TOPOVGLACOVUE EOM TO, UTOTELEGLATO OTO PEPIKE TEPAUATO, TOV Eytvay TpOS@ata oto [loivteyveio
™G Madpitng pe tovg DNS kddwkeg Tov Javier Jimenéz (Constantinou et al. 2014). Ta welpdpota avtd
&ywov og oyeTiKd vyniotg apiBuovg Reynolds (Re, = 950) ko glyov ¢ okomd va cuykpiei n toppn
7ov avortucoetal 6€ DNS e avtv o€ RNL. Ot d106T40€1C TOL aymyoD Kol 01 TOPAETPOL TWV TEIPOLLLA-
TV oL Oa Tapovcidcovpe cuvoyilovtat atov Iiv. 1. o nepdpoto eniPdAlovron TepLodikég cuvOnKeg
011G dtevBvveoelg x kat z. H mpocopoiwon DNS axoiovbeitan and mpocopoiwon RNL pe tov amokAeiopod
TOV 0AANAETIOPACEDV HETAED TOV SlOTOPOYDY KATOo, XPOoVIKT otiypn. Mia tétota e£€MEn mov delyvel
TNV ATOKAPAK®OOT TG TVPPDO0VG pong Tapovstdletal 6to Xy. 4. XHyKpLon TOL EVEPYELOKOD PACLATOG
700 DNS pe RNL ota y™ = 20 deiyver 611 kar 1o RNL cvvinpet cuvektikég Sopés ot onoieg Opag &xovv
evBvypapeBet (BA. Zy. 5). Andadn], evd oto DNS 10 péyioto g @acpatikig evépyetlag speavileton
O€ EMUNKELG GUVEKTIKEG SOpEG HE XapakTnPloTikd unkog A = 1000 otnv duvapuki RNL 1o avtictoyo
XOPOKTNPIOTIKO pKog eivar A = L, 660 kot 1o pfjkog tov meptodikod kavoAod. Nedtepeg npoco-
Howmoelg PaAoTo £xouv oei&el 0Tt 1 EVOVYPALLUGT CVTH TOV SLUTUPAYMDY TOL AVTICTOLYEL GE PETAPOPE
TOV UEYIOTOV TIG EVEPYELNG OTN KAILAKO, TOV UNKOLG TOV 0y@YoD GLUUPOIVEL OKOLO KoL Y10 oy@yovg ot

SAv 0 A(U) eivar ypovoaveEdpmtog 10 u’ acvuntoTiKd cuykiivel oty 1810KaTdGTACT OV AVTIGTOYE! 6T 1810TYWH TOV
A(U) pe 1o péyroto mpaypatikd pépog. H avtictoym mpdtaon yia xpovoeEaptdrevoug TeAESTEG VOl AVTH TOL KEWEVOU.
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Iynua 4: DNS péypt 10 xpdvo u,t/h = 100 axorovbeiton amd RNL. Zyedidlovpe v evépyeia tov
npotov 15 appovikdv Fourier (hk, = 2,4, ...,30) tov datopaydv (k, # 0). H evépyela peidveton
povotova pe Tov kopataptOpd k. H RNL svvapukn datnpel tnv topPddn Kotdotaocr Hovo e dotopa-
KTKO edio mov £xel evéPYEln OTIS TPMTES 6 x-appovikég pue hk, = 2,4,5,8,10,12 gvd 0leg ot dAleg
appovikég pe hk, > 14 unodevilovrai (dtdotiyteg ypappés). Ot TapaUeTpol TV TPOGOUOIDCE®MVY Eival
ctov [livaxa 1.

omoiot eivait dVo Ta&elg peyébovg o emunielg amod avtov tov . 1. Ta aroteléopata avTd pog 0dnyovv
GTO VO, S TUTTMCOVE TNV EIKAGI0 OTL TO HEYIOTO TOL PAcpaTog Ba petapephel 6TO ATMEPO Yo Oy®YOVS
ameipov pnkovg kot apBpovc Reynolds mov teivouy 610 dnelpo. Mia tétoto vTdBeon eivar TovAdy IGTOV
ovpfotn pe tig moparnpnoelg twv Hutchins and Marusic (2007a) oto ovdétepng 6tabepOTnNTOC OPLaKO
otpopa ota Salt-flats tng gpypov g Nevada oe apBpovg Re, = 660000, otic omoieg 1 evépyeta NTov
EMIKEVIPOUEVT] OE CUVEKTIKEG OOUEG OTIG LEYAADTEPEG OLUGTACELS TOV PITOPOVGE VO, SLOKPIVEL TO TTEIPALAL.

3. METABAXH XE EEAIPETIKA AITAOIIOIHMENH TYPBH

Eidape 611 pe ™ mpocéyyion RNL 1 tupPmdng KotdoToom amokAUOKMOVETOL KOl GUVTPELTAL b TNV aA-
InAemidpaomn evog SaTapaKTIKOD TEGIOV TOL aroTeAEiTaL aTd Eva Pikpd aptBud x apuoviK®v e k, # 0
Ko TG péomng pong pe ky = 0. TiBeton to gpdnua: [1660 pmopolue vo omoKAUOKOGOVLE TO S10TAPa-
KTk medi0; MTOPOULE T.). VO GUVTPNGOLLE TV TVPPDON KATAGTOCN LE TNV aAAnAenidpacn wovo piog
x appovIKNG pE ky; # 0 pe ) péon pon; [pog 10010 610 TAaicto tng dvvapukng RNL empéyape povo
pio oppHOVIKT G6TO SL0TOPAKTIKO TEdio Kot dei&ope OTL 1) TVPPMONG KATACTOOT] GUVTNPEITAL LUE TNV OAAT-
Aemidpaon tov datapaymv pe kyh = 12 ko g péong pong k, = 0. H odykpion g péong toydnrog
g TVpPM®OOVG KoTdoTaong o€ avtd To RNL kot pe to avtiotoryo DNS, kabdg kot g péong tetpoym-
VKNG piloc TV SIOKVIAVEE®V TNG TOYVTNTOG TG PONG 6TO Zy. 6 deiyvel 6Tl 1 amAomomuévn TupPddNg
katdotaon €xel peaiiotikn doun. [apd v eéoupetikn amionoinomn 1 TOpPN AvarTOGGEL AOYAPIOUIKO
OTPOA, LE OPOPETIKY OGS otabepd Karman, kot speavilel GUVEKTIKEG SOLEC TOV KuplapyovV o1
SuvapK.

H yeopetpio g topPng o€ avt v mepintmon amoteleitor amd dopués aneipov PRKovg e 10 medio
péong tayvTag ot devbuvon g péong pong Uy, 2, t) dmwg avtd tov Xy. 7(a) oto onoio dtakpivov-
Tl Ol TPOGAVENGELS TOV TTESIOL TAYVTNTAOV KOl 1 LEGT poT TEPIAAUPAVEL £vo TUKVO TAEYLO ameipv
KOALVOPIK®V GTPOPidwv Le oTpofiidtnto otn diebBuven e pong, OTmg dtapaiveTor oto Xy. 7(y). H ta-
yOtTo U’ TOV SlaTapay®y Tov avTioTolohV 6Tov Kopotapldud hk, = 12 oxedialeton oo Zy. 7(B). To
STaPAKTIKO aVTO TEdio TayLTHTO®V oynuatilel Tov dmepovg atpdfilovg tov Xy. 7(y).

4. XYMIIEPAXMATA

AvEALGN TNG OTATIOTIKNG SUVOIKNG TG TUPPMOOVG POTG GE TAPUAANAOVS 0y®YOVS OTOKAAVYE o Oepie-
M®OON OTATIOTIKY 0GTADELO 1 OTTOL0L KATOGTPEPEL TIV TVYOV OLOYEVELN TNG TOPPNG OTNV KATA TAATOC S1€0-



Iwdvvov, Nikoraidng kot Kovotaviivov

107

Ar
Zymua 5: loodyelg 1oV TPOTOALATAAGLOGUEVOD QACHATOS TNG EVEPYEWS kyky Fyy (kay k) TG pong oty
dievBvvon z o amdotoon Yy = 20 and Tov TOiY0 TOL KAVAALOD, MG CUVEPTNOT TOV MAK®OV KOHATOG
AL kar ATy ig mpocopoidogig NS950 (cuveyeic ypappés) and RNLISO (Sibotyytes ypappé). Ot
wobyeig avtiotoyovv o€ (0.2,0.4,0.6,0.8) eni tng PEYIOTNG TIUNG TOV TPOTOAAAUTAAGIOGUEVOD PAGUATOS

g evépyelag. Ot péyioteg TIHEG TV A Kot )\;” gival o1 S106Tdoelg ToV TEPLOdkoD Kavolod, L kot
LT
o

(a> NS950 (blue): UT = 2.5y + 5.1 (8)
RNLO50k,12 (red): U™ = 1.7y*+ + 7.8

5
S T T T 5 T T

20|

15

Ut

10

Eynua 6: Zoykpion tov taxvtitev o tAnpeg DNS (NS950 otov ITwv. 1) pe Re, = 940 (ypdpa pmAe) pe
10 avtiotoyo RNL (ypopa koxkwvo) pe Re; = 970 oto omoio pdvo ot appovikéc k, = 0 ko hk, = 12
givan un-pmdevikég (RNL950kL, 12 otov ITw. 1). (o) H péon pon (néon tiun og mpog m = Ko 2 dievbovvon
KaBdg Kol g TPOG TO YPOVOo) 6e ecmTEPIKES povadec. (B) H péon tetpaywvikn pilo tov dlokupdveewmy
10V TEdi0oN TAYLTATOV TOV doTapoymy, u’'.
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Zyua 7: H tupPadng katdotaon otnv tpocopoiowon RNLIS0L,12. (o) Ztrypotomo g Héong pong
U (k; = 0) ot0 eninedo y-z. (B) Ot dtokvpdveelg g ToydTNnTag Kotd tng d1evbuven z e aproviKig

_\1/2
hk, = 12, (u’2) . (c) H ovwvict®co g otpofirdtnta katd tn dievbvvorn x mov aviieTtolyel oty
ottypaio péon pon, k; = 0 (uéon Tipr g otpofrrdtrag og tpog m x dievbvvon, W, = W — 9. V).

Buvon g pong ONoLPYDOVTAG amTEIPOL UAKOVE GLVEKTIKEG SOUEC. O1 SOUEG OVTEC KOVTA OTO TOLYMLLOTOL
OTOTEAOVVTOL A6 KLALVOPIKOUS oTpOfthovg (rolls) pe dEoveg ot dievbuven g pong LLE AVTIGTOLEG TPO-
cavénoeig ot péomn toyvTnTo otV 1 dStevbuvon (streaks). O aotadng aVTOC pUNyaviouds amoterel ™)
Baon Tov avayevynTikoy KOKAOL KOVIQ GTO TOLYDUOTH TOV GUVTNPEL TNV TupPddn pon (self-sustaining
process — SSP). Eneidn 1 otatiotikn ovth aotdfeia faciletal oty aAAnAenidpaor Tov Tediwv pe unoe-
vikd kopatoapOuo, k, = 0, otn dtevBuvon g pong = Kol STapoydV Le U1 undevikd kKopoatapoud k., m
actdfeln ot eKONA®VETAL OO TNV AAANAETIOPOOT] LOVO TOV TPMDTOV V0 GTOTIGTIKAV POTMV TNG GTO-
TIOTIKNG duvapukne. H ototiotikn Suvapikng Tov IpdToy 000 GTOTIGTIKOV POTMV OVTICTOLYEL 6T OTATL-
oTIKT SuVaIKT ToL TTapdyetatl and Tig elomoelg Navier-Stokes 6Tig omoieg o dtatapayés eEelicoovtan
vd TV EMidpaon HOVo Tov oTiypiaiov pésov mediov tayvtitev. H mpocéyyion avtn tov elo®oemv
Navier-Stokes mapdyel To cvotnue RNL 10 omoio, eneidn meptropfaver tn Oepeimon aotadn ahAnie-
TOPOUOT TWV GLVEKTIKMY OOLMV, GLUVTNPEL PEOMGTIKY TOPPN OKOUA KOl GE GYETIKA LeYOAOLS aptOpovg
Reynolds. Anodetcvoeton 6tim duvapikn RNL amorhpokdvel Tnv Topfddn KOTAGTACT) S10TpOVTS EVOL
SloTapaKTIiKO mEdio wov amotereiton poévo amd Eva pukpd apBpd x appovik®v. H duvapuxi RNL amoxa-
AOTTEL PE TOV TPOTO VTO TOoVG EVEPYODS Pabpots elevBepiag g TupPMdIOVG KATACTAONS. TNV EpYaCia
T TOPOLGSLALOVIE TPOCOUOIMGT GTNV OTOlN PEAAIGTIKY TVPPDONG KatdoTaon Uropel va cuvtnpnBel
axopo pe Re; = 970 pe duvapky RNL otnv omoia o1 Statapayés £xovv pHovo Eva KopataptOpo oty d1ev-
Buvon g pong. H vmapén avtng g ypovoeLoptdpevns coypatikng evotddeiag Avong twv RNL pumopel
va Pondncetl 6T KATOVONGN TNG SOUNG TOL EAKLGTH TNG TVPPDAOVE KUTAGTACNG XMOPIG TOVE TEPLOPL-
GLOVG TV OTOUOVOUEVAOV Kl TEPLOPIGUEVOY GTOV aplOrd akplBdv TEPLOSIKOV GOYUATIKNG EVGTAOELOG
Moewv TV eElowcemv Navier-Stokes mov €yovv Bpebei mpocpata (PA. Kawahara et al. (2012)).
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Evyaprotieg

Ot ovyypoeeig uyapiotody tovg J. Jiménez kot A. Lozano-Duran yio t fon0gia mov toug moapeiyov katd
) dudpkela tov First Multiflow Workshop 2012 v6 tv aryida tov European Research Council. O N.
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EVIGYLOT] TTOV TOL TOPELYE.
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SIMPLIFIED TURBULENCE IN WALL-BOUNDED FLOWS

Petros J. Ioannou*, Marios-Andreas Nikolaidis and Navid C. Constantinou
Department of Physics, National and Kapodistrian University of Athens, Athens

* e-mail: pjioannou(@phys.uoa.gr

ABSTRACT

We present numerical simulations which show that a realistic and self-sustaining turbulent state at Re, =
970 can be maintained with a single nonzero Fourier streamwise component without any other modifica-
tion of the Navier-Stokes equations. The turbulent state is operating with the characteristic self-sustaining
process (SSP) that operates in the inner wall region. This simplified turbulent state can lead to under-
standing of the dynamics of the SSP and also serve as the platform for designing control strategies of the

turbulent state that go beyond the already existing linear strategies.

Keywords: fully turbulent flow, coherent structures, rolls, streaks, statistical dynamics, control of the
turbulent state
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NNEPIAHYH

H otabepn pon péoa o pio KAEIGTN TETPAY®VN KOILOTITO TOL OPEIAETAL GE EQATTOUEVIKT KIVIOT] TOV
€VOG TOLYOWOTOG Eivarl vl TOAD dNUOPIAEG TTPOBANKO TG VTOAOYIGTIKNG pevoTtounyovikng (lid-driven
cavity). Ztnv mapodvoa epyacio e&gtdleton 1 ypovikn eEEMEN TS POng oV To aitio TG Kivnong (dni. n
kivnon tov torydpotog) mavoel. E&etalovior  dbo TOmOl pevotdv: o) Nevtdveln pevotd, kot P)
1Ewdomlaotikd pevotd tomov Bingham. H ovumepipopd tov 800 tHnwv pegvotdv sivor plikd
dweopetikn: H Nevtovewn pon eacbevel ocvveydg yoplg moté va mavoel terelog, evd 1
1E®OOTAAGTIKN POT TOOEL GE TEXEPAGLUEVO YPOVO, OTOV OAN 1 LALO TOV PEVOTOV EYEL KGTEPEOTONOED.
Ta wpofAnpata emAvovtal vroloyioTika pe v puébodo Iemepacuévov Oykov, Vi 1 IEOIOTANGTIKN
oLUTEPLPOPA Tpooeyyiletar katd IManavactociov. Meketdrat 1 enidpacn tov apBumv Reynolds (1 <
Re < 1000) kot Bingham (0 < Bn < 10).

AéEaig Kierord: Xpovopetafariopevn pon 6€ KAEIGTI KOILOTNTO, EMOOTAAGTIKY POT], Y POVOg
navone, tpocéyyion lonavastaciov, péBodoc Memepaopévov Oykav

1. EIZATQI'H

Ortav 10 aitio mwov mpokaiel pa Nevtovewo pon (m.y. éva kwvoduevo tolympa N pe KAlon mieong)
TaOoEL, TOTE T0 NEVTOVELD peVOTO EMPPadvveTal oTadaKd VIO TNV NidpacT TV dvvipemv E®S0VG,
minodlovtog v okivneio 1 omoia emituyyavetol BepnTikd oe Amepo ypovo. AvTifétmg, av To
pevotd eivol 1EwdomAactikd (av dnladn yopoktnpileton amd p Tdom dSwppong) tote Oa
axwntonombel oe memepacpévo ypodvo. Avtd 10 amotéhecpo €xel omodeyfel BewpnrTikd Yo
povodidotateg poég Omm¢ eminedeg kal kukhkég poéc Couette kot eninedeg Kot aEOVOGUUUETPIKES
poéc Poiseuille (Glowinski, 1984 kot Huilgol et al., 2002). v mapovoa egpyocio eetaletor pa
KkaBapd d1d1aceTUTN PoN, QLT HECH GE [0 TETPAY®VY] KAEIOTN KOWAOTNTO, Kol TapoTnpeital 6Tt ot dvo
TOTTOL PEVGTAOV CLUTEPLPEPOVTOL LE TOV 1010 TPOTO OTMG KO GTT) LOVOIIAGTATH TEPITTOAT).

2. HEPITPA®H TOY IPOBAHMATOZX KAI AIEIIOYXEX EEIXQYEIX

E&etaleton n pon o€ o teTpdymvn KOOTNTO oL T0 TOLYOMOTE TG £xovv pkog L. Apyikd 10 Gvm
Tolymuo ¢ Koo Tag Kiveital mpog ta 0e€1d e o toyvtnte, U, mapachpoviag to peuetd € o
TEPIOTPOPIKN Kivnor. Oewpeitan 6T1 T0 TEdio porg Ppioketal oe otabepn KOTAGTOON, OTAV, TN
¥PoViKn otyun t=0, n xivnomn Tov v TOYMUATOS SLHKOTTETOL KOL TO PEVGTO QPN VETAL VO, |PEUNCEL
oTadL0KE VIO TNV EMLOPOOT) TOV 1EDOOVG.
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To pevotd mov mepikieietar oty KOOTNTO €ivor gite Nevtovelo, &ite 1E0I0MTANCTIKO TOHTOV
Bingham. Ta i€m0mAaGTIKA VALK pEOLY HOVO OTOV TO UETPO TOV OOKOVUEVOV TAGEMV EETEPACEL £Vl
oplo 7, 10 omoio ovopdleTal TGO daPPoNg, VA GE OLUPOPETIKY) TEPIMTMOT GUUTEPIPEPOVTOAL G
oteped. [EmOomAooTIKG Eivol 0PKETA VAIKA POy aviKoD, YE@PLGIKOD Kot FLOAOYIKOV EVOLUPEPOVTOC
(Barnes, 1999). To anlovotepo E®SOTAAGTIKO LOVTELO, TO OTTOIO YPNGULOTOLEITOL KOl GTNV TOPOVGH
gpyaoia, givar To povtého Bingham to omoio mpoPiénet 611 dtav Eemepaoctel 1 Tdon dopponig Kat To
VAKO péel, 0 pLOUOS TAPUUOPPDONC CLEAVETOL AVOAOYIKA e TNV avENOT TG TAoNG:

7=0 <71

4 , )

t=|L+uly T>T

6ToV T givar 0 TAVVGTAG TV Tdoemy Kot 7 = (7:7/2)” 10 Pétpo Tov, evéd = Vu+(Vu)' eivar o tavvotig
pLOUGY TapapdpemoNS, 6mov U=(U,V) givar To dtévucpa TG TaxdTaC, Kat ¥ = (¥ 17 /2)” 10 pétpo
tov. H otafepd i ovoudletar mhaotikd Eddeg. H kataototikh e€icwon (1) £xet 600 khadovg. And
LT TN 0TI CLUTEPIPOPA TOV EMOOTAACTIKOV VAMK®OV OVOKOTTOUV GNUOVTIIKEG OVCKOAMES GTNV
aplOuNTIKN TPOocopoimoT EMSOTAACTIK®V podv, KaBmg dev gival YvmoTd €K TOV TPOTEPMV GE TOLEG
TEPLOYEC TOV VITOAOYIGTIKOD YDPOV TPETEL VAL EPAPUOGTEL 0 KAOE KAASO0G TNE KATAGTATIKNG £EI0MOTNG.
O OMUOPIAESTEPOG TPOTOG OVTIUETAOMIONG OLTNG TNG OLOKOMOG &ivor 1M OVIIKOTACTOCT 1TNG
kotootatikng e€ioowong (1) amd po oporomompévn e&iowon mov €yl povo Evav kKAGSo kot
TPOCOOIDVEL TNV GTEPEN KUTAGTUGT TOV VAIKOD TPOGHIdOVING TOTIKG GTO PEVOTO £VO TAPO TOAD
vynAo Emdoeg. H onmpoeiiéctepn tétoln mpocéyylon eivor avty m omoia wpotdbnke omd TOV
Honravactaciov (1987), kot 1 omoia vIBeTHONKE Ko GTNV TOPOVGA EPYAGIAL:

T= 2-?y(l—emy')ﬂu ¥ 2

H mpocéyyion eEaptdton omd v mopduetpo M, 1 omoio mwpémel va givorl emopkdc peydin: Oco
ueyaddtepn sivar n T g 1060 KaAvTEpO pooeyyilelt n oxfon (2) v katactatiky e€icwon
Bingham (Zynua 1), av kot Tdvtote 1 Tdon Teivel 6T0 PUNdEV 0Tav 0 puOUOS TOPAPOPPOONS TEIVEL GTO
undév — dnAadn 6ho To VKO givar pevoTo. TOuQmve pe v Tponyovuevn eumepio pag (Chatzimina
et al. (2005), Syrakos et al. (2014)) ypnowonomnke n Ty M = 400, N omoio. cvvemdysTol
KOVOTTOUTIKY akpifeta aAld dev glvarl TOAD pHeydAn ®GTE v TPokaAel TpofANUATe 6TV APtOUNTIKY
enihvon.

Bingham

/

7 Papanastasiou
my

' Mo > 1M
I
I

Ty ’
'

1
1
I - -
! Newtonian

,‘),

Tyfqua 1: Tpoagikéc mapaoctdoelg tov katactatikav e€iodoswv Bingham, TMamavoaotociov, kot
Nevtaverov pevotov. Ta tpia poviéra tavtiCovrar ywo 7, = 0.
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H mokvotto p tov pevotov Bewpeiton otabepr]. XvpPorilovtag v mieon e P, Ol SETOVCEC
€E10MGELC, GUVEYELOG KOL OPUNG, YPAPOVTOL AVTIGTOLYOL:

V-u=0 3)
ou
p[E+U-Vuj:—Vp+V-r 4)

H depgvvnon tov mpoPArnotog yiveror evkorotepn av ot Tapamdve eElomoels adlacToTonotfovy.
Mo 10 oKomd aVTO TOL PNKN AOLGTOTOTOOVVTHL 016 TO URKOG TNG TAEVPAS Tng Kolwotntag, L, ot
TayOTNTEG O TNV apylKn ToYLTNTO TOv Gve Toympotoc, U, m mieon kor ov tdoelg 614 o
xopakmpotikn téon g+uU/L. Amopéver m adtactoromoinon tov xpévov. e to okomd awtd
KaTookeLAleTal pio KAMpoKo xpdvou 1 omoia Eival YopoKTNPIOTIKN Y10 TO VIO HEAETN QUIVOUEVO, TNV
oo TS pofg AOym TG emidpacng tov duvapsov Eddovc: H mocdmta pUL? givar avdhoyn g
OpUNG OV TEPIEXEL TO GUOTNUO OPYIKE. AlPAOVIOG TNV HE TN YOPOKINPLOTIKY dvvaun 1EMO0vg
(ry+,uU/L)L2, naipvovpe to ypoévo T = pULZ/(ryL+,uU) 0 omoiog givar o ypdvog mov B ypealdTav M
YOPOKTNPIOTIKN 1EDONG dOvauN Yo Vo UNOEVIGEL TNV YOPAKTNPIOTIKY OpUT). Ad10.6TATOTOIOVIOG
Aoudv Kot to xpovo 014 7, kot avTikafioTOVTAG TOV TAVUGTY TOV TAGEDV T a0 TNV KOTAGTOTIKN
egiowon (2), KataAyovpe oty mapakdtm adidotatn popen g e€icwong opung, 6ToL Yo, EDKOALN
ot adudotateg pHeTaPAntég cvpPorilovral pe to ida GVUPBOAN OTTMG Kot Ol SL0GTUTES.

A, Re'u-Vu = —-Vp + V-HB—?+(1— Bn*)j;i} (5)
ot y

H adidotom e&icwon cvvéyelag sivarl akpiBmg 1 idio pe v (3). H e&icmon opunig (5) sivar ypapuévn
o0& TETOWL LOPOT OOTE VoL TEPLEXEL TOVG 0SLGGTATOVG apldpovg Re (evepyd opOud Reynolds) kot Bn*
(tpomomomuévo apBud Bingham) ovti yu tovg apBuodc mov cvvibog ypnoyomolobviol ce
1Ewdomhactikég poss, dniadn tov apOud Reynolds, Re=pUL/u, kot tov apBpd Bingham, Bn=z,L/uU.
O1 kovovpiol adidotoatotl apiBuoi, o omoiol gaivetorl va mpotddnkay apykd omd tovg Nirmalkar et al.
(2013), opiCovton mg e&ne:

e = _Re ®)
T, +uU /L Bn+1
Bn" = - _Bn @

r,+4J /L Bn+l

O apBuog Re” sivar éva péTpo ToL TAIKOL TOV adpavELAKdY SVVALE®Y (TOV eivar avaloyeg pe TV
YOPOKTNPIOTIKY pofy adpvetog pU?), 816 Tic 1Eddelc duvapelg (mov eivonr aviloyes pe v
xopakmpotikn Emdn tdon r+uU/L) oe o Ewdomhactikry por. Tov 80 poéro mailel otig
Nevtovikés poég o apBpudg Re = pU%(uU/IL). Méhoto ot dbo apbpoi towtifoviar dtav 7,=0
(Nevtoviky por}). O apBudg Re™ yopaxmpiler v pory koddtepa amd tov ouviidn Re. Ta
napdderypa, oto Zynua 2 anewoviletor 1 0€om TOL KEVTPOUL TNG KOPLOG divng mov dnpovpyeitat pésa
oTNV KOOt Y10 oTadepn) por (KATOlEG amd aVTEG TIG POEG YPTOLLOTOLOVVTOL MG APYIKES GUVONKES
Y10 TIC TOPOVGEG TPOGOUOIDGELS). AV TO OTOTEAECUATE, OTEIKOVIGTOVY MG CLVAPTNGT TOL aplduov Re,
TOTE OWTOG 0 OPLOPOG OO POVOG TOV BEV PAVEPDVEL KGO0 TANPOPOPia. Y10 TNV por], AL yperdleTar
TAVTOYPOVY YVOOT Kol Tov aptBpod Bn. Avnesw)g, o opOudg Re” amd poévog tov Qovephvet
ONUOVTICES TANPOPOPIES Yo TNV pory: Méxpt Re'=1 1 3ivny Bpicketar KovTd 6Tov KaTokOPLYO GEOVA
ovppetpiac. Av o Re™ avéndei, n divn kwveiton Tpog o kotdvtn toixopa, péypt Re~60-75. Av o Re”
avénOel mepattépm TOHTE 1) OV PETOKIVEITOL TTPOG TO KEVTPO TG KOIAOTNTOG.

O apBudg Bn™ avri®étac dev mpooeépet kapio 8n1nksov TAnpoeopio amd o cuvnOn Bn, amlomolel
opc k4o v ekiomon (5). H Stopopd eivar 61t 0 Bn” maipvet tipéc omd 0 (Nevtovikd pevotd) £oc
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1 (oteped LAKO) evdd 0 Bn avtictorya 0md 0 £mg 0. Et0 vwdAomo avthg g epyaciog Oo mpotiudton
¥pnon Tov Bn.

2NV TOpOLGN EPYACIN 01 TPOCOUOIDGELS TpaypaTomoOnkay pe U =L = p = 1 evd o1 TIHéG TV 1 Kot
7, Tpocappolovtav avaioya pe Tovg embopuntovg appovg Re kot Bn. Ot cuvdvacpoi (Re, Bn) mov
dokdomay, pali pe Tovg avrictorovg apBpoic Re’, avaypdapovton otov IMivoxa 1.

1\||\\| L UL 1 | L] L L B

- 5000 = — 495
| 1001000 2000 Bn=100 " p i | 1 oge &8 Bn=100 5
qme-e - oE T & [ 0.01ma-5---5"" “
| 500 10000 ] | 5 99 ]
400 36
09 o100 200 390 77 s00 -1 09F 499 18 ,__;f”_._:p-ia's .
I 1mza---8-"" w750 1 [0.08 Bz a---877"" w68 3
- 50 = - =
i Bn=10 ,-"1000 i 45 Bn=10 ool
Bn=1 . Bn=1
B 020 50 75 A 1250 ] - 2 1135
7 o u | 3 =
08F - . ) 0.8
| . , | B i
. | jeeo-_, 75 . |
- L J/ i - L 10 20 50 ™= / a
| A 2000 i | wouh‘ A 182 ]
0.7~ - 07 Bn=0 454 Al
B 1 B 200 5 /' ]
i 7 300 i
0.6 - 06  s00,
i ] [ 1000 4750 , 1
| ] | 2000 ¢# 10 o 455 ]
L [ 5000 2500
0.5 -1 0.5 o
1 [ | i IR I wl | I | i R I

0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1

x x
Yynpa 2: H 6éon tov kévtpov tng divg wg cuvdptnon tov apBpod Bn (pe dtapopetikd ypodpoto)
ka1 tov appod Re (aprotepd) 1 Re (de&id), or omoiot avaypdpovtarl dimha oe kdbe onueio. Ta
dedopéva Tpoépyovtol amd tovg Syrakos et al. (2014).

Mivaxoag 1: Ot apdpoi Re” mov avtiotoryovv oe kabéva amd touc cvvdvacuovg (Re, Bn) mov
SOKIHAGTNKOV GTNV TAPOVGO EPYUGCIOL.

Re Bn=0 Bn=1 Bn=2 Bn=5 Bn=10
1 1 0.5 0.33 0.17 0.09
10 10 5 3.3 1.7 0.9
100 100 50 33 17 9
1000 1000 500 333 167 91
3. APIOGMHTIKH MEGOAOX

O vroloy1oTIKOG YDPOG, €va teTplymvo migvpds L, dwaxprromom|nke pe éva miéypo draotdoswv
513%x513. Ot e&iomoeig (3) kot (4) oe cvvdvacud pe v (2) emAdOnkov apBuntikd pe v pébodo
TENEPACHEVOV OYK®V ToL Tteptypdpetol and tovg Syrakos et al. (2013). H yopwn axpifeia g
pefodov givar 2™ taENg KaBOG ¥PNOOTOIEL KEVIPIKEG SLOPOPES KAl YO TOVG OPOVE CLVOYMYNS KO
v toug 0povg Emdoovg. H pébodog exeivn, mov eivar yuoo otabepég poég, tpomomomdnke yuo Tig
avAayKeg NG mapovoOG ePYNciog TPoshETovTag Kol TV XPOoVIK) TTapdymyo otny e&icwon opung, M
omnoio dtakprromoonke pe to oyua POV emmédwv akpieiag 2™ taEng mov meprypdpeTal omd Tovg
Ferziger wou Peric (2002):

a_U ~3u(ty) —4u(t_,) +u(t_,)
ot 2At

+ O(At?) (8)

omov At givon to ypovikd Prpa ko t; = i*At eivor o ypdvog petd omd i Pripora. H pébodog eivor
TEMAEYUEVN KoL OV EYEL TEPLOPIGUO GTO YPOVIKO Prua, omortel UG v amodnkevon Tov AVcemv
TOV SV0 TPONYOLUEVOV YPOVIKOV Prnudtov tig kot i, o tov vroloyiopd tov pd@Tov Prinatoc ty
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ypnoomoteiton 1 memheypévn pébodoc Euler. To ypovikd Pripo emhéyxdnke va éxet péyedog 10°7 yial
10, Tpdhta 400 ypovikd Prpato, dmov n pony petaPddiietar ypryopa, 4x10°7 ywo to emdpeva 400
Brnata, kat 1.6x10°7 yua ta vedrowwa Pripata T Tposopoinong, dmov T = pULZ/(ryL+,uU) givar o
YOPOKTNPIOTIKOG YPpOVoG e&achéviong Tov kdbe mpofinuatog, 6mwg meptypaonke oty Ioapdypagpo 2.
To alyePpikd cdotUo TOV TPOoKOTTEL 6 KAOe Ypovikd Prine emAideton pe v péBodo SIMPLE pe
EMTAYVVOT] TOAALATADV TAEYUATOV.

4, AIIOTEAEXMATA I'lA NEYTQNEIA POH

H e&aoBévion g pong pe Tov ¥povo UTOPEL VO KOTUYPOPEL XPTCULOTOIDVTOS MG OEIKTN TNV 1)1 TNg
KOpLog 8ivng, oL 16oVTOL PE TNV UEYIOTN TIUH TNG POTKNG GLUVAPTNONG ¥, Omov OwldX =V, Ow/dy = —U
xatl =0 ota Toyyopata. H 10x0¢ wmax 10ovTon pe 10 pubud pong pevotol dio HEGOV OMOLGONTOTE
YPOUUNG EVOVEL TO KEVTPO TNG Oivng e Ta toydpota. O pubuog e&achévionc g 1oybog g divng
amewoviletar oto Zynua 3. Oco peyardtepog givar o apBudg Re 1000 n e&acBévion eivar mo apyn
0Tl o1 duvapelg 1E@dovg elvar ocvykprtikd acBevéotepes. H ypapikn mopdotacn tng oyvog g
ovvaptnon tov adidotatov xpdvov YT (Exnua 3 de&id) sivar To SPOTIGTIKH ad AVTHY MG TPOG TOV
dwaotatd ypdvo t, ko pavepmdvel 6Tt 0 puBudg eEacbéviong wg mpog t/T eivan aveEaptntog Tov
apBpod Re. MdAioto, kobmdg o agovag e 1oy00¢ Exel AOYoplOUK KAHOKO Kol Ol YPOQUKEG
TOPOCTAGELS Etval EVBVYPALUES, LETPDVTOG KAVELG TNV KAIOTN T®V VOOV OVTOV KOTAANYEL OTL:

5235 ﬂ(tz ;tl)
=e L 9)

t, t
Vo (1) _ 235

Vo)

Av10 10 amotélecpo Umopel vor cLYKPLOEl LE avTIoTOLXEC LOVOOIAGTATEG POEG TTOL £YOVV GVOAVTIKY
Aoon (BA. .. Papanastasiou et al. (1999)), 6nwg n mavon eninedng pong Couette 6mov ot 00 TAGKES
anéyovv amdotacn L/2, kot n mavon kvkdkfg poric Couette 6mov vmdpyst povo o eEmTepikog
KOAMVOpOg 0 omoiog £xet axtiva emiong L/2. Avtég o1 poég €xovv apyikég cuvOnkeg 6oV 1 TovTNTO
0V pevoTol petafdrletar omd 0 o U og o amdotaon L/2, kdtt mov mepimov 1oyvel Kot oty viod
eEétaon por| og KAELGTH KOLOTNTA, oV VTOTEDEL OTL apyKd TO KEVTIPO NG divng Ppioketal Kovid oto
KkévTpo ¢ Koot tag. Kat avtég ot poéc e€aobevolv emiong cbupwva pe v oyxéon (9), uovo mov
avti yia —52.35 ot avtictoyeg otabepéc eivar —39.48 xar —58.73.

>10 Zynua 4 amewoviletor n e&EMEN tov mediov pong Yo Re=1. To kévtpo g divng petokiveita
oTOOKG TTPOG TO KEVIPO NG KOWOTNTAG KOU 1 TEON OmOKTA £va, YOPOKTINPLOTIKO WOTifo
EVOALOOOOUEVOV VYNADY / Younidv mécemv. Metd and kdmolo xpovo, 10 medio pong amokTd Lo
popen m omoio mALov pével avaAlolotn oto ypdvo, av Kol cuveyds e&ocbevel — to potifo TV

YPOUU®DV PONG KO TNG TIEON AMOKTA Lol Lovipn popen (Zynuata 4() kot 4(ot)).

10° 10°

o'

v,

0
max

\Vmax/

10-3 L L L Ll I L L 10—3 IR T | N | NI I TN |
10° 10% 10" _ 10 10’ 10° 0 002 004 006 _ 0.08 0.1 012  0.14
i

Yympa 3: H woydg g divng, o TV apylkn 1030, ™G GLUVAPTNOTN TOL d0oToToL (0ploTepd) Kot
adidotorov (8e1d) ypdvov. Aimha oe KGO KapmdOAn avaypdoetat o apBudc Reynolds.
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7.00E-01
B.30E-01
5.60E-01
4.90E-D1
4.20E-01
3.50E-01

B3.00E+02
1.00E+02
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1.00E+01

-1.00E+02
-3.00E+02

Q

1

(ﬁ) £=6.3686-3, Ym=0.50 e

-
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7ATE-D3
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1.90E-01

-1.52E-01
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1.90E-01

|F N,
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(€) t=7.6208e-2, Ymax=0.011 e

OUII‘D.ZII. ’ I(l.ﬁ ‘0!3“‘1
(8) t=3.2928e-2, Yimax=0.1y" nax

0

(67) t=1.2016€-2, Yinax=0.001y ax

Yynpa 4: EEEMEN tov mediov pong yio Re=1. Ouv padpeg ypoppés eivor ypoppés pons, evo m
YPOLOTIKY KAILaKo dSnAdvel TNV adidotatr mtieon. Ot ypdvot Tov avaypapovat eivat adtdoTaTol.

1.04E401
9.88E400

3.90E+01
3.70E401

3.51E401 9.36E400
08 3.31E+01 8.84E+00
. 3.12E401 8.32€400
292401 7.80E+00
2.73E401 7.28E400
2.54E401 6.76E400
08 2.34E401 6.24E400
: 2.14E401 5.72E+00
1.95€+01 5.20E400
1.76E+01 4.68E400
1.56E401 | 4.16E400
1.37E+01 3.64E400
0.4 1.47E401 3.12E400
9.75E+00 2.60E+00
7.80E+00 2.08E+00
5.85E400 1.56E400
3.90E400 1.04E400
0.2 1.95€+00 - 5.20-01
0.00E+00 0.00E+00
% 0.2 0.4 0 0.6
(11) t=0, Wmax=¥ max
1.76E+00 2.94E-02
1.67€400 2.79E-02
1.58E400 264E-02
1.50E+00 249E-02
1.41E+00 2.35E-02 N
1.32E400 2.20E-02 e g
1.23E400 2.05E-02 / NN 6.88E-04
1.14E400 1.91E-02 / N, 5.56E-04
1.06E+00 1.76E-02 NN
9.69E-01 1.61E-02 s / O\ 2.92E-04
8.80E-01 1.47E-02 1.60E-04
7.926-01 1.32E-02 I 280E05
7.04E-01 | 117602 | \ ' -104E-04
6.16E-01 1.03E-02 VAN / -2.36E-04
5.28E-01 8.81E-03 8 A NN / -3.BBE-04
4.40E-01 7.34E03 A ’ -5.00E-04
3.52E-01 5.87E-03 NN S -5.32E-04
264E-01 4.40E-03 N . 7 B4E-04
1.76E-01 2.94E-03 . - -8.96E-04
881E-02 1.47€-03 - -1.03E-03
0.00E+00 0.00E+00 -1.16E-03

0

(67) t=1.31536€-2, /max=0.001y nax

(3) t=4.36486-2, n=0. 10
Zyqpna 5 EEEMEN tov mediov pong yio Re=1000. Ot pavpeg ypappég ivar Ypoupés pong, evo m
YPOUATIKY KAIpoKao dSnAdVeEL TNV adidotatn mtieor. Ot ypdvol Tov avaypdpoviot eival adtdotartot.

% \ 2 04 05 08 T
(€) t=8.75528-2, yra=0.01y/ e

Avrtiotoya, oto Zynuoa 5 oamewoviletor n e€EMEn tov mediov porg ywo Re=1000. e avty v
nepinTmon, Ady® Tov acdevav duvapemv 1EGS0VE apyLKE OTNV 160PPOTio SUVAUE®Y KUPLIPYOVV Ol
duvapels adpavelog kor mieong. H mieon dpo g kevipopdrog dOvoun mov ovaykaler v
TEPIGTPOPIKN Kiviom TOV peEVoTOD PEGH GTNV KOTAOTNTO, OTTOTE 1) KATOVOUN TtiEoTG €ivat avéntikn amod
TO KEVIPO TG KOWOTNTOG TPOG TO. TOUYDUAT. ZTUdKG OUmG, 0660 1 por eEoobevel, o1 duvapelg
aOPAVELOG KoL TEOTG EAATTIMVOVTAL KOl 01 SUVAELS 1EDOOVS YivovTan To ONUOVTIKES. Telkd (Xy.
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5(o1)) maipvouyle to 810 akpimg potifo oto omoio kKatéAnEe kat to medio pong Re=1 (Zy. 4(ort)). TTwo
GLYKEKPIUEVO, EMEWON Ol YPAUUES pong dev aAlalovy TALov petd amd KAmolo ypovo ota Xynuota 4
Kol 5, avtd onuaiver 6t M katevBovvon Tov dvdopaTog TG ToxLTNTHS o€ KABe onpeio dev
petafaiietal, mopd LOVo To UETPO TNG TavTnTog eactevel. Avtd, G€ GUVOLAGUO WE TO ATOTEAEGLLA
(9), ovvemdyston 6Tt U(t) = Uge “, dmov Uy givar To medio ToyHTNTAG KATA TNV YPOVIKH TR to Kat
€=52.35 (6la ta ovpPoro cupPoAifovv Tig adldoTateg TOGOTNTEG). AVTKAOIGTOVTOG VT TN G)XEom
omv e&icwon opprg (5) (ue Bn'=0 161 1 por givon Nevtdveta) Tote Toipvove:

-Vp = (—cuO + e "Reu,-Vu, — V-[Vu0+(Vu0)T})e‘°t (10)

Me Vv mépodo Tov ypdvov, o opog € Re Uy VU, kadicTatol apeAnNTéog o€ GXECT LE TOVS VTOAOUTOVG
0povg péca oty Tapévleon, kot 1 e&lomon teivel oty €N Lopen:

Vp = (—cu0 - v.[vUoJr(vUo)T})e‘“ (11)

N omoia givan ave&dptntn omd Tov apBpd Reynolds, kot deiyvel 0Tt kat ot duvapels Tieong e&acbevodv
Le Tov 1310 puoud, p(t) = po e .

5. ATIOTEAEXMATA I'l A POH BINGHAM

H wdomraotikn por yapaxtnpiletor and v mbavi cuvdmopén pevotol Kol KGTEPEOTOINUEVOL»
VAKOV. Mo opadomompévn kataotatiky e&icmon omwg N (2) Oswpel 6A0 0 VAKO pevoTd, Kat
EMOUEVMG omouteitan éva Eex@ploTd KPLTHPLO OVAYVAOPIONS TOV GTEPEOTOUUEVOV TEPLOYADV. XTNV
Topovca epyacio vioBeteitan n cuviOng mpaxTiky va Bewpeital oTEpEOTOMUEVO TO VAKO 0TV T < Ty
Onwg avaeépinke oty Elcaymyn, petd v mapéievon Kamowov ypovov, £6Tm t,, OA0 TO LAIKO £yel
mAéov oTepeoTolnfel Kot 1) pon TaEL.

To Zymua 6 deiyver v e&EMEN g pong Bingham yia Re=1 kot Bn=2, 6mov pmopei kaveig va det ta.
KOPLOL XOPOKTNPIOTIKG piog tétotog pong. Hon and 1o Eekivipa g pong (t=0) vedpyovv meployés
PELGTOV LAMKOV KOl TEPLOYES GTEPEOTOMLEVOL VAIKOV. Ot TelevTaieg dtokpivovtal og dVO KT yopies:
A) AVTég TOV EPATTOVTOL G€ KATO10 TOIY®O TEPLEYOLV VAIKO 7OV €lvan akivnto, AOY®m NG cuvONnKNg
un-oAicOnong. Tétoleg meployég avamTicooVTaL KUPImG oTov TVOUEVA TNG KOIAOTNTOG OOV Ol TAGELS
glvar younAés. B) Avtég mov dev epdmtovtal o€ KAMO0 TOlYOUO TEPLEYOVY VAIKO OV TOPAUCVPETOL
amo TNV pon Kot Kiveitol. Evtontolg ot id1eg ot Teployég UmopEl vo, LEVOLV GYETIKA OKIVITES GTO YMDPO,
KaODC LAMKO E10PEEL GE OVTEG KOl GTEPEOTIOLEITAL, EVAD TAVTOXPOVA AAAO VAIKO eEEPYETOL OO OVTEC
K0l PELOTOTOLEITOL. XTO Yo 6 TapaTnPodVIoL Kupig 000 TETOIEG TEPLOYES, L KPOTEPT] TAV®
amd 1o KEvTpo Tng Oivng Kot po peyolvtepn kdto amd 1o kévrpo g diving. To vAkd avtodv Tov
TEPLOYMDV EKTEAEL TEPIOTPOPT] GTEPEOV GMUOTOC, OALG M AKTIVO TEPIGTPOPNG TN Av® TTEPLOYNG Eival
peyodotepn, kabmg Ppicketor Kovid oto Toly®Ue To 0moio avayKAalel TIG POikES YPOUUES Vo etvat
oyetikad evfvypappec. H kdtom meployn dev €xet t€to1o meplopiopd Kot Topovctdlel KpOTEPN aKTive
neptotpoenc. Oco mepvier o ypdvog kot 1 pon &foclevei, ol TAOES pEWDVOVTIOL KOl Ol
otepeomoInuéveg mepoyee avédvouv oe uéyebog. Kdamowo otiyun ot 600 KIVOOUEVEG TEPLOYEC
evavovTal — avTd pmopet va cvpPel povo dtav ot aKTiveg TEPIOTPOPTS TOLG EXOLV Yivel ioeg, 010TL TO
GLGCMUATOUA TOVC UTOPEL VO £XEL LOVO [io, OKTIVE TEPIGTPOPNG. LE GOVTOUO ¥POVIKO SLAGTN O LETA
TNV GLOCOUATOGN T®V OV0 KIVOOUEV®V TEPLOYDV 0KOAOVOEl GLOOOUATMOGN KOl UE TO OKIVITO
PEVGTOTOMUEVO VAIKO OV KOADTTEL T TOLYDUATO, KOL 1] POT) TOVEL. ZTO Zynua 6(n) @aivetor OTL M
GLUGCMUATOOT) TNG KIVOOUEVNG LE TNV aKivnTn Teployn] dev cupPaivel otrypuaio oAl oTadlokd. Avto
TO amOTEAECUO OV €Vl GMOOTO, GALL OQEIAETOL GTNV YPNON TNG OUUAOTOMUEVNG KOTOGTOTIKNG
e€icwong (2). H ypnon peyodldtepng Tung yo Ty Topauetpo m Ba Peltiove o amoteAéopato. Xty
TPOYUOTIKOTNTA, TNV OTWYUN 1TNng 7adong 1M KWWOOUEVN TEPLOYY, OAOEVO  EMPPAdLVOUEVY
TPOTYOVUEV®C, EYEL TAEOV aKivnToTon0el, Kot 0 dOKTOAIOC PELGTOL LAKOD OV TV TEpPTpryvpilel
€xel eapaviotel.
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H nepintoon Re=1, Bn=2 tov Zy. 6 avtiotorei oe Re'=0.33 (Ilivoxag 1), o omoiog eivar opketd
LIKPOG MOTE M POT VO EIVOL GUUUETPIKT, Kot apyIKE 1 divn va BpioKeTol KOVIQ GTO (v TOTYMUO Kot
oTn HéoM TG KOMOTNTOG KaTd TV opildvTio dievbuven (BA. Xy. 2 de&ud). Xto Zynua 7 ameikovifeton
10 medio poric yro Re=1000, Bn=10, mov avtiotoryei oe éva peyaldtepo Re =91, omdte apyikd 1 8ivn
Bpicketar kovtd oto de&i Tolymua. 'Etol, 610 apiotepd toiy®pa vIapyovy yopmAés TACES Kol TO
VKO gkel cOvTOpa oTepeomotEital, meplopilovTog Tnv divn o pia oxeTikd pukpn tepoyn. 't awtd, to
péyebog NG KIVOOUEVNC OTEPEOTOMUEVTG TEPLOYNG ElvOl LkpO OTov M pony TAnowalel oty maHon.
Kotd ta dAla, To Topatnpodueve govOopueVa vl TapOpole 0TS Kol GTNV TPONYOVUEVN TEPITTMOT).

‘(pt=o0iot, (3)t=030t,

08

0.8

(o7) t=0.70t, ©t=og0t, () t=0.994t,
Tyqna 6: EEEMEN g ponc e Re=1, Bn=2. Ot ypdvor divoviar g To600To TOL Ypovov mdveng t,. Ot
GTEPEOTONUEVEG TTEPLOYEG EIKOVILOVTOL OKLOGUEVES. ALUOOYIKES POTKES YPAUUES OLOPEPOVY KT Y =

0.004, pe y=0 oo TorydHOTO.

(®)t=050t,

0.4

‘(Byt=010t, ()t=0.25, (3)t=040t,

08 0.8

(e)t=065t, (o7) t=0.75t, ©t=og0t, () t=0.996t,
Zympa 7: EEEMEN g pong Yo Re=1000, Bn=10. Ot ypdvor divoviar mg m0606Td TOL YPpOVOL THVGTG
t,. Ot otepeomompéveg meployEs ekoviloviol OKIUGUEVEG. ALOOOYIKES POTKEG YPUUUESG SLOPEPOVY KOTA

oy = 0.004, pe w=0 oto ToyY®UOTOA.
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Téhog, oto Zynuo 8 amewoviletor n eEEMEN Tov 7mediov pong Yo €va LYNAO apBud Re*=333
(Re=1000, Bn=2). To xopoktnpioTikd avTig ¢ pong sivar ot €€’ apyng n éivn Ppicketor kovtd oto
KEVTIPO TNG KOWAITNTAG Kot SEV LOIGTATOL EVTOVOLS YEMUETPIKOVS TEPLOPIGLOVG Ao TO TotYdUaTo. [V
aUTO Ol OKTIVEG TEPIGTPOPTG TOV KIVOVUEVOV GTEPEDY TEPLOYMV UTOPOLV VO UETAPAALOVTOL EVKOA,
OTOTE 1 GUGGMUATOOCT OA®V AVTAOV TMOV TEPOYDY GE L0 EVICio TEPIGTPEPOLEVN GTEPEN TEPLOYN
yiveton apketd vopic, oe avtibBeon pe 11§ mepuTOGES YounAotepev Re*. X1o Zynua avtd eivor mo
€0KoA0 Vo dtokpivel kaveig 0Tl evtOg TG KIVOVUUEVIG GTEPENG TEPLOYNG Ol YPOUUEG PONG OTTOTEAOVY
TEAELOVG OUOKEVTPOLS KOKAOVC,
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Yympa 8: EEEMEN g ponc yia Re=1000, Bn=2. Ot ypovol divovtal @g T0G0aTO TOL XPOVOL TAVCTG

t;. Ot otepeomompéveg meployEs ekoviloviol GKIUGUEVES. ALUOOYIKES POTKES YPOUUES SLOPEPOLV KATA
oy = 0.004, pe y=0 ota Toy®UTA.
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Tyqpe 9: EEacbévion g 1oydog ¢ diviig ¢ cLVAPTNOT TOL adldoTaTon XPOVOL Yo SLAPOPOLS
apBpovg Bingham: Bn=0 (uavpo), Bn=1 (kdéxkvo), Bn=2 (umke), Bn=5 (npdowvo) ko1 Bn=10 (pol),

KkaBmg kot diapopovg apiBuovc Reynolds: Re=1 (cvumayeic ypoppéc), Re=100 (aAvo1dmTég YpOoLES)
kot Re=1000 (Srokexoppéveg ypappés). Ot ypoupég yio Re=10 coumintovv pe avtéc yio Re=1.



AréEavdpog Zvparog, Teopyrog Iewpyion, Avopéag Areldvipoo

To EZyque 9 CLYKEVIPAOVEL TO OTOTEAECUATO OV APOPOVYV GTNV oYL TNg Oivng Yy OAeg Tig
neputdoelg mov e€etdotnkay. Onmg eaivetal, n yprion tov adidotatov ypovov /T mpoceépsl Kot
oA TAEOVEKTNA, KOBDG 01 TEPIEGOTEPES KAUTLAES PploKovial cuykevipmpéveg — dev Tavtilovtot
oumg, 61011 660 peyaldTepog givar o aplBudc Bingham t6co peyaAddtepo mocootd TOL VAIKOD givol
Non otepeomompévo €& apyng, omote o ypoévog mavong eivar pikpdtepoc. To dibypappo avtd
Sdwatoroyel v xpriomn addoTaTov Ypovikov Pripatog At aveEdptntov amd tovg apBpotc Re kot Bn
OTIG TPOGOUOIDOELC.

YXYMIIEPAXMATA

H mopovca épevva perétnoe tnv mavorn Nevtdvelog Kot IE®O0TANCTIKNG PONC G KAELGTH KOLOTNTA
otav Owkomel m kivon tov Ttoyopotoc. Ta amoteAéopoTa cLUE®VOLV pE TO BempnTiKd
amotelécpata HovodldoTatmv podv, Otl, o€ avtiBeon pe v Nevtovewa por, 1 1EOIOTAAGTIKY pon|
TOOEL 08 TEMEPUCUEVO YpOVO. Avtd cupPaivel kabmdg o1 1EMIELG dLVAELS EMPPASLVOLY TNV pom,
ENITTOVOVY TIG TOOELS, KOL TO VAIKO oTadlokd otepeomoteital. Ol KIVOOUEVEG GTEPEOTMOUUEVEC
TEPLOYES EMPPadhvoLY TNV KivoT TOLG PEYPL TTOL, KATE TNV GTYUn TG madoNG, OKIVITOTOovvVToL
TEAEIMG Kol EVOVOVTOL PE TS akivnteg otepeés meproyxés. H pon eaptdton amd dvo adidctatovg
apOpodc, toug Re kat Bn, adld évag cuvdvaopdg tovs, o Re, pmopei vo 8GGel meEPLOGOTEPES
TANpoeopies yio v pon on’ 6Tt gite o Re gite o Bn pévog tov. Téhog, mpotdbnie Kot 1 ypoviky
KMpoka eEacbéviong T 1 omola amodeiyOnke dtaitepa xpHOLUN Y10 TV EPUNVEILD TOV OTOTEAEGUATMV.

Evyapwetiec: H épevva cuyypnuatodomdnke and to Evponaixd Tapsio Iepupepelakng Avantoéng
ral v Kvmplokr Anpokpatio péom tov Idpouartog Ipombnong Epevvag (epevvntikd mpdypappio
TIIE/TIAHPO/0609(BIE)/11).
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SUMMARY': The lid-driven cavity problem is very popular in computational fluid dynamics. This
work examines what happens if, starting from the steady state, the lid motion is suddenly stopped.
Two types of fluids are examined: Newtonian and Bingham fluids. Their behaviour is fundamentally
different: Whereas Newtonian flow will perpetually weaken without ever fully ceasing, viscoplastic
flow ceases in finite time. The problems are solved for Reynolds numbers in the range 1 < Re < 1000
and Bingham numbers in the range 0 < Bn < 10, using the finite volume method and the Papanastasiou
regularization of the Bingham constitutive equation.
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ABSTRACT

Planetary turbulence is observed to self-organize into large scale structures such as zonal jets and
coherent vortices. One of the simplest models that retains the relevant dynamics of turbulent self-
organization is a barotropic flow in a beta-plane channel with turbulence sustained by random stirring.
Non-linear integrations of this model show that as the energy input rate of the forcing is increased, the
homogeneity of the flow is first broken by the emergence of non-zonal, coherent, westward
propagating structures and at larger energy input rates by the emergence of zonal jets. The emergence
of both non-zonal coherent structures and zonal jets is studied using a statistical theory, Stochastic
Structural Stability Theory (S3T). S3T models a second order approximation to the statistical mean
state and allows identification of statistical equilibria and study of their stability. It is found that when
the homogeneous turbulent state becomes S3T unstable, coherent structures emerge (non-zonal large
scale structures and zonal jets). Analytic expressions for their characteristics (scale, amplitude and
phase speed) are obtained and their non-linear equilibration is studied numerically. Direct Numerical
Simulations of the nonlinear equations show that the structures predicted by S3T dominate the turulent
flow.

Keywords: turbulence self-organization, statistical state dynamics, coherent structures

1. INTRODUCTION

Planetary turbulence is commonly observed to be organized into large scale zonal jets with long-
lasting coherent vortices embedded in them. Prominent examples are the banded jets and the Great
Red Spot in the Jovian atmosphere (Vasavada and Showman, 2005). The jets control the transports of
heat and chemical species in the atmosphere, while the coherent vortices sequester chemical species
and heat and produce significant spatiotemporal variability. It is therefore important to understand the
mechanisms for the emergence, equilibration, and maintenance of these coherent structures.

The simplest model that retains the relevant dynamics is a turbulent barotropic flow on a g-plane.
Numerical simulations of this model have shown that robust, large scale zonal jets emerge in the flow
and are sustained at finite amplitude. In addition, large scale westward propagating coherent waves
were found to coexist with the zonal jets (Galperin et al., 2010). These large scale waves either obey a
Rossby wave dispersion, or propagate with different phase speeds and appear to be sustained by non-
linear interactions between Rossby waves. However the mechanism for their excitation and
maintenance remains elusive. In this work, we present a theory that predicts the formation and
nonlinear equilibration of large scale coherent structures in barotropic S-plane turbulence and then test
this theory against nonlinear simulations.
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Since organization of turbulence into coherent structures involves complex nonlinear interactions
among a large number of degrees of freedom, which erratically contribute to the maintenance of the
large-scale structure, an attractive approach is to study the Statistical State Dynamics (SSD) of the
turbulent flow, rather than single realizations of the turbulent field. This approach is followed in
Stochastic Structural Stability Theory (S3T) which is a second order Gaussian approximation of the
full SSD (Farrell and loannou, 2003). In S3T the third cumulant is either ignored (Marston et al.,
2008) or parameterized as the sum of a known correlation function and a dissipation term (DelSole
and Farrell, 1996), which is equivalent to the elimination of the eddy--eddy nonlinearity or its
parameterization as random forcing with the required dissipation to remove the energy injected by the
forcing. Such a representation is strongly supported by the results of previous studies (Farrell and
loannou, 1993; DelSole, 2004; Bouchet et al., 2013).

The second order closure results in a nonlinear, autonomous dynamical system that governs the
evolution of the mean flow and its consistent second order perturbation statistics. Its fixed points
define statistical equilibria, whose instability brings about structural reconfiguration of the mean flow
and of the turbulent statistics. Previous studies employing S3T addressed the bifurcation from a
homogeneous turbulent regime to a jet forming regime in barotropic beta-plane turbulence and showed
that S3T can predict the structure of zonal jets in the turbulent flow (Farrell and loannou, 2007,
Srinivasan and Young, 2012, Constantinou et al., 2013). In this work we demonstrate that an extended
version of S3T can predict the emergence of both zonal and non-zonal coherent structures and can
capture their finite amplitude manifestations.

2. FORMULATION OF STOCHASTIC STRUCTURAL STABILITY THEORY

Consider a non-divergent barotropic flow on a S-plane with cartesian coordinates x=(x,y). The velocity
field, u=(u,v), is given by (u, v) = (=0, 1, d,), where y is the streamfunction. Relative vorticity {(x,
y, t) = Ay, evolves according to the non-linear (NL) equation:

@, +u-V){+pv=—-1{—vA%]+f (1)

where 4 = 02, + 03%, is the horizontal Laplacian, £ is the gradient of planetary vorticity, r is the
coefficient of linear dissipation that typically parameterizes surface (Ekman) drag in planetary
atmospheres and v is the coefficient of hyper-diffusion that dissipates enstrophy flowing into
unresolved scales. The exogenous forcing term f, parameterizes processes such as small scale
convection or baroclinic instability, that are missing from the barotropic dynamics and is necessary to
sustain turbulence in this simplified model that lacks vortex stretching. We assume that f is a
temporally delta correlated and spatially homogeneous random stirring. We also assume that the
forcing is isotropic, injecting energy at a rate ¢ in a narrow ring of wavenumbers with radius K;.

We assume a standard Reynolds decomposition of the vorticity field into an averaged field Z=T[(],
defined as a time average over an intermediate time scale and deviations from the mean or eddies,
{'={-Z. The intermediate time scale is larger than the time scale of the turbulent motions but smaller
than the time scale of the large scale motions. With this decomposition, (1) is written as:
@, +U-VZ+ BV +1Z+vA2Z=-V-T[u{] (2a)
@ +U-N+v(B+8,Z) +ud Z+ 1 +vA%{'=f+V-(Tw'{1-u'{) (2b)

As in previous studies (Srinivasan and Young 2012), we neglect the eddy-eddy term (T[u'¢']1—u'¢)
to obtain the quasi-linear system

O, +U-VZ+ PV +1rZ+vA2Z=-V-T[u'{] (3a)
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0,¢'=AM '+ f (3b)

where A = —U-V — (B +8,2)8, 471 + 8,28,4~" —r + vA2. Therefore the mean flow is forced by
the time mean of the vorticity flux divergence, while the eddies evolve according to the linear
dynamics about the instantaneous mean flow U. In order to obtain the statistical dynamics of the
quasi-linear system (3) we make the ergodic assumption that the time average over the intermediate
time scale is equal to the ensemble average over the forcing realizations, an assumption used
previously in studies of atmospheric blocking (Bernstein and Farrell, 2009). Under this assumption,
the slowly varying mean flow Z is also the first cumulant of the vorticity Z = ({), where the brackets
denote the ensemble average. In addition, the time mean of the vorticity flux is equal to the ensemble
mean of the flux, T[u'¢'] = (u'¢’), which can be expressed as a linear function, R(C), of the eddy
vorticity covariance between points x; and x,, C(X;,X3) = ({ (X1,t){ (Xy,t)). The first cumulant, Z,
therefore evolves according to:

0, +U-V)Z +BV +1Z+vA2Z=-V-W')=R(C) (4a)

Taking the time derivative of C and using (3b) we obtain the evolution equation for the second
cumulant C:

where = (x; — X») is the spatial covariance of the homogeneous stochastic forcing and the subscript in
A denotes that the coefficients of A(U) are evaluated at x; and that it acts only on the variable x;.

Equations (4) comprise the autonomous S3T system which constitutes a second-order closure for the
flow statistics. Being autonomous it may possess statistical equilibria (Z°, CF) of the coherent
structures with vorticity Z=, in the presence of an eddy field with covariance CF. If these equilibria are
stable, we expect reflections of the coherent structures Z° to appear in the nonlinear simulations of (1)
and statistics of the eddies to be given by CF. If these equilibria are unstable, we expect that the
turbulent attractor will change its structure and that different structures will emerge and dominate the
flow. The S3T system (4) has for v=0 the equilibrium Z5=0, C°=Z/2r, that has zero large scale flow
and a homogeneous eddy field with the spatial covariance of the forcing. We will now investigate the
stability of this equilibrium as a function of the energy input rate ¢ and the characteristics of the
unstable structures.

3. STABILITY ANALYSIS

The stability of the homogeneous equilibrium is assessed by introducing perturbations 67 =
efnx +imy +at - §C = gin(x1tx2)/2+im (y1+y2)/2+0t |inearizing (4) about the homogeneous equilibrium
and calculating the eigenvalues o for each plane wave with wave-vector n = (n,m). The resulting
stability equation for o(n) is:

()

_ d?k |k xn|?(K2—K?)(K? — N2)E(k)
Oo+iwy,+1r= S A2 -
)2 K*KZN?[o + 2r — i(wg — Wpyn)]

where the integral is over wavenumbers k = (k,0), K = |k|, N = |n|, K; = |k + n|, w, = —fk/K?
is the Rossby wave frequency and Z(k) = Zst(S(K — Kf) is the Fourier transform of the isotropic
ring forcing with spatial covariance = (Bakas and loannou 2014). For small values of the energy input
rate of the forcing &, the homogeneous state is stable. When & exceeds a critical ¢, the homogeneous
flow becomes S3T unstable and coherent structures emerge. The critical energy input rate as a
function of the planetary vorticity gradient g is shown in Fig. 1. For f<fui, the most unstable
structures are zonal jets that grow
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in situ (i.e Im[o(n)]=0). This is illustrated in Fig. 2 showing the growth rate and the frequency of the
unstable structures as a function of the wavenumber. For f>fnm,, non-zonal structures are more
unstable than zonal jets (cf. Fig. 2). As a result, the non-zonal structures first emerge as ¢ increases
(thick line in Fig. 1) and only at significantly higher energy input rates zonal jets are expected to
appear (thin line in Fig. 1). The non-zonal structures are propagating (i.e Im(q;)#0) (cf. Fig. 2) and for
energy input rates close to the critical value, they propagate in the retrograde direction and follow the
Rossby wave dispersion, that is Im[a(n)]=w,.

107

zonal Jetz non-zonal
atructures more

unstable

maore unstable

| | | | | |
107 10" 10° g 10 107 107

Fig. 1. The non-dimensional critical energy input rate ¢; = eCK]? /r3 for the emergence of large-scale
structure (thick line) and the critical energy input rate for the emergence of zonal jets (thin line) as a
function of non-dimensional planetary vorticity gradient 5* = S K¢ /r. The asymptotic behavior of the
critical curve for f>>1 and f'<<1 is also shown (dash-dot) and parameter values for the Earth's
atmosphere, Earth’'s ocean and Jupiter's atmosphere are marked with stars.

0 05 i 0 05 i
[ id

Fig. 2. Non-dimensional growth rate Re(a/r) (contours) and frequency Im(o/r) (shading) as a function
of the integer valued non-dimensional wavenumbers (|n|,|m|)/K; of the emerging structure for (a)
S =1and (b) # =1. The energy input rate in both panels is é=2¢..



Nikolaos A. Bakas and Petros J. loannou

4. EQUILIBRATION OF THE INSTABILITIES AND COMPARISON TO DNS

The equilibration of the instabilities is studied by numerically integrating the S3T system (4) in a
doubly periodic 2z x 2z channel using finite differences for calculating the spatial derivatives and a
fourth-order Runge-Kutta scheme for time stepping. We consider the parameter values K=10, =10,
r=0.01 and v=1.9x10° yielding a non-dimensional planetary vorticity gradient g = 100. Therefore
the integration is in the parameter region of Fig. 1 in which the non-zonal structures are more unstable
than zonal jets. The eigenvalue relation can be readily derived for a periodic channel by substituting
the integrals with summation over integer values of the wavenumber k = (i, ), with i,j € Z.

We first consider the energy input rate e=4¢, for which zonal jets are stable and the structure with
n=(1, 5) is the most unstable. Starting from a small random perturbation, a checkerboard perturbation
of the form

Z = cos(x) cos(5y) (6)

emerges and grows exponentially dominating the flow. At this point the large scale flow gets attracted
to the travelling wave finite-amplitude equilibrium structure shown in Fig. 3 that is very close in form
to the checkerboard unstable harmonic eigenfunction (6). The Hovmoller diagram of y(Xx,y=n/4,) also

(b)

1040

1030

~ 1020

1010

1000

0 5 3 6

Fig. 3. (a) Streamfunction of the equilibrated structure for e=4¢.. (b) Hovmoller diagram of
w(x,y=r/4t). The phase speed of the most unstable eigenfunction is also shown (dashed line).

shown in Fig. 3 illustrates that the wave propagates in the retrograde with a speed approximately equal
to the phase speed of the unstable eigenfunction. We next consider the case £=30e.. For this highly
supercritical value of the energy input rate the most unstable non-zonal structure grows but cannot
equilibrate as the finite-amplitude non-zonal travelling equilibria become S3T unstable to zonal jet
perturbations. This is illustrated in Fig. 4 showing the evolution of the harmonic function (5). After the
saturation of the instability at about t=100, the flow transitions slowly from the traveling wave
structure (shown in the left inset in Fig. 4) to the equilibrium state shown in the right inset in Fig. 4.
The equilibrated structure is a mixed state consisting of a zonal jet with (|n|, [m[)=(0,5) and lower
amplitude (|n], |m[)=(1,5) westward propagating waves embedded in it. Therefore we expect two
regime changes as the energy input rate increases. The first occurring at ¢; with the emergence of non-
zonal structures and the second with the dominance of the zonal jet-mixed states when the non-zonal
structures become secondarily unstable. These two regime transitions can be clearly revealed by
calculating two proxies for the amplitude of non-zonal structures and zonal jets, the zmf and nzmf
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o
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t
Fig. 4. Energy evolution of random initial conditions for ¢=30e;. The insets show a snapshot of the
streamfunction at t=200 (left) and t=2200 (right).

indices defined as the ratio of the energy of zonal jets and non-zonal structures respectively with scales
lower than the scale of the forcing over the total energy:

 Li<ky E(k =00 Tii<k, B D)

M=y Fey 0 ™ Ty swn M O

where E(k,1) is the time averaged energy power spectrum of the flow and k, | are the zonal (x) and
meridional (y) wave numbers, respectively. These indices that are calculated for the S3T integrations,
are shown in Fig. 5 as a function of the energy input rate ¢. As the energy input rate increases, the non-

nzmf, zmf
o o
o

o
N

o
[N

10° 10" 10°

ele,

Fig. 5. zmf and nzmf indices defined in (7) as a function of the energy input rate, for the NL and S3T
integrations.

zonal structures emerge for e>¢, and equilibrate at larger amplitudes and nzmf increases. For &/ £.>15
the finite amplitude non-zonal equilibria are S3T unstable to zonal jet perturbations and the structures
with the largest domain of attraction are the mixed states dominated by their zonal jet component
resulting in an increase of zmf and a concomitant decrease of nzmf.
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The results of the S3T analysis are now compared to Direct Numerical Simulations of (1). Equation
(1) is solved using a pseudospectral code with a 128x128 resolution and a fourth-order Runge-Kutta
scheme for time stepping and we choose the same parameters as in the S3T integrations. The zmf and
nzmf indices calculated from long time averages after the system has reached a statistical equilibrium
are shown in Fig. 5. We observe that the S3T stability analysis accurately predicts the critical ¢, for
emergence of non-zonal structures in the DNS of the turbulent flow as well. The finite amplitude
equilibria obtained when &>¢. also correspond to the dominant structures in the nonlinear simulations.
For e=4¢., the time averaged energy spectra shown in Fig. 6 exhibit significant power at (|k|,|I[)=(1,5),
corresponding to the equilibrated S3T structure shown in Fig. 3. Remarkably, the phase speed of these
waves observed in the nonlinear simulations and the amplitude of these structures as illustrated by the

A0 1300
0.01
., 1290 Q%’m
1280 = <]
14 (s =TE) 0
~ 1270 Bkee S
B g e f”“’c -0.01
1250 SR
18
0 5

T

Fig. 6. (a) Time averaged energy power spectra obtained from the NL simulations for e=4¢.. (b)
Hovmoller diagram of y(x,y==/4,t). The phase speed of the most unstable S3T eigenfunction in this
case is also shown (dashed line).

nzmf index are approximately equal to the phase speed and amplitude of the corresponding S3T
translating equilibrium structure (cf. Figs. 3, 6). An excellent agreement is also observed for the
second regime as well in which zonal jets (mixed states) are the dominant structures. The energy
spectra calculated at £=30e, (not shown) exhibit a peak at the zonal mode with (|k|,|I|)=(0,5) but there
is also finite power in the non-zonal structures with (|k|,|1])=(1,5), that is the two constituents of the
mixed state in the S3T integrations. The amplitude of both the zonal and non-zonal components is also
in good agreement with the S3T integrations as revealed by the comparison of the zmf and nzmf
indices with the corresponding indices obtained from S3T in this regime (cf. Fig. 5).

5. CONCLUSIONS

In summary, we presented a theory for the emergence of zonal jets and non-zonal coherent structures
in barotropic turbulence. Nonlinear simulations of a stochastically forced barotropic flow in a beta-
plane channel show two major flow transitions as the energy input rate of the forcing increases. In the
first, the translational symmetry in the flow is broken with the emergence of propagating coherent
non-zonal waves that approximately follow the Rossby wave dispersion. The power in these non-zonal
structures increases with the energy input rate until the second transition occurs with the emergence of
robust zonal jets.

The two flow transitions and the characteristics of both the non-zonal structures and the zonal jets are
investigated using S3T. In S3T, the turbulent flow dynamics and statistics are expressed as a
systematic cumulant expansion which is truncated at second order. With the interpretation of the
ensemble average as a Reynolds average over the fast turbulent eddies, the second-order cumulant
expansion results in a closed, nonlinear dynamical system that governs the joint evolution of slowly
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varying, spatially localized coherent structures with the second-order statistics of the rapidly evolving
turbulent eddies.

The linear stability of the homogeneous S3T equilibrium with no mean velocity was examined
analytically. Structural instability was found to occur when the energy input rate is larger than a
certain threshold. It was found that for weak (strong) planetary vorticity gradient £ the maximum
growth rate occurs for stationary zonal structures (propagating large-scale non-zonal structures). The
equilibration of the unstable, exponentially growing coherent structures for large  was then studied
through numerical integrations of the S3T dynamical system. When the forcing amplitude is slightly
supercritical, the finite-amplitude travelling wave equilibrium has a structure close to the
corresponding unstable non-zonal perturbation with the same scale. When the forcing amplitude is
highly supercritical, the instabilities equilibrate to mixed states consisting of strong zonal jets with
smaller-amplitude travelling waves embedded in them.

The predictions of S3T were then compared with the results obtained in the nonlinear simulations. The
critical threshold above which coherent non-zonal structures are unstable according to the stability
analysis of the S3T system was found to be in excellent agreement with the critical value above which
non-zonal structures acquire significant power in the nonlinear simulations. The scale, phase speed
and amplitude of the dominant structures in the nonlinear simulations were also found to correspond to
the structures predicted by S3T. In addition, the threshold for the emergence of jets, which is identified
in S3T as the energy input rate at which an S3T stable, finite-amplitude zonal jet equilibrium exists,
was found to roughly match the corresponding threshold for jet formation in the nonlinear simulations,
with the emerging jet scale and amplitude being accurately obtained using S3T.

In summary, S3T predicts the two regime transitions in the turbulent flow as the energy input rate is
increased: the emergence of coherent, propagating non-zonal structures and the emergence of zonal
jets. It also predicts the characteristics of the emerging structures (their scales and their phase speed),
as well as their amplitude.
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ABSTRACT

A computational framework is presented for enabling commercial, "black-box" Computational Fluid
Dynamics codes to perform certain nonlinear analysis tasks that contribute significantly to the
understanding of the studied physical problem. Among those tasks are parameter continuation along
entire solution branches and stability analysis. The former, is important for the identification of ranges
of operating parameters where multiple solutions exist. The stability of each solution is determined as
a by-product of the method. When among the multiple solutions there are periodic orbits, the main
idea is adjusted to compute the frequency and amplitude of the oscillation. The additional tasks do not
require any alteration of the CFD model or intervention on the solver. The illustrative example here is
that of a flow around a cylinder, where for varying Re numbers a branch of periodic solutions
emanates from a branch of stationary ones. Stable and unstable, stationary and periodic states are
computed for the same parameter values.

Keywords: Nonlinear phenomena, CFD software, solution multiplicity, periodic solutions

1. INTRODUCTION

In the past several years Computational Fluid Dynamics (CFD) codes have established themselves as
valuable tools both for industrial and academic use. This is due to the combined effect of the advances
in the numerical methods that contribute to fast and efficient solvers, the specialization of commercial
CFD codes in a wide range of subjects and finally the availability of low-cost computational resources.
It is now feasible and economical to tackle realistic, complex problems with a commercial CFD code.
In dealing with realistic physical problems, both in an experimental and a computational setting, their
nonlinear nature has to be accounted for. Nonlinearity "hints" at phenomena such as the existence of
multiple solutions for the same operating conditions (solution multiplicity) and their respective
stability and also the existence of non-stationary solutions, periodic or even chaotic.

Systematic parameter continuation unravels entire solution branches that possibly contain more than
one stable solution for the same parameter values. Stand-alone CFD codes are not able to perform this
task because they cannot convergence on unstable states which oftentimes connect different branches
of stable solutions. Most works in the past (Henderson, 1997; van Santen et al., 2001; Thompson et al.,
1996; Kushnir et al., 2014), where nonlinear phenomena were analysed in CFD applications, have
used home-made codes where continuation algorithms and eigenvalue analysis of the available
matrices was used to provide the desired information. More recently a new idea was presented for a
computational module that wraps around commercial CFD codes and enables systematic continuation
and stability analysis. The concept is applied on a model of a Chemical Vapor Deposition (CVD)
reactor (Cheimarios et al., 2011; 2012) where the competition of free convection, due to the
temperature differences and forced convection, due to the velocity of the incoming gas feed, leads to
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solution multiplicity. Over a range of parameter values, a branch of buoyancy dominated stable states
co-exists with a branch of forced convection dominated stable states. The two branches are connected
with a branch of unstable solutions upon which the stand-alone CFD code cannot converge. In the
region of multiplicity, the stand-alone code may converge on either stable branch at random.

In this work, we take this idea a step further and expand the methodology to cases where stationary
solutions co-exist with periodic ones. The illustrative example is that of a flow around an infinite
length cylinder (Henderson, 1997). Experimental and numerical studies have indicated the transition
from a stationary flow at low Re numbers to a periodic regime, in two dimensions for Re ~ 46
(Jackson, 1987; Mathis et al., 1987). At even higher Re numbers two additional critical parameter
points are identified at Re = 190 and Re = 260 where the flow loses stability when subjected to three-
dimensional perturbations.

The module-enhanced CFD model is able to converge upon the stationary solution branch even when
the solutions lose stability. The eigenvalue analysis that is a by-product of the method, is able to
determine the critical parameter value with accuracy without further analysis or computational effort.
The module is adjusted appropriately by adding an extra constraint in order to compute the stable
periodic solutions that branch out from the stationary solution branch.

The paper is structured as follows: a brief presentation of the physical problem is followed by an
overview of the Recursive Projection Method which is the basis or the proposed module. Two
variations of the method are presented, one for arc-length continuation and one for the computation of
the period of the orbit. The results of the implementation are presented and prove in excellent
agreement with the literature.

2. MODEL DESCRIPTION

2. 1 Application: flow around a cylinder

The benchmark application for the proposed methodology is a circular cylinder of radius r=1, with its
cross-section on the (x,y) plane, exposed to the uniform flow of a fluid with density, p=1, and
kinematic viscosity, v = 1. Given that the velocity of the fluid far away from the cylinder is uniform,
U, the Reynolds number is equal to Re= U d/v; d here is the diameter of the cross-section.

The velocity and pressure fields, u and ps respectively are given by the Navier-Stokes equations,

ou 1,
—+U-VU——VUu+Vps=0;
SR P )

V-u=0,

along with the no-slip boundary condition on the surface of the cylinder and the assumption of
uniform fluid velocity, U=1m/s far away from it.

The set of governing equations and boundary conditions are discretized with the finite volume method
and solved with the commercial CFD code ANSYS/Fluent (henceforth Fluent) ( www.ansys.com,
FLUENT, 2014).

For the purposes of this work, in order to apply the proposed computational module, it is convenient to
think of Fluent in terms of a time-stepper of the general form:

U™ =F(U",Re), UeR" )

Fluent is viewed as a function, F, of the solution vector at the n-th iteration, U", for a particular value
of the Re number that yields the solution at the next iteration, U™ In practice, Fluent has to deliver to
the external module the vector U" after a predefined number of time-steps. Also, Fluent must be able to
read the solution vector provided by the computational module and initialize the subsequent iterations
with the new value of U. This exchange of information is possible through a user defined function
(UDF), programmed in C.



E. D. Koronaki, N. Cheimarios, A. G. Boudouvis

2. 2 The computational module: Recursive projection method (RPM)

In this section, a brief discussion of the recursive projection method is offered. The method is
described in detail by Shroff and Keller (1993) and in its implementation in (Cheimarios et al., 2011).
The RPM was initially proposed for the stabilization of fixed point iterative procedures such (2).
Henceforth in this paragraph, the dependence on the parameter Re is implied but not explicitly written.
Consider the invariant subspace P that corresponds to the, usually few, eigendirections in which the
linearized map, F, is slowly contracting or even slowly expanding. Let Q be its orthogonal
complement. By P and Q we denote the orthogonal projectors of R™ on P and Q respectively. The
solution U is decomposed into p and g such that U = p + g, where p and q are the projections of F(U)
onto P and Q , respectively:

p=PF(p+0)

3
q-QF(p-+0) ©
Under certain assumptions, the RPM stabilizes fixed-point iterative procedures such as Eqgn. (2) by
first computing an approximation of P and consequently of Q. The projection p is then computed by
performing a Newton’s method step on P; q is determined by the projection of F(U) on Q.
Subsequently, the Picard iteration acts on the sum, U = p + . The fixed-point iteration (2) is stable

when all the eigenvalues of the matrix Fy(U) =0 F/oU e R™Nlie in the unit disk.
Let I be the number of the usually few eigenvalues of Fy (typically O(10)) close to the unit circle and

the dimension of P and Ze R™2 an orthonormal basis of the invariant subspace P. Then the matrix
H=Z"F,Z R (4)

is the projection of Fy on the invariant subspace.

The projectors P and Q can be expressed in terms of the basis Z e Rz which is built and updated in
the course of continuation every np. iterations: P = ZZ", Q = | — ZZ", Z'Z = 1. Using these
projections on low dimensional subspaces, the Newton step described above is performed using small
Jacobian matrices and minimal computational cost.

The complete algorithm implementing RPM around Fluent is summarized below:

Algorithm 1.

(i) initialization, define U% Z= 0; H= 0; define tol; define Npya:; N=0; 1, =0
(i) Fluent: evaluate F— F(U°)

while(]|U- F||>>tol)

(iii) z— Z" U; {— Z'F; gq—U- Zz

(iv) z—z+(liz~ H)' (& 2); g F- Z¢

(V) U Zz+q

(vi) Fluent: F—F(U)

(vii) ne—n+1

if (N = Npay) then

(viii) increase I; update basis Z; compute H— Z'[Fy Z]
(ix) n<0

endif

endwhile

where n is a counter used which is nullified each time Z is updated. In this procedure, the iteration
F(U) is the result of time-integration over a predetermined time-interval performed by Fluent with
initial solution U.
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2. 3 RPM for arc-length continuation and computation of periodic solutions

The Newton iteration performed on the low dimensional subspace P, step (iv) of Algorithm 1 can be
augmented with additional constrains according to the particularities of the underlying physical
problem. One such constraint is the arc-length equation that changes the parametrization from the
physical parameter to the arc-length of the solution curve. This enables convergence along solution
branches with multiplicity ( Koronaki et al. 2003). Another constraint is a so-called pinning-condition,
for the computation of periodic solutions (Lust et al. 1998). These two additions are presented in the
following paragraphs.

2. 3. 1 Pseudo arc-length continuation

The iteration presented in Algorithm 1 fails to converge when the matrix (lI;z — H) becomes singular,
i.e. when eigenvalues cross the limit of the unit disk. This happens at singular points which correspond
to turning points or bifurcation points. The arc-length constraint introduces the new parameter s and in
the new parametrization the turning point does not exist because arc-length increases monotonically
along the branch. The original coupled iteration is augmented by a new scalar constraint:

N(P.2p,8) =P (0= Po) +Ap(hy —Ap) —(5—Sp) =0 (5)

Notice that N depends only on p since the matrix (I, — H) that becomes singular is the projection of (I
— Fy) on the low dimensional subspace P. Here p, and Ao are the values of p and A, at a given initial

value of the parameter so; pand. are tangents along the solution path and in practice they are replaced
by the approximations:

pz(p_p(’) Xz(kp_xpo)
(5—S0) (s—50)

(6)

Given initial estimates for u and A, at s, the resulting augmented coupled iteration reads:

-1
0) P (") T Ty | (et
}\’pn+l }\’pn pT kp Nn
H +1
(ii) 0" =QF" +QF, "A%,"

A more detailed presentation of the Algorithm and its implementation can be found in (Cheimarios et
al., 2012).

2. 3. 2 Computation of Periodic Solutions

The RPM is a specific implementation of the so-called Newton-Picard methods for the computation
and determination of stability of periodic solutions of a parameter-dependent autonomous dynamical
system:

dx
E=h(x,kp),XeRN,XpeR @)
For fixed parameter 1, a periodic solution is determined by N+1 unknowns, i.e. the initial condition
X(0) e RN and the period T. To find these unknowns the following system must be solved:
X(T)-x(0)=0
5,(X(0),T) =0 (8)

The second equation is a phase condition required in order to eliminate the invariance of periodic
solutions of autonomous dynamical systems under time translation. What this means is that if T is the
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period of a solution, so is nT with n=1,2,3,4,...c. This phase condition limits the computed period to
T. In the computations discussed bellow, s, is a linear phase condition:

s, (X(0), T,A,) =h(x(0)@, 1) " (x(0) —x(0)*) =0 9)

where x(0) is the starting value of the iterations. In practice it is the solution in a previous but close
parameter value.
Let ¢(x(0),T,2,) denote the outcome of (7) at t=T with initial condition x(0), then (8) is written as:

o(x(0), T, %) —x(0) o (10)
SO T2g) |~

and its solution is denoted by (x(0)",T", Ay). The functions ¢ and s, are considered to be twice

differentiable with respect to x(0), T and A,.
The matrix M given by

* a(l)
M =— 11
X (x(0y", T 1) (1)

is the monodromy matrix. Its eigenvalues, w; with i=1,2,...,N, (called Floquet multipliers) determine
the stability of the periodic orbit. The orbit is linearly stable if | p; | <1 for all I, otherwise is orbit is
considered unstable.

The system of nonlinear equations (10) can be solved with Newton’s method. Each Newton step
requires the solution of the linear system:

o 0 o9
ox(0) oT [ Ax(0) o(x(0), T,1,) —x(0)
&s, o5, {AT }:_[ 5, (X(0), T, %) }
ox(0)  oT

When N is large this is not feasible or practical because the jacobian aa—?:)) must be calculated using
X

finite differences, with each function evaluation requiring the solution of an initial value problem.
Newton-Picard methods such as the RPM seek to reduce the computational cost of the Newton
iteration assuming that there are “a few”, for example m, eigenvalues p of M:=0d¢/0x(0) whose

magnitude is close to 1 whereas the remaining N-m eigenvalues have magnitude close to zero.l
accordance to the case for the arc-length parametrization, the new augmented system is:

T Tpr] [ -t ] pr—f"
1 =

) -I—n+1 Tn + asp/ap ST Spn
i) QF"™ =QF" +QF"AT"

The algorithm for the Newton-Picard iteration is as follows:
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Algorithm 2.

Initialization: Z= 0; define tol; define Ny N=0; ds; (X(0) T ,Ay0); step size = dy; X(0)rer = X(0)
while (Y< Ymax)

(i) evaluate 9° = (x(0), T A,);

(i) define hie= h(x(0)®,TO,):

(iii) Fluent: evaluate ¢'— @(x(0)®, T®, 1.); r = ¢*~ ¢°
(iv) Evaluate @1 :=0¢/0T
v=0,m=0
while (||r]|,>tol)

V) 2 Z7¢% G ZTg" q—o(x(0), T Ap)-Zz;

g« (pl_ VAS Sp Pinit ((Pl - X(O)ref);

(vi) evaluate derivative [@,Z]; H — Z' [¢xZ];

w (2] 2ol
6T h it Z D e @1 ~Sp

(viii) z = z+37; qe— ¢*-ZL+(9r-Z(Z" 9r) OT;
X(0)«— Zz+q; T<T+0T;

(ix) Evaluate: ¢ (x(0), T, A,) ; r= 0™ o(x(0),T,A,); ¢°=¢;
(X) nen+l

if (N=Nnax) then

(xi) increase m; update basis Z; compute H— Z'[¢,Z]
(xii) n0

endif

endwhile

Ap =Ap +O)p;

endwhile

2. 3. 3 Implementation details

For the implementation of the computational module, information must be exchanged with Fluent in
every outer iteration, i.e. each time Fluent is executed. First of all, the solution vector has to be
delivered by the module in the beginning of CFD iterations and it must be read back by the RPM once
the predefined number of inner, or CFD iterations, is reached.

It is also possible to have the CFD code read the time-step of the iteration from a file. This is useful for
initial testing, but it is not something that has to be altered once a suitable value is determined. The
number of time steps that the CFD code will perform and the number of iterations per time step are set
in the script that is executed every time that Fluent is called by the module. In addition, for the arc-
length module, the value of the physical parameter that is updated by the method must be provided to
the CFD code each time it is executed. For the periodic module, it is the period that is altered at each
iteration and information about the number of time-steps must be given to the code.

3 RESULTS

3. 1 Stationary Solutions

The first task is to trace the stationary solution branch and identify critical parameter values. Each time
Fluent is called, time-integration advances over 15 time-steps with size dt=1 sec. At each time-step, a
maximum of 400 iterations is allowed even though in most cases Fluent reaches the predetermined
tolerance, i.e.1l.e-7, in far less iterations (ranging typically from 10 to 50). The starting point for every
continuation algorithm is a couple of solutions on the branch, here for Re=10 and Re=12. These
solutions are used in order to compute an estimate for the solution in the next parameter value with
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some accuracy. In the course of branch tracing, the RPM-basis, Z, built in the initial parameter values
is maintained for the subsequent ones, adding to the economy of the method.

The implementation of the arc-length continuation method imposes convergence on the stationary
solution branch for Re values well passed the critical value. By monitoring the eigenvalues of the
reduced jacobian matrix H, defined in (4) it is possible to determine the critical parameter value. This
is achieved with minimal extra cost since the size of H does not get larger than 6 x 6. Here a Hopf
point is found at Re ~ 44 which is considered in good agreement with other findings taking into
account the various values found in the literature, i.e. at Re~46.5 (Henderson 1997). A typical
stable, stationary flow (Re = 41) is shown in Figure 1a, whereas a typical unstable stationary flow (Re
= 157) is shown in Figure 1b.

At the Hopf point a pair of conjugate complex eigenvalues crosses the limit of stability, the unit
circle. The spectrum of H just before and just past the critical parameter value are shown in Figure 2
showing this transition.

An interesting by-product of the method, is the dominant eigenvector of the problem at the Hopf point
that can be reconstructed from the eigenvectors of the reduced jacobian H. If y; € R'z*!z contains the
Iz eigenvectors of H then the eigenvectors of the full-sized problem a given simply by y=Z y-. The
eigenvector corresponding to the y-velocity component is shown in Figure 3.

(@) (b)

Figure 1: Typical stream functions of stationary flows (a) stable flow; Re=41, (b) unstable flow;
Re=157.

These reconstructed eigenvectors correspond to the critical perturbation that leads the solution to
transition to time-periodic states in two dimensions. In the case of stand-alone CFD codes, the
stationary solution perturbed with the reconstructed eigenvector can be used to initialize the iterations
so that the periodic state may be reached.

Re =41.2106 Re = 441328

05 1 05

05+ R 05+

Figure 2: Spectrum of the RPM-derived matrix H at Re = 41.2106 (just before the Hopf point) and
Re = 44.1328 (just past the Hopf point).
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Figure 3: Reconstructed eigenvector of H at the Hopf point (y-velocity component); this is the critical
disturbance that leads to periodic states.

3. 2 Periodic States

Periodic states with the stand-alone Fluent code can be approximately defined with the help of phase
portraits that can provide a very rough estimate of the period at a particular parameter value. This is
useful as a first step for the application of the proposed computational module. It is easier to start with
a point further away from the Hopf bifurcation, here at Re=113 and move-in toward it.

A typical phase portrait for the solution at his parameter value, shown in Figure 4, is formed by
plotting the y-velocity component, vy, at a random point in the geometry, v,, against its value at
another one, vy, at each time step. The inset is a blow up of the starting point and the ending point of
the periodic oscillation that coincide forming a limit cycle.

-0.01

v, (mfs)

-0.02 -

-0.03
-0.015 -0.005 0.005 0.015

vy (m/s)

Figure 4: Phase portrait, Re=113. The inset shows the starting and end points of the limit cycle.

The time-step set in Fluent has to be properly adjusted for the computations to be economical - in
terms of computational time - without sacrificing the accuracy of the results. Here the time-step is set
to 0.13, roughly 15 % of the period that was approximately computed in the initial step.

Solution multiplicity is shown clearly in Figure 5 where a value, vy, of the y-velocity component in a
random point in the discretization is plotted over Re. The branch of stationary solutions (cf. Figure 5,
solid line) loses stability past the Hopf bifurcation at Re = 44 (cf. Figure 5, dashed line). A branch of
stable periodic solutions emerges at the Hopf. The black circles in Figure 5 represent the minimum
and maximum values of v; in the time-span of one period. The stable periodic solution and the
unstable stationary solution for Re=103 are shown in Figure 6.

In non-dimensional form the frequency of oscillations is given by the Strouhal number St = d f/U, f
being the frequency. The typical Reynolds-Strouhal number relationship that characterises the flow
around a cylinder is reproduced here with accuracy (Figure 7 vs. Figure 3 in Henderson 1997).
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Re

150

Figure 5: Multiple solution branches: Stable steady states (solid line), Unstable steady states (dashed
line), minimum and maximum value of v1 (circles). Hopf bifurcation (red circle) at Re ~ 44.

@)
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Figure 6: Streamlines of stable periodic solution (a) and unstable stationary solution (b) at Re=103.
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Figure 7: Evolution of the frequency of periodic oscillations: St vs Re.
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4. CONCLUSIONS

The proposed computational module broadens the capabilities of commercial CFD software with
minimal extra computational cost. Codes such as Fluent can be used for tracing efficiently entire
solution branches even past critical parameter values where the states are unstable. Stability is
determined by solving very small eigenvalue problems (typically O(10)) as a by-product of the
method. Making nonlinear analysis available without having to resort to home-made codes is
important for the understanding of complex physical phenomena. The existence of multiple states for a
range of physical parameters is correlates to the different mechanisms that dominate each state.
Therefore the end result of the process may present significant differences for the same parameter
values.
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HHEPIAHYH

v mapovca Epevvo peretdtor to CPS (Capillary Porous System). IIpokettan yio pio o1dtagn mov
opPileTol Ge TPYOELDN POIVOUEVO YOl TNV TTOPOYN LYPOL UETGAAOL KOl TNV OVATPOPOJOTNGT TNG
TOGOTNTAG TOV 7OV &ivol og emapn pe To mepPdiiov mAdopo. H mapomdve dtopdpemon pong
UEAETATAL MG EVOAAUKTIKT AVOT Y10 TV OAYWYN TOV TEPACTIOV TOGMY BEPUOTNTAG TOV TOPEYOVTOL
KOTA TV ovTiopacn cHVTNENG Kot TNV TPOPLAAEN TOV TOYY®OUAT®V TOL AVTIOPACTIPN. XVYKEKPLUEVA,
UEAETATAL 1] OTATIKY SIOUOPPMGT TOV VYPOV HETAAAOL UE TNV TOpoLGio 1) Ol NAeKTPKoy Ttediov. To
Vypd péETaAAO TTopéyeTor amd pio OeEaev TOV TOPAUEVEL GE LEYAAVTEPT TTiEoT 0T’ OTL TO EEWTEPIKO
pevotd. H péB0d0c TV TEMEPUSUEVOV GTOLXEIDV YPNCLLOTOLEITOL MOTE VO amokoplotel To uéyebog
Kol TO OO TNG «OTayOVaS» Tov dtopopemvetal Tave oto CPS cuvaptiosl g ntdong mieong.
Kotomw, eicdyovtog Tig NAEKTPIKEG TACELG OTNV JEMPAVELD LEAETATOL TO GYNUOL TG MG GLVAPTNON
™m¢ mpoovoeepbeicac Pabuidag micong, Tov e€mTEPIKA EMPAALOUEVOL NAEKTPIKOD TESIOL KOl TOV
AOYOL TV OMAEKTPIK®V oTofepdV. XTN CUVEXEW, YIVETOL MO EKTIUNGT TNG OMOY®YNG TNG
pooninTovcsog Oepuotnrag, cvvumoroyiloviog v aywyn g Oepudtrog péca oto CPS kou
«OTOYOVOY, TNV GLVOYOYN LEC® TNG PONG TOL VYPOV UETAAAOL UECH GTO TOPMIEC VTOGTPMLLO KOOMG
Ko v AavBdvovsa Beppotnta eEdTong tov. Me Bdon ta amoteAéouato, pHeydAn mocoTnTa aepiov
MBiov avapévetar oty meployn tov Scrape Off Layer pe v omoia Ba givol og emoen, LoAdVovTog
€101 10 TAdopa. Télog, peleTdton 1 pon TOL VYPOV HETAAAOV PECH OO £va TOPO Kol amokopiovton
YPNOUA CUUTEPACUATO OGO OvVOPOPE TNV GAANAETIOpOoT TV Kuplapymv duvipeny mov Kabopilovv
v pon.

AéEerg Khewona: PFC, CPS, diemeavela, anaywyn 0sppuoétntos, TpiyoEdn gaivopeva

1. EIXAT'QI'H

210 TAQIO0, TOV TPOYPAHATOS TNG EAEYYOUEVNC Beppomupnvikng odvinéng, og koaiplo {iTnua
ovodelkvoeTor 1 teYvoroyio mov oyetileton pe TNV OAANAERIOpOON TOL TAGCUATOG KoL TOV
TOYOUATOV TOV OVTIOPUCTNPO. XE UEYOAEG SLUTAEELS TA TOYYMUOTO OVTE B0 VTOKEIVTOL GE TEPAGTIN
Oepuikd @optia, Kvplwg koTd TNV Oldpkeln peTafoTiK®V aotabeidv tov mAdopatoc. ‘Etol, ta
Toyyouato gpeavitouv tpofAnuota mov oyetilovror pe v ddPpwon, T Bepuikég tdoeig k.a. I't
VTOVG TOLG AGYOLS 10 SLPOPETIKN TPOGEYYIOT| £xEL TPoTaDEl Kot ePapUOLeTaL TEWPAPATIKA Kot Eivor
N OVTIIKOTACTACN TV OTEPEDV OTOWEIDMV TOL OVIWETORILOVV TO TAACHO omd VYPA UETAAAO,
Christofilos (1989), pe emkpatéotepo 10 AiBo (Li). Ta vypd pétadho mop€yovv, €KTOC Amd TNV
eEareyn Tov Tpoovapepbiviov nmmudtev, v Beltictomoinon ¢ anaymyng Oepuodtntog omd ta
toyopota. Téhog, epapuolovtar og popen: o) 1let, Gomez et al. (2011), B) otayovav, Pelekasis et al.
(2014), v) vypov vuéva, Ying et al. (2000) kot d) péow pog ddraéne mov otnpileTon 6€ TPLYOELDN
eawvopevo, (Capillary Porous System - CPS), Golubchikov et al. (1996).
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E@dcov o1 Beppokpaocieg katd tnv Aettovpyic Tov ovTdpacTpa €ivorl LYNAOTEPEG OO TO OMUELD
&G Tov Mbiov (180.54°C), awtd Oa eivar og vypn kotdotaon. ‘Etot, 1o Aibo avtipetonilel kamolo
TEXVOAOYIKG TpofAnpata mov oyetilovtal kupimg HE TIG MAEKTPOUAYVNTIKEG OVVAUELS KOTA TNV
dudpkeln TV payvntoddpoduvakav actabsiwv. H ypnowonoinon tov ABiov ¢ éva vAko e
YOUNAS atopukd aptBpd, £xel moAAE TAEOVEKTAUATO £VAVTL DMK®OV 6mwg o dvBpakag (C), To fnpviio
(Be) kot to PBorppduo (W). H ocopPatdétntd tov pe 10 mAdoua sivar 1o Kuplodtepo, Omwg €xel
dmotwbel Kol o8 0pKETE TEWPAUATAL.

H npdtaocm ¢ ypnotomoinong e ENPAVELNKNG TAoNS LE GKOTO TNV VGTABELN TOV VYPOD UETOAAOD
Paciomnke otv 10éa g avTiotdbuong tov dvvdpeny Lorentz amd Suvapelg AOy® ETPOVEIOKNG
Tdong péca oe Tpyoewdn kavdAia, Golubchikov et al (1996). Ta tpryoedn avtd kovdiia omd
poAvBoaivio (Mo), avoleidmto atcdi (SS), Bavado (V) 11 Borppduio (W) katackevdalovtol amd
TMEMEGUEVO CUPUOTO GE LOPPT| TAEYLOTOG Kot ival Yvootd o¢ CPS, oynua 1. 'Etot, to CPS Bacileton
oV Yoén Tov avTdpooTNpa Kupiog pécwm g AavOdvovcsag Oepuotnrag e&dTiong tov LYPOL
petédAlov. H ypnoyomoinon tov vypod petdAiov opeileton otnv LYNAN OepUoy®@pNTIKOTNTA TOL TO
yopaxtnpilel KOOIGTOVTOC TO OMOTEAEGUATIKO otV omaywyn Oeppomras. 'Eva yopaxtnplotikd
mapaderypa CPS eivar avtod 1o onoio ypnowponoteital oto FTU tokamak (ENEA, Frascati), oyfua 2.

N

. & oo B &
Tyipa 1. CPS and mhéyn

U W e SO N NN Y
Mo A) pe Li kot B) yopig Li, Mirnov et al. (2006)

X
oo,

lithium CPS
/

lithium limiteg

Xype 2. To CPS oto FTU tokamak: A) oynuatiki avamopdotact pe avakvkiopopio vepov, B)
Tpoyuatikn wova, Vertkov et al. (2014)

2. MEAETH XTATIKHX AIAMOPO®QYXHY TOY YI'POY METAAAOY XTO CPS

2.1 Movtehomoinon Tov TPofALaToS Kol VITOAOYIGTIKN ETilvon

Apycd, eetaletar n oTATIKN SIOUOPPMCT] TOV VYPOV UETAAALOL VD otV Top®dON d1dtaln Oviog o€
emoen pe 10 mAdopa, oynue 3. To vypd pétario mapéyxetor amd pio SEEOUEVI] TOV TOPUUEVEL GE
peyaAvtepn mieon o’ O6tL t0 €€TEPIKO pevotd. Extdg g Pabuidag g mieong, ot duvapuelc Adyw
TPLYOEWODV PUIVOLEVOV GUVEIGPEPOVY GTHV OVOPPIYNON TOL PEVGTOV HEG® TOL TOPov. To vypd
UETAALO «KABETOY GTO TAV® PEPOG TNG TTOPMOOVG dtdTaéng, N omoia Tomobeteital 6T0 E6MTEPIKO EVOC
ovVTIOPOOTHPO. Zov Mo TPOTN TPOSTAOEID KOTAVONONG TOV (QUIVOUEVOV 7OV VIEIGEPYOVTOL
VTOOETOVLLE TOV AVTIOPUCTIPO MG EVOL NAEKTPIKO TUKVMTY OV OMLovpyel £va OLOYEVES MAEKTPIKO
nedio, E=d®,,/dze,~ae, 0>0. To parvopevo kabopilerar amd to kabeto 100lvy1o tdoewv mhve otV
dlemodveio:
n(P,-P,)I+n (

out

" —re“”’)+n2H0'=0

e (D)
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omov, @, eivor To NAEKTPIKO SVVOUIKO 6TO TEPIPAAAWDY PEVLGTO, a 1] KAIGT) TOV NAEKTPIKOD SVVAULKOD,

out

E 1 évtaon tov niektpikov nediov, P~ Poy 1 Pabuida g micong, H n péon xopumvAidmra, Té” , T, ol

e

NAEKTPIKEG TAGELS GTO VYPO PUETOAAO Kol GTO TAAGLLO, avVTioTOY !

L]

1 .
=g, (ElEj —55 EE/) , k=in, out )
k

G 1 empavelakn téorn kot [ o povadiaiog tereotng. TéLog, n gival To povadiaio didvuoua Tov gival

Kkd0eto otV dtempdveia:

_—ze, +e,
S ®
Pout i T n/
I Rc u) f\

ho

Pin o
reservoir

Yompo 3. ZynUatikn ovomopdoToon TG OTUTIKNG OUdpO®OTG TOL VYPOL LETAALOL

Mo pio ToAd Aent) «oTayovVey VYpol UETOAAOL Tov oynpotifeTor Tave otnv odraln, z<<l, ot
UETAPOAEG TOV NAEKTPIKOD dUVALIKOD otV dlempaveln opifovol o¢ eENg:
oo do ob do dz

“

— X ) ~

on dz Os dz ds

6mov ds=y/1+ 2z dr.

T'a ovykpiowo pAkn TAGTOVE Kol DYOUG TG «oTayovacy TPEMEL Vo epapuootel 1 uéBodog twv
GUVOPLOKAOV OTOLYEIOV MOTE VO VTOAOYIGTEL TO TMAEKTPIKO OLVOUIKO péca Ko €E® omd To vYpod
pétairo. H cvykexpipévn perémn eival oto Gueca HEALOVTIKE GYEOLN TOV GLYYPUPEDV.

v mopovoo epyocia, Bewpdviag To vYpd HETOAAO Kot TO TEPPIAL®V PEVCTO G TEAELM
dmAektpkd amokopilovtaor 600 OYECELG Yo TNV OEMPAVEIL TV OVO pevotdv. Kdbeta oty
SlEmEAvELD 0L NAEKTPIKES LeTATOTIoEIS Elvol {0EC:
do, dd
n = _gin d - = _gout d()”t =
n n

=D

n out

= dq)in — g()ut ch()ut — 80ut VCD a

‘n=——
dn g, dn g, " fixz (5)

Epontopevikd oty SIEMPAvELD 01 NAEKTPIKEG EVTAGELS TOV NAEKTPUKOD TEdioV givorl ioeg:

=¢ FE

out™ out

= gin Ein n

in n

(OX )]
Ein = Eout : d - = d - = V®()M[ : t = aZ, (6)
! ! ds ds N+ z?

Omov t gival To povadiaio S1davoucpa Tov vl EQOTTOUEVIKO TNV SIETIPAVELLL:
e tze,

- \/14—23 @
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Xpnowonoidvrog tnv HEB0do TmV TETEPAGUEVOV GTOLXEI®V Kol Be®@pdvTag aovikn GUUUETPiL Kot
Yvoot yovia eragnc Adveton 1 e€iocwon Young-Laplace yio v diemeaveio (egicmwon 1).

Eniong, ywo v enilvon tov TpofANotog ypnoLUOTOIEITOL TO OAOKANPOTIKO 160LVY10 TNG «OTAYOVAG)
OV SLULOPPDVETOL TTAV® GTIV TOPMAN dStdTaEN:
27 R.

27 R,
[ [ (B~ pghy—P,)rdrd6~| [ pgzrdrd6-270R, sin0+
00 00

27 R,

in out
J- I (TL_T‘—’
00

omov Py, P,y o1 méoelg otn delopevny kol oto WAGOUO, OVTIGTOUY®, P T TLUKVOTNTO TOL VYPOV
uetdAlov, g n emttdyvvon g Papdtnrag, hy To Vyog tov TOpov, O N ywvia emaeng kot R, o pikog
NG «OTUYOVAG» GTOV 0pLiovTIo AEoVa.

ymd9=o @®)

Ot cuvoplokég GLVONKEG EMTACCOVV:
dz dz
= =0, =
dr|,_, dr

=tan0 )

r=Rc

2.3 ATOTELEGLOTO KOL GOUTEPAGUOTO

Apykd, yopic v gpappoyn Tov nAekTpikov mediov, amokopifovial To péyebog Kol To oYU TNG
«OTAYOVOG» TOL JAUOPPOVETOL TAVED otV Topdomn ddtaén. ‘Etol, petafdiiovtog ) Pabuida g
mieong mapoTnpeiTon OTL OTOV OVTH ALEAVETOL, TO HEYEDOC TNG «OTAYOVAG) LEWdVETAL, oyNua 5. Ereidn
To TTPOPANUE OV peAeTdTOl givarl aEOoVOGLUIETPIKO, £xel emAeyDel ota oynuato Lovo To HGo NG
KAOETNG TOUNG UE TN «OTAYOVOY. L& OAEG TIC TOPUKAT® TEPITTOOELS EMAEXONKE TO Ao @G VYPO
UETAALO, LE TIG PLOIKEC TOV 1010TNTEG Vo avapépovtal oto Golubchikov et al. (1996). Zvykexpipéva,
ypnotorombnke ot otovg 200 °C p=536.4 Kg/m® ko 6=0.3686 N/m, g=9.81 m/s” kat h¢=5-10"m.

0.004

0.003 T — P, P, =60Pa
- ——P,-P_=80Pa
0.002 - . P,-P_=100Pa

2(m)
!
!
!

0.001

0.000 T T T T ~ T T T T a T 1
0.000 0.002 0.004 0.006 0.008 0010 0.012 0.014 0016 0.018

r(m)

Tynpa 5. Ztatikh Slopope®ON TG «OTAYOVAG) YOPIc TNV eMPOAN eEMTEPTKOL NAEKTPLKOV TESIOV Yl
dtapopeg Pabuidec g mieong

Orav epappoletor niektpkd nedio Evraong a=0.13 V/m (Pelekasis et al. (2014)), kot gou/€i= 30 tOTE
mopoatnpeitat 1 1010 CLUTEPLPOPA 0G0 avaPopd To HEYEDOG TG otaydvog cuvaptioet g Pabuidog
mieong, 6mwg kot yioo a=0 V/m, oynua 6, pe v dopopd 6t 10 péyebog e otaydvog eival EPQOvVOS
UIKPOTEPO, KATL TOL POIVETOL KOADTEPA GTO YU 7, OOV EMAEYONKE o evOEKTIKY fodpida Tieonc
80 Pa.

0.00075 -

P -P_=60Pa
Pt
P -P_=80Pa
i
P -P_=100Pa
nPoul

0.00050 -

z(m)

0.00025 4

0.00000 T T T T T T T T I\ 1
000000 000025 000050 000075 000100 000125 000150 000175 000200 000225  0.00250

r(m)
Zype 6. Ztatikn SLoUoOpe®GON TG «OTAYOVACY, Tapovaia eEmTeptkol NAekTpikod ediov a=0.13 V/m
KoL Eou/€n= 30, Y10 dStdpopeg Pabuideg tng mieong
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0.0020

0.0015 \\\““«\1 —— without electric field
with electric field

£ 0.0010

0.0005

0.0000 ; T T J
0.000 0.002 0.004 0.006 0.008

r(m)
Tympa 7. ZTaTikn SpoOpemoT TG «GTOYOVAG), TOPOVGia Kol Oyl EEMTEPIKOD NAEKTPIKOD TTEdIOV, Yia,
Ap=80 Pa, a=0.13 V/m a1 &,,/€;,= 30

21 ovvéyeln, dtnpavog Ty Paduida tng mieonc Kot Tov AOY0 €../€n oTabEpE Kot ioa ue 80 Pa kot
30, avtioTotya, Aapupdvovtal oto oy Kot To péyeboc e «otaydvacy yia didpopa nhektpikd media,
oynua 8. Tloapatnpeiton 6tL 10 pé€yebog NG «oTAYOVOCH UEWMVETOL OLEAVOVTOG TO UETPO TOL
NAeKTpKOD TESTIOV, ONANOT TO a.

0.00075

0.00050 4 = 2=0.13V/m
a=0.25V/m
a=0.5V/m

z(m)

0.00025

0.00000 . = : : i
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

r(m)
Typo 8. Ztatikn SIopdpe®GCT TG «OTAYOVAC) TAPoLGio NAEKTPIKOD TTediov Yo Ap=80Pa, &,,/€;,=30
Ko yio 01dpopa LETPA TOV NAEKTPIKOD TTedion

Téhog, dutnpovrog otabepd niektpikd medio, a=0.13 V/m, kot otabepn Pabuidoa g nicong, Ap=80
Pa, mapatnmpeiton 0T1 T0 pEYEBOG TNC «OTOYOVOCH HEWDVETOL CLEAVOVTIOS TOV AOYO TV dVO
OMAEKTPIKDOV OTOOEPDV Eqyi/Ein, CYNUA 9.

Xvvoyilovtog, 1 avénon g Pabpidag g mieong, Tov UETPOL TOV NAEKTPIKOD TTEdiov KoL TOL Adyov
Eou/E€in CUVELGQEPOLY OTNV UEION TOL UEYEOOLC TNG «OTOYOVAC) TOL OLUUOPPOVETOL TAVED GTNV
Top®dN ddtaln. EmmAéov, ot nhektpucég TU0ELG GTNV JIETLPAVELL 001YOUV GE UElMOT TOL pHeyEBovg
NG «OTAYOVAGY, LLE TO CYNLO TNG O OAEC TIG TEPITTAOCELG VO, TAPAUEVEL Tapopoto. Térog, To péyebog
TOV TOPOV KoL 1] TUKVOTNTE TOVG dev emnpedlovv TV GTOTIKY O1opdpe®oT Tov VYPoL petdAiov. To
péyebog TV TOPp®V Kot 1 TVKVOTNTA Tovg Ba kaBopilovv TNV SLVOUIKT GUUTEPLPOPA, TNV EDPECT TNG
TayOTNTOG UE TNV omoia Oa fyetl To vypd pétailo ££® ammd Tov TOPO KAl iIomG EUTOdicOVY TNV emiTELEN
TNG OTATIKNG SIOUOPPOONC.

0.00075 —

nnnnn

0.00050 et A O T e B

z(m)

0.00025

0.00000 . , . ! S .
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

r(m)

Typa 9. Ztatikh] SIopoOpe®ON TG «OTaYOVaG» Tapovaio niektpikol mediov a=0.13 V/m yuo Ap=80
Pa kot yio S16popeg TiEG Tov AGYOL TV 600 SIMAEKTPIKGV GTUOEPDV Eoy/Ein

2.2 Meghétn ™G peTa@opag Oeppuotnrog
2NV OTOTIKN S10UOPPMOOT] TOV LYPOL HETAAAOV OV VTAPYEL UETAPOPE BepudTNnTOg HE GUVAY®YN.
"Etol, KoTaoTpdveTon apyikd 160l0yo ya dedopévo mpoomintov mocd Ogpupotnroc " (W/m?),
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aQOIPOVTOG TO TOoO OV OKTIVOPOAEITOL GTO TOLYMUATA TOV avTIdpacTipa (non-coronal radiation
shielding) kot ayvodvtag apylkd TOo NAEKTPIKO Kor T0 poyvntikd medio. ‘Etol, n amoyoyn g
Bepuomtog yiveton pdvo péow g Aavidvovoag Beppotnrag eEAtpiong Kot T HETaPopd BepuoTnTog
HE aymyn ot «otaydvay kot oto CPS:

T
§" = k-2“—" & Lpu (10)
h

omov ¢" n Beppopon, k n Bepukn ayoypomra, T, Tox 1 Oeppokpacio Tov Mbiov otny de&apevn kat
ovt) €€ and to CPS, avrtictowya, h 10 dBpoicua Tov Lyovg Tov CPS Kot Tov ThYOVE TG «OTUYOVAGH
oL oynuatileTon Tave oto otePed VIOoTPWLA, L 1 AavBdvovca Bepprotnta eEdtiong tov Mbiov, p n
TUKVOTNTO, Tov ABiov Kot u M ToyLTNTA Tov. Qg Beppoxpacio g dempdvelng AMBiov-TAdoUaTOg
Ozwpeitar avt oL givarl og 1ooppomio pe v eEmtepikn migon. H tehevtaia eivon mepimov avth TOL
Kevoy kot e Pdon v oyéon OBepuokpaciog/tdone atumdv tov Abiov mpokvmtel pia Oeppokpacio
nepimov 500° C. H mopandve oxéon (10) diver o extipnon tov pubuov eEdtuong, m" = pu , TV
MBiov. To {nrovuevo eivor va emtevybel oyxedoopuog tov CPS o omolog Oa drotnpel Tov ev AoY®
pLOUS KdT® amd Eva KOTOEAL TEPAY TOL OMOIOL LIAPYEL KIVOUVOG avavVTIGTPENTNG LOALVONG TOL
TAQGLLOTOG GTOV TUPHVOL TOV OVTIOPACTAPA. XTO GYUa 40 QaiveTal £vo OTAOTONUEVO LLOVTEAO TOV
OepLukov mpoPAnuarog.

0 First wall ! Transpiration cooling
> > > > > ¢,%non-coronal l l plasma heat flux l - l l l
g 4 ‘ ‘ l radiation
—  plasma heat flux
Pin® Pout [ B

$
T —

AT, h=hcpsthy i | H H H H H
pLEney :::';‘ SE— Porous matrix

T: = 200°C (@ Li reservoir ®
Yympo 4. Amhomomuévo HovtéLo Tov Bepitkol TPOoPANLATOG VTTOBETOVTAG 0) GTATIKT JAUOPE®O
Kot B) transpiration cooling

To mopandve oolbylo Bewpel otatikn Acttovpyio ™ odrtaéng. Ouwmg, kot yuoo apkeTd LYNAEG
Oepuropoég 10 otpodpa vYpoL ABiov otnv Kopven Tng owtatng Bo avaiwbOel ypnyopa kot Oa
akolovOnoel e€aton tov Abiov mov mepigyetanl péso oto CPS. Tty mepintwon vt Opmg AOym
TOV TPLYOEW®OV dLVALE®V Ba vIdpYEL HETAPOPE ToL ABiov amd To reservoir (amobnkn) mpog v
dlemedveln pe 1o TAdopo. AapPavovioag VoY Kot Ty Guvaymyn e eppomrog LEom TG PONg TOV
MBiov atoug TOpovg, oynua 4B, 1o 160L1Y10 TG EvEPYELOG TOV d1€mEL TO TPOPAN A Elvar TO axdAovBo:

" " __ " " _ aT _ . aT _
q9 +q,=49, =9 +pCpuTx=H ka—xx:H —pCpuTg =q kax:H =Lpu, (11)
omov L ECFT‘ —cpT‘l. Eniong,
g
oT or
pC ul — k— =| pC ul —k— = pC uT —q+ Lpu =
? ox ’ ox P laen
x=0 x=H
oT
= ¢ = Lpu+ pC u(T,~T,) + k— (12)
P
ox
x=0

Amo v eElowon 12 gatvetal 6t 1 amoywyn g Beppotrag yiveton amd v e&dtiuon (TpdTog 6pog),
™ ovvaywyn N Tpobépuravon tov ABiov péoa oty mopmon ddtaEn (devTEPOG OPOG) KL TNV Oywyn
(tpitog 0p0Cg). PePOVTOG HOVOSIACTATN LETOPOPA O18 OY®YNG KOl GUVOY®YNG HEGO GTIV TOPMON
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duataén, o Opog NG OYWYNG €lvol YVOOTOC Omd TNV OVOALTIKNY emilvor Tng dapopikng e&icmong
ouvaywync-owvone. Erouévac, n e€icwon 12 yiveta:

1
i = Lpu + pC u(T,~T, )| 14— (13)
9 P P r ( " 0) epCpuH/k

omov Ty —Ty n Swapopd Beppokpaciog kKatd piKog e avamTvéng Tov vypov Abiov péca oto CPS, C,
N BeppoyopntikdtnTa kot H 10 Yyog vypov AMbiov péca oto CPS. Téhog, ol dgikteg 1, g avapépovton
GTNV LYPT Kol TNV 0€PLa KATAoTOOT TOV ABiov, avticTolya.

H toydmmra tov pevotod péca oto CPS AapPdaveton amd tov vopo tov Darcy, mov amotelet
LOKPOOKOTIKO GTOTIOTIKO 16000vapo tov eélcmcemv Navier-Stokes kot divouv pior Tpocéyyion g
ToOTNTOG:

20
—+Ap—pgH
u=¢p X k (14)
p uH p
omov @, t0 mopddeg tov CPS, w, p 0 Svvapkd EMdeg kar 1 TokvotnTo Tov Abiov, k, 1 Pvow
SmEPATOTNTO, G 1) EMPAVELNKN TACT), g 1 EMLTAYVVOT TG PapvTnToc Kou R 1 axtiva tov ndpov.

00 avogopd 1o Oepuikd TpdPAnua, péom e eéicwong 14, vrobétovtag 611 T,y =500°C, T,=200°C
Kol TOipvovIog TIC TIWEG TV QLUOIKGV WoThTtov Mbiov amd tovg (Golubchikov et al. (1996))
Ppioketon M oykopeTpikn mopoyn Tov ABiov HEGO OTO TOPMOEG CLVAPTACEL TOLv Vyovg H mov
KataAapPavel To vypo Moo péoa oto CPS. Me Bdon ta mapondve, to 1oolvyio (€. 13) mapéyet v
Oeppopon Tov amdyeTal e TOV TUPATAV® UNYovicid cav cuvaptnon Tov Hyovg H tov vypov Abiov.
AvEavopévng g Bepuoponc amd 10 TAAGHO aEAVEL GLVEX®DG 1| OYKOUETPIKY TTOPOYN TOV PELGTOV
OV OTOLTELTOL Y10l TV AAY@Yn TG OeproTNTOg Kot EMOUEVMG LEIDVETOL TO VYOG TOV KATAAUUPAVEL
70 VYpO AlB0 péca oty mop®dON dwdtaln evd ov&dver 1 palikn mapoyn eCatuildpevov Abiov.
g€ationg. Me tov tpomo avTd TO UEYOAVTEPO TOG0GTO NG Oepudtrag, 94.4%, amoppopdtol LECH
g e&dtuiong tov Abiov, eved PESm cuvaymyng 5.6%, evd pe TNV OTATIKN OlOUOPPEOCT] TOV
meptypdpel to 16oldyto (€€. 10) n BepudTTO OMAyeTOl OYEOOV AMOKAEISTIKA HEC® eEATIIONG KAODG N
ayoyn etvar apeintéa. Onmg avaeépdnke Kot Tapondve, 6TnY TEPITTOON AVTH AVOUEVETAL YPTYOPN
avéiwon Tov e&mteptkod VYPoL Abiov, evd Yo TOAV vynAEG Bepropoés Ba vTapyel KaTavAAwmon Kot
Tov MBiov oto CPS pe kivdvuvo gumhoxng tov Abiov 610 reservoir.

Kot otic dvo mpoavapepbeiceg mepmT®CELS, N OYKOUETPIKY TAPOYN| OVOUEVETAL [T PEOAIGTIKN KO
OPKETE LEYAADTEPT) OTTO TIG EMTPENTEG TYUES KOL TO LEYAAN TOGH BEPUOTNTOC TOV TPETEL VO, ATTAYOVTOL
péow e€dtonc Bo odnynoovv ce 1epdoTia cuykEVTpOn aepiov ABiov oty meployn SOL (Scrape Of
Layer), xdt1 0 onoio dev givar emBounto apov poivveton to TAdoua. Qg SOL opileton | meployn tov
TAAOUATOG TTOV YopaKTNPileTon amd avolyTtég SUVOLUKEG YPAUUES, 01 0TToieg EEKvODV 1 TEAELOVOLV OE
Lo LETOAMKY empavela. v Tteployn tov ektponéa (divertor), n SOL, 1 omoia Ppicketar £ amd to
separatrix, omoppoPd TO UEYOAVTEPO HEPOG TNG EVEPYELNG KOl TOV COUATIOIMV ond To TAACUO
UETAPEPOVTAG TO LEGH TOV SVVOUKDV YPOUUDV 0TS TAGKES Tov ekTponéa (divertor plates). Xvvenamg,
ovty M Tepoyn €lval TOAD ONUOVTIKY YO0 TOLG HEALOVTIKOUG OaVIWOPOCTAPEG EAEYYOLEVNC

Oeppomupnvikng cuvVINEnc.

3. MEAETH THX POHX TOY YI'POY METAAAOY MEXA AIIO 'ENA IIOPO

3.1 Movtehomoinon 1ov TPOPAIATOG KOl VITOAOYIGTIKY ETiAvon

Onwc pavnke amd v peAETn TG HeTapopds Beppotrag, kouio amd Tig 000 Bempnoelc dev amodidet
PEOMOTIKE amoTeAESHOTA, aPOD 0dNyoLlv o HOALVON TOL TAAGHOTOC AOY® TOL aéplov Mbiov.
Xpewaletar, emopévmg, pio GAAN dwdtoén, O6mov 1 cvvaywyn 0o CUVEICPEPEL TEPIGGOTEPO CTNV
anoyoyn Oeppomrag. Ttn odraln mov mpoteivetar, oynfue 10, Aappdvovior vwoyn eovopeva
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CUVOY®YNG TNG BeproOTNTOC HEGH 0TV TTOPpMIN dtdTasn kabmg Kot 6Tov VYpO VUEVA TOV oyNuoTileTol
VO otV JdTosN.
l l ? l /1\ i ? l plasma hea:fluxl

h i
! vapor shield

- |
B evaporation Pout 3
Y me— | . p————hgonvection
Y v

conduction

LT 0
I

Li flow

Yyqpe 10. Zynuotik) avorapdotacn g pong péca oto CPS, cupreptlopfavopévon Kot Tov vypou
vuéval

Q¢ TpoTO Pripo, LEAETATOL VTOAOYIOTIKA, UE TNV UEDOOO TOV TEMEPAGUEVOV GTOYEIWDV, 1| pOT| LEGH GE
éva. mOPO €101 Mote vo emtevyfel o TPOTN EKTIUNGT OYETIKA HE TNV GAANAemidopacn TV
SlopopeTIk@Y  duvdpemy mov AapPdavovov pépoc. ‘ETol, ayvodvtag TIC aOpOVELNKES OLVAUELS,
AapPavetor Eva dve 0plo TG ToyDTNTAS LE TV 0moia T0 VYPO PETAAAO EEPYETOL ald TO Topddes. Ot
diémovoeg adboTateg eEloMOELS Elvat:

To 16olbylo opudv:

~Vp+WeV -1, —Boe, + Bo,, (-V®, +uxB,)xB, =0 (15)
H e&iomon g ouvéyetag:

10 ou

() +—==0 (16)
r or oz
H drotpnon tov nAextpikod duvopkov:

1 Ou ou
Vo = =_ 90 (17)
r 06 0z
[Mave oy dlemeavela 1GYOEL 1] KIVILOTIKT GuvOnKn:
0 18
N (18)
or
eVD 10 KGBeTO 160LVY10 TACEMV TAV®D GTNV SETPAVELN SIAUOPPDOVETOL OC EENG:
, ot n

(P—Werv)n+nBoE,(f;”—r:”t)=— — (19)
To vypd pétorro kot o mePPAAL®V pevaTd BempovvTon TéAELD SINAEKTPIKA:

8q)in _ 8q)out & aq)in =c a(Dout

Os as =" on " on (20)
To 16olvylo palag Ba SdoeL TNV OYKOUETPIKN TOPOYN:
Hu ‘ndA, = ” u-ndd,,, Q=v,7R; @1
Ain Auu/
omov:
1 .
i =g, (EiEj _§d=fE"Efj .ue k=in, out
k
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R2 A X,ABZRZ 2R R R
Bo=P8% et By =200 gy =90 ;9% o vV,
o o o o phy =

T,, T, , OL 1EMOEIG KOl Ol NAEKTPIKEG TAGELS, avTiotoa, Pj, TO NAEKTPIKO SVVOUIKO PEGH GTO VYPO

UETOAAD, U 1 TOYVTNTO TOV VLYPOL HETAAAOL, LE Uy, U, Uy Ol CUVICTMOOEG TNG U OTNV €y, €, Kol €,
devbuvon, avtiotorya, By to pétpo Tov payvnrikod nediov, Q 1 OYKOUETPIKY| mapoyn Kot Ry 1 aktiva
Tov opov. TéLog, ta povadtaio dLovOCUATO KAOETO KOl EPOTTOUEVIKA GTNV JIETPAVELN EIVOL:

_—fe t+e, t_er+f,ez

B \/1+ff ’ _\/1+ﬁ2

(22)

1+ f7
~f,

Egappolovtag v p1éB0d0 TV TETEPUSUEVOV GTOLXEIMV EKTIUATOL 1) TOYVLTNTO OTIV £€£080 TOL TOPOUL.
XPNOHOTOIOVTOG VO OKTIVIKO LOyVNTIKO eSO Ol S1dpopeg OLUVALELS TOV OAANAETIOPOVV givan o) N
dapopd mieong kotd unkog g mopmdovg ddrtatng, P-P,, B) n tpryoedng micom, 26cosO/R, y) n
Eddng amdoPeon, puh/R%, kon 8) 1 poyvnrikh amdoPeon, hudB,’. Tia oktivo mopov pe Rg=15um n
mieon AOY® TPLYOEW®V PalvouévemVy givar aut mov kabopilel mepiocdtepo v TayHTTo TOV AlBiov
péco otov mopo. EmmAéov, pécom tov 1oolvyiov peta&d 1E®OOVG Kol HOyVNTIKNG amOcPeong,
ypnowonoiwviag Be=2T Ppicketar éva dve Oplo g tayvtnTog pe v omoia Ba e£€ABel T0 vYpPO
puétailo amnd tov Topo, ue=0.6m/s.

Kot emiong 1 oktive Kopmohomtag R, =

To vyp6 pétodrho mov avaPAvlel amd Tovg TOpovg Ba dmacel Eva vypd VUEVA 0 omoiog Ba péel TAv® o1
owtaln kot Qo vmoKertol o€ MAESKTPOUOYVNTIKEG Kol Bepuoniextpopayvntikés  (AOY®
Bepponiextpikod eawvopévov) duvdpels. Emopévocg, g emouevo Prpa, epdoov Exet fpedet n taydtnTa
pe v omoia Ba e£EADBeL T VYPO pETaAAO amd TOV TOPO pe peyaivtepn axpifela, Oo eEetachel 1 pon
TOV AEMTOV VUEVA 7OV B GYNUOTIOTEL 0TO TAV® UEPOG TNG mopmOovg dtdtaéng. ‘Etotl, n otatky
SlopdpPmon, mov pHeAeTONKe otV dgvTEPN €vOTNTA, OOl EUTAOLTIOTEL OO TIC OEOVOGVUUETPIKES
e€loMoElg TNG KivNoTMg CUUTANPOUEVNG TNG YVOOTHG TaXDTNTOSG EKPONG 0md TOV TOPO, MG GUVOPLOKN
ouvOnKkn oty demeavela vypov vuéva-CPS. H duvouikn copmeptpopd modd mlavov vo eumodicet
v Onovpyia ¢ otatikng dapdpemons. H dvvopikn avdivon g pong tov vypold LUEvVa, M
guotdfeld Tov Kabdg Kot 1 KavoTnTa TG dtdtadng vo endyst Oepuotnra Bo eEgTootel PEALOVTIKG,
GUUTANPOVOVTOG TMPO, KOL TV GLVOY®OYT], G GUVONKEG TEPIPAAAOVTOS TOL TLPMVIKOD OVTIOPUCTHPA
ovvinéng DEMO.
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SUMMARY

Investigation of the static arrangement in the form of a Capillary Porous System and
capillary fluid motion within a single pore

In this study, the Capillary Porous System (CPS) is investigated, which is an alternative
limiter for the supply of liquid metal as Plasma Facing Component (PFC). CPS aims at
reducing the importance of jxB effects by virtue of capillary confinement of the liquid metal
in the interior of a porous matrix that rests upon the divertor area and provides contact with
the plasma interior. Specifically, the static arrangement of a liquid metal drop that rests upon a
porous matrix is studied accounting for capillary and electric stresses at the interface with the
surrounding medium. The liquid metal is supplied by a reservoir that remains at a higher
pressure than the external medium. Both the liquid metal and the surrounding medium are
treated as perfect dielectrics. The finite element methodology is employed in order to capture
the drop spreading on the CPS interface as a function of the pressure drop between the
reservoir and the external medium. Based on the static arrangement of the liquid
metal/external medium interface, a rough estimate of the heat exhausted via the conduction in
the porous matrix and the drop, the latent heat of evaporation of the liquid metal and the
convection via liquid metal motion within the pores is obtained. The radiation shielding effect
is excluded from the analysis at this point. As the energy analysis shows, very large lithium
vapor concentration levels are anticipated in the SOL with possible reactor lithiation. Thus, a
new configuration is proposed including convection phenomena via a liquid metal film
flowing on the top of the CPS matrix.

Besides, the flow arrangement inside a pore is studied numerically in order to obtain a first
estimate regarding the interplay of the different forces that participate in the motion of the
liquid metal within the porous structure. To this end, pressure drop across the porous matrix,
Po-Pp, capillary pressure, 20cosb/R, and viscous, puh/Ry”, and magnetic, hudB,*, damping
will be accounted for in the Stokes flow regime, in order to obtain an upper limit of the
seepage velocity, u, through the CPS.

10
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NEPIAHYH

H otpot, acvuricot, payvntopgvotodvvapkn (MYA) IAinpog avertuypévn pon evog vypon
UETAALOL EVTOG KOUTVAOL SUKTVAOES0VG Ay®@YoL, VIO TNV EMIdPacT KAOETOL e€TEPUCOD
payvntikov mediov, eEetaletal oy mapovoa epyasio. H perém Ba yivel epappolovrag yio tov
VTOAOYIGUO T®V NAEKTPOUAYVITIKOV TOPAUETP®V TO LovTéLo h-formulation kot yio v emilvon tov
e&iomoemv g pong tn nEBodo CVP. Ta anotedéopato Aapfavovtal yio Sidpopeg TIUEG ToV aplBpon
Hartmann, Tov A6yov KapUTOAITNTOC K KO V1o O1pOopovg AOYOUS TG EEMTEPIKNG TPOG TNV ECOTEPIKN
OoKTivo TOV VTG PEAETN KAUTTOAOL OOKTLAOEBOVS Ary®YO.

Aggarg Kherond: Mayvnropevotodvvapikn Por, Kapmoior Aymyoi, MéBodog CVP

1. EIXATQI'H

[ToAAéc TEPIMTAOGELG LOYVIITOPEVGTOSVVAUIKDV PODYV TEPIAAUPAVOVY POEC VYPDV UETAAL®V GE
KOUTTOAOVE 0yYOVG KUKAKNG SIUTOUNG, OTTMG Y10 TAUPASELY L0 GTV TEPITTMOON TV Oy®YDV EIGOG0V
Kot €£600V TOV TEPIPANUATOC TOV AVTIOPACSTIP®Y TUPNVIKNG GOVINENGC, TAPOAN OVTH EAGYIOTEC
BeoprTiKéc Kot TEPAUOTIKEG EpYacies Exovv dnuoctevtel péypt ko onjuepa (Tabeling & Chabrerie,
1981, Issacci et al, 1988, Moresco & Alboussiére, 2004) .

H poyvntopevostoduvopikny por e avtég Tig TepInTdoel 0émetol and 11§ eiomoelg Navier Stokes Ko
T1c e€lomoelg tov Maxwell. Mo ) peAétn TV PLoyvNTOPELGTOOVVOLUKDOY PODV EXOVV OVOmTUYOEL piol
GEIPA LOVTEL®V, TO KUPLOTEPQ OO OVTA EIVOL: ) TO LOVTELO TOV NAEKTPIKOD SUVOULIKOD TOV
payvntikov mediov (@-formulation), To omoio givorl amAd GtV €QPAPLOYT TOV, EYEL OLLMG TO

UELOVEKTN O TG EICAYEL OPLOUNTIKA COAALATO 5T AVCT) GTNV TEPITTMOGN VYNADV TILOV TOV aptBpon
Hartmann, B) To povtélo tov eraydpevov poyvntikob mediov (b-formulation), to omoio dpwg amartel
TNV EMAVOT EMTAEOV EEICADCEWMV LLE TNV EPAPUOYT COVOET®Y GUVOPLOKAOV GLUVONKAOV, Y) TOL
enayopevou niektpikov ediov (j-formulation), to omoio eniong amattel tnv exilvon emmAéov
e€10MCEMV IE TNV €QUPLOYT GUVOET®V GLUVOPLOK®OV cLVONK®OV (Smolentsev et al, 2010).

Ot Morley et al (2004), ypnoyomoinoav pia vpidikn pébodo yio tnv exilvon Tov aEOVOSLUUETPIKOD
TPOPANLATOG TNG LOYVIITOPEVCTOOVVUULKNG PONG LE EAEVBEPT EMPAVELX, 1) OO ATOTEAEL
ovvdvacud Tov povtélmv e-formulation kot b-formulation, avtipetonilovtag pe ovtd TOV TPOTO TO
aplBuNTIKG SPAANATO TTOL E16AYoVTaL omtd TO poviédo @-formulation. O Hatzikonstantinou & Bakalis
(2014) eméxtevav T cvykekpyévn HEB0JO Yo TV EQUPOYT GE TPOPANIOATA POTIG ECOTEPIKDOV
ay@y®OV og v0OYPALLLOVE Kol KOUTOAOVS aymyovs. H cuykekpiuévn pnébodoc, | omoia ovoudotnke mg
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h-formulation (Hatzikonstantinou & Bakalis, 2014), ypnoylomoiei Tnv TpocEyyion Tov YoUNAoD
poyvntikov apdpot Reynolds (low Ry, approximation) uoévo yia Tig €YKAPo1Eg GUVIGTMOGEG TOL
EMAYOUEVOL LAYVITIKOD TTEdioV, B Kot By, Bempdvtog 0Tt 0vTég elval Undapuveg 6e GOYKPION LE TV
£€vtoon Tov KABETOL eEMTEPTIKOV HOyVNTIKOV TTEdiIOL B, evd eMADEL TNV TANPT €€IGMOT TOV
EMAYOUEVOL LayvTTIKOD TTediov povo otnyv afovikn dievbuvvon, Bi.. Me Bdon ta mapomdve ot
EYKAPOIEG CUVICTMGEG TG TUKVOTNTOG TOL NAEKTPIKOV PELLLTOS J, Kol Jy, vtoloyilovtat amd To VOO
Tov Ampere, evad 1 a&oViKi GLVICT®OGA, J,, 0o To vOpo tov Ohm.

H vmoloyiotikn pébodog mov Ba ypnoiponombel yio v enidvon tov eiodcemv Navier Stokes givan
N uébodog CVP (Papadopoulos & Hatzikonstantinou, 2010, Bakalis & Hatzikonstantinou, 2011) 1
omoia avamtHyONKe 6TO EPYACTNPLO LOG Kot £XEL 1ON SOKILAOTEL [e emTvyia o€ TANB0¢ TpoPANUdTOV
PEVGTOSVVALIKODV KoL LLOLYVITOPEVGTOSUVOULIKMY PODV.

2. MONTEAOIIOIHXH TOY TIPOBAHMATOX

1.1 MoOnpotiké povréro:

BewpovLLE EVOV KOUTOAO KUKAKO ayyd oxTivag R, pe axTiva KopmuAoTTog R.. £To E6mMTEPIKO TOL
KOUTOAOD KUKAIKOU ay®yov Ppioketal GALOC £vag opdKeEVTPOG KOAVOPOC e aKTiva R; Kol TO vypod
pétarlo péet avlpeoa 6tovg 000 KVAIVOpoLG og dtaotnua R=R,-R;. Ot e&lodoelg mov d1émovv T pon
0o LETACYNUOTIOTOVV GE £VO, TOPOEIOEG-TOLOELDEG GUGTIUO GUVTETAYUEV®DV (7, 8, Z) OT®G GaiveTal GTO
Zynpa 1 ¢pnoeIHonomyTog TOLG KATAAANAOVG LETOCYNUATIGILOVE.

<

left right
region region
Z/R.
) ¢ Téo

Yymuo 1. Teopetpio Tov aymyodice TOpogldES — TOADEIZEG GVUGTN L0 CUVTETUYUEVMV.

Mo va kotootodv ot e£I6MOEL Ad1AaTaTEG, EIGAYOVE Tii; Ad1ACTOTEG LETAPANTES
i ' - =7

tV, . 7 z' RIlL Wi Bl . Bl 7
t= — 7 =—,Z=—, C:—,,I:Zz—, =—’}:‘=—,]=
R, R, R, R, Vo pV¢ B, aV,B,
OmoL 0 TOVOG “ ' INAMVEL TIG SIGTUTEG PETAPANTES, KAODS KO TIG TOPAUETPOVG TOV APLOUMY

Reynolds Re = VyR, /v, Hartmann Ha = /o /pvByR,, poyvntikod Reynolds R,,, = uoVyR,.
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210 povtédo h-formulation epappoletor oty eykdpoia dievduvon n Tpocéyyion Tov Younion
poyvntikot apibuov Reynolds (Low-R,, mpocéyyion), CUVETMS TPOKOTTEL TMG Ol EYKAPGIEG
OVIGTAOGEG TOV EMOYOUEVOL LoV TIKOD TTediov givan opeAnTéeg

I pon Bpicmarou VIO TNV eMOPaoN eVOG eEMTEPIKOV, KADETA EQUPUOLOUEVOV, GTAHEPOD LOyVNTIKOD
wediov B = B,j = B,-é, + B,géy = sinfé, + cosOéy, 10 8n(xyéu8vo uowvnm(() nedio 1oovTaL pe
Pi’ = B;,€,, T0 GLVOMKO poyvnTikd nedio didetar omd T oxéon B = B + B KoL 1) emayopevn
TUKVOTITO TOV NAEKTPIKOD PEVLLATOG IGOVTAL LUE / =J.é + Jgéy +],€,. O 0poc [ = 1/ 1+ k7 cos 6’)

EIGAYETOL Y10 VO, YPOPODY 01 TOPOTAve eEICOGELG G OO GUVERTVLYUEVT Hop@T}, omov K =1/ R gtvan
0 AOyog xoumvlotnToc. Emopévag, ol e§lomoelg Taipvouv ) popen

E&iowon ¢ cuvéyelog:

a—u+z+l@+/d(ucosﬁ vsind) =0
or r roo
E&iowon g opung ot r-d1ev0uvon;:
2
a—u+ua—u+za—u—v——xlwzcos9=—a—})
ot or rofd r or
O’u (1 ou 1 ou sin ( du 2 ov
+— — +| —+xlcosO |—+————«l V|-
or* r or r- 00 r 06 r- 00

2
—12 + (I(I)2 (vsin® — ucosé’)cosﬁ} + %[‘]GB& ~J.B,]
. e

E&iowon g opung otn 0-01e00vvon:

ov. Ov vov uv 1 oP
— U —+———+—+ KIW’sinfg = ———
ot or ro@ r r o6
1o (1 ov 1 0% sin@ | Ov 2 Ou
+—| —5 +| —+xlcosd —+—2 ~— K1 —tu |+——
Re| or r or 00 r \ 06 r- 00
~(x1)’ (vsin@—ucos@)sin@} [JZ . —J,B.]
r
E&iowon g opung otn z-d1eb6vvon:
ow ow vow
—+u—+——+KIw(ucos@—vsinf) =—Ip,
ot or rod ’
2 .
+L 0 vva{l +idcos9ja—w+ 1 & v: KISIHH%—(KI)2
Re| or r or r’oé r 06

2
+H_a[JrBOH _JBBor]
e

E&iowon tov emayopevov a&ovikov mediov poyvnTikod Tediov:
OB, 0B, voB,

|4 |4

ot or r 00

2 2 .
128 Bf +(l+idcosﬁj 9B, + 12 0 Bz” -l sind( 9B, —(ld)2 Biz}
R, | or r or r- 00 r \ 06

B”a—W+B 8w+ o aW+B"96—W—K 1B, (vsin @ —ucos )
or r 06 or r 00

+xIw(B,,sin0 - B, cos0)
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H a&ovikn 6uvieT®60. TG TUKVOTNTOS TOV NAEKTPIKOD pedUATOS [, VIToAoYileTal 0o TO VOO TOV
Ohm, ev® o1 gykapoieg cuviot®oss J; = (Jr, Jg) vmoroyiloviat amd To vopo tov Ampere Kot
EMOUEVMG EYOVLE
J =uB,-vB

1 1

J =— 198, —kIB sinf | & J,=—— %HdBizcos@
R, |7 00 R, or

m

H adibotarn axtiva Tov eEmrepkod kuAivdgmv etvon ion pe R,=1.0 kot oty mepintmon mov vadpyet
E0MTEPIKOG KOAVOPOG, 1 akiiva Tov eivon tum pe R=0.5. Xto NAEKTPIKDOG LOVOUEVO TOLYMUATO TO

LayVNTIKO EST0 1G0VTOL UE F\_i’|mlxwuawc =1l

TOLYOUATOG

1.2 Yroroyiotiki] pebodoroyio:
H vmoioyiotc) pébodog CVP yia tnv mepinton g INNPOS AVERTVYUEVIG TEPTYPAPETOL AVOAVTIKEL
amo tovg Papadopoulos i& Hatzikonstantinou (2010). Xuvomtucd, ¥pNCULOTOIOVTOG TN CUYKEKPIUEVT
pebodoroyio TPOKLITOUV Ol GUVIGTMGEG TNG TAYVLTITOG jrn+1 LEC® TMV OTOI®V TN GLVEXELN
VIOAOYILOVTOL Ol NAEKTPOUAYVIEIKEG LETAPANTEG Y10 TNV TUKVOTNTO TOL NAEKTPIKOD PEVUOTOG
KOl TO LayvnTikd medio Bn+i, Hiepopuoyn g nebddov Eekivdiet pe pia apytkn eKtipnomn yio tny
ntigon, mov opilovpe wgp™. H ypopukomompévn e&icmon g opung propet va Abei kot vo ddoet pia
OpYIKN EKTIUNOTM TS TAXDTNTOG 7, g e&Ng
VRN == T

ot Re

/_’n+1

OOV FL = J x B sivoa 1 8viyun Lorentz.

H exrtipnon avtn g toydtnrag dev emodnevel v e&icmon g cvvéyelong. Enouévac, opifove tic

dopbmaoelg g taydTag § 7 ko g migong op

V=V 6V kon p" =p" +5p

210 emouevo P vroloyilovrot ol S10pBDOGELS TV TAYLTHTOV Ol OTOIEG TPOKVTTOVY GO TNV

napokato eicmon Poisson

VoV =VG

oMoV G=—VJ" kat 5V =0 610 GHVOpo.

Metd Tov VTOALOYIG O TV d1oPHDCE®Y TV TAYVTNTOV § frf npokvntel N e€lomon dopbwaong g

BéOuwong ¢ mieong

f=Vép= .
ot

AvtikofiotdvTog To f , otV e€icmon Poisson, tnv omoia ypdpovpe arn Lopen

Vi6p=Vf-G+VV

vroloyileton  S16pHwon g mieong dp. Ano ta hroloyiCopeva To. & 7 ko Sp mpoxvmTovy Ta. |

p™*! 10 omoio emavagicéyovtol oTic BEcelg Tov I kot p™ kot M emovaAnTTIKY Stodtcacio

emavoropfaveton uéypt TNy TeEMKN chyKAon Tou akyopibuov.

V"V)SV + L v SF,
Re
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1.3 AprOunTiki] avaiven:

IMa tov kopmdro aymyo Oa yproyomoindet Eva | opOOHOPPO TAEYLO LLE TUKV®GT Gt -01evfuvon
KoL ot G-01e0BVvoT), OOTE VA, LTOPEGOLY VO VTTOAOYIGTOVV TO AETTA OPLOKA GTPMLATO TG TAYVTNTOG
mov epeavifovrol Kovtd ota TotyouaTa omd TV enidpacn tng duvaung Lorentz.

IMa ™ mokvoon Tov TAEYUATOG KOVTA GTA TOLYMUOTO 0T 7-01e0Buvor, 1) TOPOKATO GLVAPTION
YPNOLOTTOEITON
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omov a=0.5, p = @/(«/Ha—l) ko 1=1,2,...,1.

Me ) cvykekpipuévn @oppovda, To TAsypo S(77) petacynuotileton 6To Un opodHopEo, TUKVO KOVTd
oto Torydpota TAEypa S(7;) . Epdcov a=0.5, 10 TALYLO TUKVAOVETOL OLOIOHOPQO KoL 6Ta SO

toyyouato. H mapdpetpog b oyetiCeton pe tov apud Hartmann, enedn 6co o apBpdc Hartmann
av&avertal, To TAEYLLOTO LELMVOVTOL OE TAYOC.

O TOPaKAT® PETACYNUOTIOUOG XPNOLOTTOIEITOL 6T F-01e08VveT dVo Qopéc, pia 6To ddatnua 0 £mg
7 Ko pio oto dtdoTnua 7 £wg 27. 'Etol dote 1o TAEyUa va givol TuKVOTEPO GTNV aPLOTEPT TAEVPE TOV
KVAIVOpov, 6oL epeavifovtatl ot LeyaldTeEPES LETABOALS TG TOYDTNTAG.

sinh[r(g’j —7)]

0.=s1
O sinh[7y]

oMoV y = Lln[ 1+(‘i — (s /7) }, 5. =0.25 10 onpeio mhkvoong kot 7 =4 1 TOPAUETPOG
2t | 1+(e " =1)(s, / 7)

TUKVMOOT|G.

XPNOHOTOIDVTOG TOVG TOPUTAVE LETOOYNUATIGLOVS, Tpokvrttel To 60x100 mALypa yioo Ha=50 mov

nmapovotdletar oto Zynua 2. o apBuovg Hartmann peyaidtepoug amd 100 Ba ypnoipomotove

T éypa peyébovg 100x140.

Yyfquo 2. Mn opotopopeo mAéypo 60x100 yuo Ha=50.

3. AHOTEAEXEMATA - XYZHTHXH

H petafoin tov Katavoudv T aEoViKng TaydTNTOG W KOL Ol pOTKES YPUUUEG TV KAOET®OV
GUVICTOOMV TNG TOYVTNTOG GUVAPTNHOEL TOL apfov Hartmann napovoidlovron ot SiorypappaTo Tou
yuotoc 3 yuoo Re=100, Adyo kapmorotntag k=0.2, kot Aoyo axtivev R/R,=0.3. To amotéiecua
TPOKVNTEL OTO TO GUVIVAGLO TOV PVYOKEVIP®V KL TOV NAEKTPOLOYVNTIKOV dUVALE®V.
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Streamlines Ha=0
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e 3. Epedvion tov katavopmv e a&ovikng taydTntag (ap1ioTept) 6THAN) Kol TV pOiKOV
YPOUUADV ¥ TOV KADETOV GUVIOTOCHOV TNG ToyvTNnTos (0e&1d 6tAn) Yo Re=100, x=0.2, R/R,=0.3 «ou
Sapopeg TIES Tov aptBpod Hartmann.,

H xopmoldtra Tou aywyod onpovpyet épa omd v aovikn por| Kot SguTepeEHovca, pon TNV
€YKApGLo dStTop ToL ayyov. [Tapatnpdvtag TIG KATAVOUEG TG CLVAPTIONG TOV POTKMYV YPOUUDV Y
TOV EYKAPCLOV GUVIGTOCMV TNG TOYOTNTOS U Kol v PAETOVUE TG GTNV TEPITTOOT YOPIG LAYVNTIKO
nedio (Ha=0) drapopemvovtal 500 GTpOfhol ®pPoroyloKNG Popdg Kol 600 GTPOPILOL avO®mPOAOYIOKNG
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@opac. H avénon tov payvntikod tediov KataoTEALEL T SELTEPEVOVOH POT] KO LELDVEL CT|LOVTIK
TIG TIHEC TOV EYKAPCLOV GUVICTOCMV TNG TOYVTNTAG KATA TAEELS LeYEBoLG.

Eniong, mapatnpovpe mwg 660 av&avetar o apiBudc Hartmann Aertd et toydtnrog Stopoppdvovon
otV aplotepn| Kot TV 0e1d TAELPA TG YewETPiag, o€ d1evhuven TopAAANAN LE TO EEOTEPKO
poyvntiko medio. Oco av&avetan 1 KaUmLAOTNTA, TO TLET TaVTNTAG oTNV de&ld TAELPA TOV KLALVOPOL
LELDVETAL, EVO TO TEET TNG 0EOVIKTG TAYVTNTAG GTNV APIGTEPT] TAEVPE TOL KVAIVOpOL avédveTal. Avtd
amekoviletal KOADTEPO GTNV TPIOOIACTATY ATEWKOVIOT TS AEOVIKNG TODTNTAG TOV ZYNIATOS 4 Yo
Re=100, Ha=100, x=0.1 ko1 S10popeS TIES TOL AOYOV TOV OKTIVOV.

Ha=100
I 1.896e+00

1.6

Ha=100
EZ 324e+00
2

F12

loa

IO 4
0.000e+00

0.000e+00

Ri/Ro=0.7 Ri/Ro=0.5

Ha=100
I 1.585e+00

£12

'o.e
£04

IO.OOOe+ 00

Ri/Ro=0.3

Synpa 4. Tpodidototn amelkovion TV KOTOVORMY TG a&ovikng tayvtntag yio Re=100, Ha=100,
x=0.1 Kot S18pOopES TIES TOL AOYOV TV OKTIVOV.

To mpo@ik TG a&ovikng TaydTNTOG KATA UNKOG Tov r-a&ova o€ yovia 0=90° eppaviletar oto Zynpa 5
vy Re=100, R/R,=0.3, x=0.1 y1a S16.popeg Tipég Tov apfuov Hartmann. Me v adénomn tov apifpov
Hartmann 1o mpo@ik g a&ovikng Tay0TnTeg EE0HAADVETAL KOVTIH OTO TOLYMUOTO OV Eival KABeTa
070 €£MTEPIKO HoyyNTIKO TEDT0, GOV amoTéesa TG enidpacng g dHvaung Lorentz. Kovtd ota
TOLYMOUOTO ONUIOVPYOVVTOL AETTE OPLOKA CTPOUOTO TOV UELDOVOVTOL GE TAYXOC 0G0 aVEAVETOL O
apBpoc Hartmann..



Ovouazo Zvyypapéwv, Ovouaza Zoyypopéwv, Ovouoro Zvyypapéwy

14

yuo 5. Ipoeik g a&ovikng Toaydtntag og yovio 6=90° yio. Re=100, R/R,=0.3, x=0.1 kot d10pope
TIéG Tov apdpod Hartmann.

H enidpaon g KOpmuAdTNTOG GTNV 0EOVIKN TaYDTNTA TapoLGSLdleTon 6To Xynpa 6, dmov
epeaviCovron o Tpoeik g a&ovikng taybnrog oe yovia 6=0° ya didpopeg TiHéS Tov Adyou
KapmoAoTTOG Kapmviotntog (k=0, 0.05, 0.1, 0.2) kot yio Re=100, R/R,=0.3, Ha=100. Onwg
mopaTPEiTaL, OLEAVOVTAS TIC TIUEG TOV AOYOU KOUTLAOTNTOG X, Ol TILEG TNG OEOVIKNG TayTNTOC OTN
de&1d mAevpd TOL Ay yoD VIO TNV EMLOPUCT] TOL EEMTEPIKOD LAYVNTIKOD TEGIOV LLELDVOVTOL.

ymua 6. Ipopid g a&ovikng taydtntag og yovia 6=0° yia Re=100, R/R,=0.3, Ha=100 ka1 d1Gpopeg
TIEG TOV AOYOL KOUTLAOTNTOG.
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O1 KATAVOLES TOV EMAYOLEVOD HOyVNTIKOV TTediov B, mapovsialovrarl 6to Zynua 7 yuo Re=100, x=0.1,
R/R,=0.3 xar v Ha=50 ko 200. To poyvntid nedio katavEUeTol o€ 000 TEPLOYES LE BETIKEG TIHES
KoVTd oTig Yovieg 0=45° kot 6=135° kot 600 TES pe apyNTIKEG TYHEG KOVTA OTIC Ywvieg 0= -45° kan
0= -135°. H xotavopn tov eraydpevon poyvntikoy mediov speoviletal oyedov cuppeTpikn pe dEova
GUUUETPIOG TO KEVIPO TNG YEOUETPING TAPAAANAL TPOG TO EEMTEPIKO LAyVTIKOD TEGIOV, LE 10 LIKPN
avénomn mpog ™ de€1d TAeLpA AdYw TG eMidpacng g kapmvAotntoc. H avénon g tiung tov
apBpov Hartmann odnyel otn peimwon g TYUNG TOL EMOYOUEVOD LOYVNTIKOV eSOV B, 6Yed0V kAT
pia Taén peyéboug.

Biz Ha=50 Biz Ha=200

1.319e-05 4744200
Ele—S t“i"’
: —2e-6
0 0
-28-6
-le-5 s
-1.319e-05 a7

-4.744-06

yquo 7. Epedvion Tov Katavou®v Tov ET0yOUEVOD LoyvnTIKoV Tediov B, Yo Re=100, x=0.1,
R/R,=0.3 a1 ywo Tipég Tov apdpov Hartmann Ha=50 (apiotepd) kor Ha=200 (de&1d).

H mtdyon mieong Adym g enidpaong ToL AOYOU KAUTVAOTNTAG, TOV AOYOL TMV OKTIVOV Kol TOV
poyvntikol mediov mapovsidletar otov [ivaxa 1. H cuvelopopd g KapmuAdTnTog 6TIg TIHEG TG
aEOVIKNG TOPOYDYOL TNG THEGNS P, EIVAL OTUAVTIKTY pHOVO otV tepintoon ywo. Ha=0. H enidpaom tov
LOyVNTIKoD TTESTIOV KOl TOL AOYOL KAUTLAOTNTAG 0TIV a&OVIKN TopaymYyo Tng Tieong eival akoa To
onuavtikn. Oco avédvetar o apBudg Hartmann ot Tipéc g 0EoVIKNG TOPAYDYOL TNG TEONS Pas
aLEAVOVTOL GNUAVTIKA Y10 TNV datpnom g idag mapoyng Aoym g emidpaong g duvaung Lorentz
oTN pon Tov pevotov. H peimon g ecmTEPIKNG aKTivag EMIoNG ALEAVEL GILOVTIKA TIC TILESG TNG
a&OVIKNG TOPUYdYOL TNG TTieon g yia T Slathpnon TS idtag Tapoyne, Aoyw g avénong g TpIPng
TOV TOLYOUATOV.

MMivaxag 1. Tég e a&ovikng Tapayd@YoL TNG THEONS P, Y10 S1AQOPES TIHES TOV aplBpod Hartmann,
TOL K KO Y10l S1400pouS AOYOVS KAUTVAOTITOGS.

Ha=0 Ha=50 Ha=100 Ha=500
Ri/R, k=0 | x=0.20 | x=0 | x=0.20 | x=0 | x=0.20 k=0 | x=0.20
0.3 -0,53 | -024 |-094| -093 |-1,73 | -1,71 -7,86 | -7.91
0.5 -047 | -047 |-136| -1,34 |-241 | -2,38 |-10,72 | -10,57
0.7 2,60 | -1,31 |-3,19 | -3,13 | 4,16 | -4,09 |-17,27 | -16,76
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4. XYMIIEPAXMATA

H enidpaon g KapmuAOTNTAG KoL TOV HOyVITIKOD TEGIOV GTNV KATOVOUN TNG TOYLTNTOG KOl GTNV
TTAOGCT TEGNC TAPOVGLACTNKAV GTI GLYKEKPLLEVT EpYaCiaL.

Ao T0 AmOTEAEGLOTA TTPOKVITTEL TAWG VITAPYEL ONLLOVTIKY EXIOPACT] GTNV KOTAVOUN TNG TOYVTNTOG 0o
TNV HETOPOAN TOL HaryvNTkKoD TTESIOV KO TN HETAPOAN TOV AGYOV TOV OKTIVAOV KOl LKPOTEPT
enidpact omd T peTafoAr] Tov AGYOoV KOUTVAOTNTOG K.

H avénon g KapmoAldtntag dNUtovpyel guyoKevtpeg SOLVALELS TOL EMOPOVV GTNV ALOVIKT TOOTNTO
EVO Kol TO EMTEPIKO LOyVNTIKO TTESI0 dNUIOLPYEL NAEKTPOLLOYVITIKES OUVALLELC TOV EMIOMG
ennpeaovv v afovikn tayvtnta. Oco avdvetal 1 £€vTaon Tov LayvnTikov mediov n duvaun Lorentz
EMKPATEL ATOAVTA TOV PVYOKEVIPWV OVVAUEWDYV KoL TO HoyvnTIKO tedio Telvel va pundevioel
dgVTEPEVOVGO POT) TOL TPOKVTTEL AOY® TNG KOAUTLAOTNTOG. [0 peydheg TIHEG TOV Loty TIKO TESIOV
1 POT EVTOG TOL SUKTLAIOEIB0VS AYYOV 0dnyeitan 6TV avamrTuén dvo TAevpIK®V TLET PONg
TapdAAniov Tpog TN dievbvvon Tov poyvnTikov Tediov.

H devtepoyevic pon  omoia oynuotiletonr Ady® TG KOUTUAOTNTAG TOV Oy®YOD KOTAGTEAAETOL OE
onuovtiko PBabpd amd v enidpacn tov eEmtepkod poyvntikon tediov. Téhog, n petaforn e
a&OVIKNG Topay®@yoL NG Tieong e€aptdtal 610 peyaAvTEPO Babud amd Ty avénom Tov HoyviTIKoy
ES0L Kol TOL AOYOL TV OKTIVOV Kal 6 LKPOTEPO PaBUO amd T1 LETAPOAT TG KOAUTLAOTNTAG.
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HNEPIAHYH

Zmv gpyocio auT ToPOLGLALOVTOL TEPOUATIKGE OMOTEAEGLOTA TG AVATTUENGS, 6TO €yYO¢ TTedio, LG
opboydviag 6écung ekpong pe Aoyo mhevpav 10. H déoun expéet amd €va opfoymvikd akpopvGLo e
ayunpd xeikn, mov Ppioketon tomobetnuévo otV Kotdvrn TAELPA OaAdpov Kabnovyoouov e
tetpaywvikn dwaropn]. O apBuog Reynolds pe faon 1o mAdtog TG oXloUNG TOL akpoevaiov, h, sival
Ren=23000. Ilapovcibdlovror petprioelg ovepopetpiog Oepuod oclppatog V0 CLVIGTOCHOV, CE
TAEYUOTO, OMUEIOV GE EYKAPGIEG TOUEG TNG OEGUNG TTOL TOPEYOVY TANPOPOPIES Y1 TO TPITOIUCTOTA
YOPOKTNPOTIKA TOv poikoy mediov. Teyvikés mapeuPoAng yw TNV YOPIKN TOKVOGCT TOV
ATOTELEGUATOV d1VOLV TN SLVATOTNTO TPOGOIOPIGUOD TOV YOPIKMV TAPAYDY®OV TOV PECOV UEYEDDV
KOl TOV DTOAOYIGUO ONUOVTIKOV peyebav, 0mmg M péon otpoPfrdmra. [Iépa amd v moapovcia
KOTOVOU®MY TNG HEONG TOXDTNTAG LOPONC GAYUOATOC, T amoTeEAEGHOTA YopakTnpilovtal kol amd v
EUPAVIOT EVOG TEPLYPAULOTOS CYNUATOG OATIPO OTIC 100VWELS OpKET®V WO0TNT®V (). TNG WEONG
tayvmTog). Ol KaTovoués HOpONG cAyuHaToc ¢oiveton vo ennpedlovior omd TIC KATOVOUEG TNG
oTPOPIAOTNTOC, EVO TO TEPIYPAUUE. QATPO UTTOPEL Vo GuvOeDEL pe 600 Opovg TG e&lom®ONC LETAPOPAC
g HESNG oTPOPIAOTNTOGC GTOVG OTOIOVE OTOSIOETAL 1) HETOPOPA PELOTOV ATO TO KEVIPO NG OECUNG
TPOG TNV TEPLPEPELQL.

AéEaig Kheond: Aéopeg ekpong, Xtpofrriotnta, Xaypatiki) kertavop), Evailayn a&ovov

1. EIZATQI'H

O1 déopeg expong £xovv gpguvnbel ektevdg g éva Paotkd TpoPANuUa g TopPng oAl Kot AOY® Tov
EVOLIPEPOVTOG TOV TTAPOLGIALOVY GE TOAAEC TPOAKTIKES €PUPUOYEC. MeTalld TV YopaKTNPIoTIKOV
YVOPIOUATOV TV 0pHoYOVIOV dEGUMY EKPONG, 1 ONLLOVPYI0 KOTAVOU®OV TNG LEGNG TOYLTNTOG TOTOV
OUYUOTOG, TOL OVOQEPOVTOL OTNV TAPOLGia, dV0 UeYioT®V €KTOC TOv dlapnkovg agova Kot To
QOVOLEVO TNG EVOALOYNG 0EOVOV, KATA TO 07010 0 HEYAAOG KOt 0 LKPAOC AEovag TG EYKAPGLOC TOUNG
mg déoung evoAldocovtal AOY® Ola@opeTik®v pubudv eEdmAmong 1 oOYKAMONG, QOiveTol v,
GUVOEOVTOL QUECH UE TN LETAPOPA TNG GTPOPIAOTNTAG, OV KOl Ol EUTAEKOUEVOL UNYAVIGHOL deV elvar
QKOO TANP®G KOTAVONTOL.

210 mopeABOV M UEAETN TV SECUDV EKPONG EMIKEVTIPMONKE oTNV €Midpacn evog peydiov £0povg
APYIKOV KOl GUVOPLOKAOV GUVONK®V 6TV avantuén Kot to. péca Kot TupPddn YOPOKTNPIOTIKA TG
poNc. Ao TIg TpMTES epyacieg ue aviikeipevo tig déopeg expong (Bradbury, 1965, Sforza kou Herbst,
1970, duPlessis et al., 1974, , Krothapalli et al., 1981) uéypt onjuepa, vdpyel TANO0GC AVAPOPOY TOL
oyetifovtol e TNV ENISPUCT) TOV YEOUETPIKAOV YOPUKTIPIGTIKMV TNG O10.ToUNG, Tov appov Reynolds
KOl TOL AOYOU TOVL HNKOVLG TNG «UEYAANC» TPOG €KEIVO NG «UIKPNGY OldoTaong opfoymvikdv
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akpo@ucimv (aspect ratio, AR). Ot cuvOnKkec Yo Tig omoieg umopel va eppovifetal 1 YapaKTNPIOTIKA
HOPON €VOG GAYLLOTOG GTIG KOTAVOLES TNG LEGNC OEOVIKNG ToOTNTAG amoTélece Pactkd OVTIKEIUEVO
perétng oty gpyacio Twv Tsuchiya et al. (1986), oty onoia peletibnkav 6éopeg mov Tapdyovtav
amd 0oKPOPVOLN Ol0POPETIKNG YewueTpiag. Ov ouyypapeig, Pacilopevol oe TANOOC TEWPAUATIKOV
dedopévaov €de1&av 0Tl N popen cdypotog epeavifetar Kupiog yro Adyovg AR peyaidtepovg amod S.
EmumAéov, mpoondBncav vo amoddcouy i dnuovpyia TG 6T XOpaKTNPIoTIKA TG MENG TS 0EGUNG
pe 10 TEPPAALOV PEVGTO KOl GTIV AVATTUEN TNG SECUNG, O GYECT TOCO WE TO NUTAGTOG LE Baon T
péon agovikn taydTa aALA Kot TIG TUPPMOIELG SIUKVUAVOELS, TOV EXNPEALOVTOY CNUOVTIKG OO TOV
TOTO TOV OKPOPVLGIOV, GAAG Kot amd tov apBud Reynolds kabe mepdauatoc. H kpioyun onuacio tov
Loyov AR emiBePouiddnke otig epyacieg tov Quinn et al. (1985) kot Quinn ko Millitzer (1988), 6mov
TOPOVGIACTNKOY TEWPAUATIKEG LETPNOEIS AAAG KOl UTOTEAECUATO, VTOAOYICTIKOV TPOGOUOLDGEDY Y10l
t0 péco medio Tng TaydTNTOG Kot TG mieong kot tov TupPfoddv dwkvudveewv g tayvtnTas. Ot
Pollard kot Iwaniw (1985) kou Swab (1986) Mtov amd TOLG TPAOTOVG MOV TPOYUATOTOINGOV
TEPOOTIKEG LETPNOELS Y10 TIC TPELG GUVIGTOGCEG TOL SLOVOGHOTOC TNG TAXVTNTAG KOl ETTAEOV, GE OAN
NV KTOOTN NG OlTopnG TG 0éoung ekpong. Ou ocuvyypageic KoTapepay pe owtdV TOV TPOTO VL
KATOYPAWYOLV TO TPLGOIGTOTO YOPOKTINPIOTIKA TOV Poikoy mediov, ywpig OU®MG Vo UTOPEGOLY Vo
avoADGOLY TO OiTi OAAG KOl TOLG UNYOVICHOVG 7oL &givol vrevfuvol yio T dnpovpyic Tov
GUYKEKPIUEVOD YOPAKTNPIOTIKOD YVOPIoCUATOS. TNV 1o obyypovn Piprtoypapia, ot epyaciec tov Deo
et al. (2007a, 2007b) £&deiEav OTL M ovykekpyévn popen sivar dvvatd va eEoreipbei av
yxpnoonomOei katdAnin dapdpemwon (Smoothing) otnv é£0d0 tov akpoELGiov.

H dopnq g pong kovid omnv €£000 opBoymvikng Hopeng akpoeuoiov oyetiletor emiong pe To
QoVOLEVO TNG evaAloyng Tov a&OVev, TO Omoio OLGLICTIKA TPOKVUTTEL amd TNV eEAMAMOT Kot
oVYKAMGON TG d€oUNg 6TOVG dVO KABETOVG eyKApTlong dEoveg pe Pdon v aovikn TayvtnTo. Mo amd
TIG O EVOLOPEPOVOES GYETIKEG £pYOciec eival avtn tov Zaman (1996), omoiog avayvmdpioe TEPLOYES
BeTikng Kol apvnTiKNG aEOVIKNG GTPOPIAOTNTOC OE SLOPOPETIKEG TEPLOYEG EYKAPCIOV TOUMV TNG
déoung expong. [To ocvykekpyéva, o Zaman avoyvopioe TEPLOYEG UE TEPITTPOPT] GOUPOVI LE TOVG
delkTeg €vOG Poroyloh 6TV TTAV® aploTePd Kot KAT® 6g&1d yovia, Kot avtidetn meplotpoen otnv
mhvo de€ld Kot KATm aplotepd yovia tng topns. To medio g otpofrotntag Bempnnie vrevbuvo yia
mv gpeavion emmiéov dopmv (bulges or puffs) ota dxpa tng opboymvikig dlatopng, Tl OOTE va
SLOUOPEMVOVTOL TEMKAE KOTOVOUEG AEOVIKNG TOYLTNTOG TOUTOV OATNPQ, ETCL OTMG QUIVETOL Yo
TOPASELYUO OE IOl AT TIG TTLO YOPAKTNPLOTIKES 100DYElg Tng a&ovikng taydrog Yo, U/U=0.5 (6mov
Ug, M TN g péong a&ovikng toyutntag oto kEvepo g 0éoung expong). O tpodmog ompovpyia
AVTOV TOV YOPOKTNPLOTIKOV doudv culnmbnke eniong otig epyacisg tov Gridstein (2001), Mcllwain
rou Pollard (2002), ue Baon 1660 mepopatikd amotedéopato 660 Kol GIOTEAECUOTO VITOLOYIGTIKOV
TPOCOUOIDCEMY, TOL £Je1EaV emioNg TO «TAEELLO» TV SOUMV apvNTIKNG Kot OeTikng oTpofiidtntoag ,
mov gpeavifoviav ava {evén otig Vo TAEVPEG TG TOUNG TNG SECUNG EKPONG. X& KATOlEG amd TIC T
npocpateg epyacieg, ot Tipnis et al. (2013) dpioav 11 cVVONKES Yo TIg 0moieg umopel vo eppaviletat
N evaldayn Tov aovav, pe Baon 1060 to Adyo TAgupmdv (AR) TOL akpOELGiIOV, OGO Ko T YEMUETPIO
TOV, K0l KUPIG TNV ECMOTEPIKT| SLAUOPPMST TOL YEIAOVG EKPONG, akpIPdS TPy TNV ££080 NG déoUNG.

2. IETPAMATIKH AIATAZH

H déoun ekpong mapdyeton and éva opHoymvikod TOTOL AKPOPUGIO UE oy Unpa yEiln, Tov PpiokeTot
tomofetnuévo otnv Katdvtn mhevpd Boddauov kabnovyacuod pe tetpayovikny dwtoun. Ot dloctdoelg
™me Satopng Tov Baddpov kabnovyacuod sivor 350x350mm?, evd to pRKkog Tov eivon 1,05m. To
pevpo Tov oépo mopayetol pe T Pondeln guontipa, evd TP TO BdAopo KaOnoLYAGHO
YPTOLLOTOLOVVTOL KOTAAANAL, BonOnuata kot dtatdéelg mieyudtov mote va eEopaivviel n pon Kot va
elaytotomomBoidv ta enineda £vtaong g TopPns. To TeMkd akpoevoto &xet daotdoelg 70X7mm?2. O
appog Reynolds pe féon to TAdtog g oyioung tov axpoevaiov, h, eivar Re,=23000. Mg Bdon v
vépaviikr ddpetpo, Dy, 0 avtictoryoc apOuog Reynolds sivar Repn=42000, Tiun n omoia Ppicketar
TEPA 0O TO OP1O TNG UETAPATIKAG TEPLOYNG £ToL OMmC opileton and tovg Dimotakis (2000) kot emiong,
and tovg Fellouah wai Pollard (2009) «ou Bali et al. (2012).
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Ov petpnoelg viomombnkav pe tn Pondei g TEYVIKNG avepopeTpiag OBeppod cvpuatog. IMo
oLYKEKPIUEVE, ypnolponomnke avepoustpo otabepng Oepuokpaciog (Disa-Dantec 55M10) ko
atcOntiplo tomov X (Disa-Dantec 55P61) pe Adyo vrepbépuavong 1.8. Ot tpelg GuVIGTOGEG TOV
SVOGLOTOC TNG ToyVTNTOG peTtpnOnkav avd (evyn: mpdta, n afovikn Kot 1 kafetn o Pacwky
devbouvon g pong, mapdiinia oTov AEova Y, Kol KATOTLY, e TEPLIOTPOPN TOL aicOnTnpiov, N kaBeT
o1 otevbuvon g ponig, otov d&ova Z. H yewpetpia Tov akpo@uciov Kot T0 GUGTILO GUVIETAYUEVOV
@aivovtal oto Zynua 1.

H ocvAhoyn] Tov Telpapatik@v dedopévav tpaypatonodnke o £va gykipoto TAEypa 40X16 onueiov,
mov Ppiockoviav oe ioeg amootdoelg peta&h tovg, oe afovikéG amoctdcel; and v €5000 TOL
axpoguaciov x/h=0, 1, 2, 5, 10 ko 30, pe Bdon 10 TAATOG TOV aKkpoPLciov, h. Ztnv kevrpikn meployn
™mg 0éoung, M afefordtnTa TN PETPNOT TOV LEGOV TILMV eKTIUNONKE Kovtd 6to 1% Ko otn pétpnon
TV dwkvpdvoswv (r.m.s.) kovtd oto 5%. Ot afefardtnteg otor Oprar TG PONG AVAUEVETAL VO, Eivat
YEVIKA UEYUADTEPEG, AOY® T®V AMOTOU®MV KAICE®V KOl TNG WIKPNG OYETIKA TWUNAG NG AEOVIKNG
TOOTNTOG,

Ot 1oobyeig Tov Tedimv TaydTTag Kol oTpofirdtntag Pacictnray oty HEB0d0 Y®PIKNAG TOKVOGNC UE
napepPorn «Kringing». H puébodog vt datnpel Tig mEpapatikéc TIHEG oTa onueia HETpNong, Vo
amodidel TWEG ota emumAéov onueio Tov mAEyuatog AapuPdvoviag vy TIC TIHEG GTO YELTOVIKA
onueia. H enidpaon tov tekevtaiov «Quyiletowm pe Bdon v amdotocn and to onpeio evolapEépovtog
ue Paon éva opapikd poviého (Davis 2002). Adyw g S@OpeTIKNG £KTAONG NG OECUNG OTIC
Sapopec 0EOVIKEG ATMOCTAGELS, YPEWICTNKE £VO EMMALOV EVOLIUEGO TAEYO, YPTCLUOTOIDVIOS TNV
HETOPANT Z/Z172, OOV Zyj5, TO MUITAATOG TNG déouUNG EKPONG oTov GEova Z, Evavtt tov z/h. Metd v
YOPIKN TOKVOGN GE 0VTO TO TAEYUA, YpNolpoToonkay ot Tpaypotikés Tég z/h, étol dote 10 véo
mAéypo vo anoteleitol omd 91x41x11 onueia otig tpetg dwotdoelg (X/h, y/h, z/h).

3. AIOTEAEXMATA

3.1 Méoo medio TayvTnTog

H evolhoyn tov afovov og amotérecpa tng eEamlmong kol g oOyKMong g pong otovg 600
gykapolovg d&oveg gaivetar oto Zynfuo 2. To oyfua mopovcstalel v €EEMEN TOL MUITAATOVS TNG
péong a&ovikng TayvTNTOC 6T0 Y Kot Z a&ova, Ommg awtol eaivovior oto Zynua 1. H evaiioyn tov
aovav ooaivetor O0tt ovpPaivel TOAD kovid otov televtaio otabud pétpnong (x/h=30). Ta
amoteléopata Bpickoviol og TOAD koA ovupovia pe gxeiva tov Quinn (1992), mov mapoveidlovial
emiong oto Sudypoaupa pe ™ uadpn cvveyouevn ypouur. To TEPOUOTIKE omoTeEAécUATO TOV 600
EPYOOIDV OVAPEPOVTOL GE OEGUEC OV €KPEOLY amd opbBoymvikng popeng e£6dovg pe tov 1810 Adyo
mievpadv (AR=10).

Ot koTavopég ¢ néong aEoVIKNG TaxDTNTOG GE 0dLIoTOTES OEOVIKES OMOGTAGELS e BAoT TO TAGTOG
0V aKkpouoiov, h, x/h=1,2,5,10 kot 30 mapovoialovtar 1o Zynua 3. Xty £€£060 TOL OKPOPLGIOL, N
KOTAVOUN €lval 6YedOV OUOLOUOPPT. APEC®HG UETE, 1 OVATTUEN TOV SWTUNTIKOV GTPOUATOV KOl 1)
avauén pe to mEPPAALoV peVoTO £xEl OC AMOTEAECUN TNG UEIMON TOV TIUAV TG TaXDTNTOS GTNV
TEPLPEPELD. TNG OéoUNG. Ze OAO TO OLYPAUUATO, T LOOPT] GUVEYOUEVT] YPOUUN LTOOMADVEL TO
YEOUETPIKO TOTO 6TOV Omoio M TN NG ToOTNTOG €lvol 1 WGT amd TV TN TNG GTO KEVIPO TG
déounc. H ypapun avt omokaAORTEL T, 10104TEPO, YOUPUKTNPLOTIKA TNG PONG OTTMG VT OVOTTOGGETOL.
2115 v AMOY® TEPLOYEG TAPOTNPEITOL ApYIKA 1) OAANAETIOPACT TOV YOPAKTNPIOTIKOV OVTOV SOUMV
x/h=2 xou 5), O6mwg emiong M €YKAPOO EMUAKLVGT TOV 7ESIOL OUECHC HETOL TO TEAOG TNG
aAnAenidopoong (X/h=10) mov &yel w¢ amotéAespa TV SAUOPPMGT] TOV YUPAKTNPIOTIKOD GYNUATOS
artipo (x/h=10) yio o TEPiypoppa TG 160dHYoNE Kat mapdAnle ¢ Katavour THTOL GAYUATOGC TOV
GLVOOELETAL EMIONG OO TIG VYNAEG TIHES TNG AEOVIKNG TAXDTNTOG G CUUUETPIKEG OMOCGTAGELG OO TOV
GdEovo ekpong ¢ déouNC. LTOV WO UOKPWVO GTOOUO HETPNONG, TO TOPOTAV® YUPOKTPIOTIKA
e€alelpovtal Kot 1 Kotavopn Topldlel TEPICCOTEPO GE EKEIVY] NG TLMIKNG O0EOVOCLLUETPIKNG
déoung.
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3.2 TupPdderg drokvpdveels kot taosig Reynolds

210 EZyfua 4 mopovsialoviar ot 16obyeic g TupPddovg dakduavong g aovikng ToydTnTag o
adwdortateg anootdoelg x/h=1, 2, 5, 10 kot 30. Ot kotavopuég avtég yxapoaktmpilovrar amd e&apeTikn
GUULETPIOL EVD O TYWEG OTOV TPMOTO oTAOUO pETpnong givol oAy younA&g, delypo tng mTOAD KOANG
ToWTNTOG TG PonG otV €€0d0 G déoung. Apéocwmg petd v €000, ot TIHES avEavovtal Adym g
avanTuéEng TeV STtpnTiK®OV oTtpopdtev. H ecotepkr {dvn vyniodv Tipdv mov eaivetol Kuping ot
andéotacn X/h=2 givar ToAd Aydtepo ep@ovic otov auécms amdpuevo otabud pétpnong (X/h=5), 6mov
300 SLoKPITEC OAAG TOAD WIKPG EKTOOTNG TTEPLOYESG OEiyvOoLV TIg (MVEC OOV Ogv £XOLV JIEICOVGEL T
TNtk otpdpato. Xty mo  pakpwr amodetoon (X/h=30), ov vynidtepes TWwéS TUPPMIMV
SLKLUAVCE®V TOPATIPOVVTIOL GTO KEVTIPO TG OECUNG, KOl 1] KATavoun £xeL TV it Lopen e eKeivn
NG HLEGTC TaYLTNTOG OTNV 1010 aEOVIKT amdGTION.

2115 déoeg EKPONG, Ot KABeTeg cuvicT®aeg TG TavnTag V kot W éyovv avtifetn gpopd 610 apiotepd
Kol 0e€ld Kol OvTIoTOlYo. 6TO0 Gve Kol KAT® TuAue ¢ 0éoung. H cvumepipopd avth €xel og
ATOTEALEGIO 1) GUVAPTNOT TLKVOTNTAG TOOVOTNTOC TOV SLOKVUAVGEDY T®V dV0 GLVIGTOCHOV V Kol W
Vo Topovclalovy aVTIGVUUETPIKE YopakInploTikd pe Pdon to enimedo avaeopds tovc. Emumiéov,
AVOUEVETOL Ol TUPPMOOEIS TAGEIS UV Kol UW vo Ttapovotdlovv ovtifeta mpdonua exatépmbev Tmv
emmédv ovupetpiog mov opifoviar amd to Y kot tov Z Gfova, avtiotoyyo. XTO Zynuo S,
mapovstdleTar 1 T@on UW, 1 omoia givan cupPath pe v avapevopevn coppetpio. H petafint avty
maipvel VYNAEG TYWEG o€ MEPLOYES OTOL 1) POT| TNG OEGUNG OAANAETIOPA €viova pe 10 mepPdAlov
PELGTO TTOV TPOGPOPATUL OTO ECOTEPIKO TNG OEGUNG, EVA VITAPYEL 10, TTEPLOYT TOAD KOVTA 6TOV GEova
y 6mov ot tég eivar undevikés. Tlapoduota yopakInplotikd, oAAG HE TI OVTIOTO(ES TEPLOYES VA
Bpiokovtar 610 aprotepd Kot oto de&i TUNa TG déoung (avTi Tov Gve Kot KAT®) 1oYHOVV KoL Yl TV
Tdomn UV, av Kot 1 televtaio dev TapovcldlETOL GTNV TOPOLGH EPYAGIOL.

3.3 Iledio oTpofrrdotnTag

210 Zynuo 6 mapovctdleTor TO HETPO NG OTPOPAOTNTOG, eV oTa Xynuato 7o, foko ¥
TaPOLGIALOVTOL Ol TPELS GLVICTMGEC TOV OVOGUATOC TNG. L€ GYEOT UE TO HETPO, PaiveTal OTL oTNV
€€000, ovtd e&optdror KLplg Amd To SWTUNTIKE CTPOUATO TNG AOVIKNG ToOTNTOG. X& LIKPES
anootdoelg and v ££0d0 (X/h=2 kat 5), ot TEPLOYEC VYNADY TIUOV GTPOBILOTITOG GLUPOVOVV LIE TO
meplypoppa e d0éoune, 0nwg avtd opiletal amd TV YOPUKTNPIGTIKN 160DYN TNG TaYVTNTUC UE T
povpn ypappn, eve apéong petd (x/h=10), poivetat 0Tt Ta rkpOTEPTS £KTOONG SILTUNTIKG GTPOUOTO
001 YOUV G VYNAOTEPESG TIUEG TTOV TAPOUEVOLV GTO aploTepd kol to de&l tuniua g déounc. ‘Exet
eVO@EPOV OTL M cLUTEPIPOPA oVt Yapaktnpilel kol Tov teAevtaio otabud pétpnong, mopd To
yeYovog OtL to Ttedio pmopel va Bewpnbei a&ovoovuuetpiko.

Eotidlovtag oty katavour g a&ovikng otpoPirdtntag oty é€odo (x/h=0), eaivovtal kabapd ot
TEPLOYEC OETIKNG (MPOAOYIOKNEC POPAC) KOl apvNTIKNG (AvTi-0POAOYIOKAG POPAC) GTPORIAGTNTAG OTIG
TECOEPIG YOVIEG ™G TOUNG ™G Oéoung. Xe amdotacn X/h=2, 10 €omTEPIKO TUAUA TG SEOUNG
KOADTTETOL OO OPVNTIKEG TIWES evd BeTikég Tipég Tapatnpodvtor povo € and ta Oplo NG SEoUNG.
TTapopola YopaKTNPIOTIKA 1oYhoVY Kot 6Tovg mopevovg otafuovg uétpnong (x/h=5 xai 10), 6mov
OUMG 01 OETIKEC TIUEC LELDVOVTOL KOl OL OPVNTIKEG YIVOVTOL TLO GNUAVTIKEG GTO KEVTIPLKG, TUNUOTO, 0td
0T oTIG Avm-de€ld Kot kaTt®-apiotepd yavieg. Xe amdotaon X/h=30, ot Tipég g a&oVIKNG GUVIGTOGAS
G oTPOPIAOTNTOG EIvaL oXEOOV UNOEVIKEC.

[Mopatnpdvtag TOpa TIC GLVICTOGES TNG GTPOPIAOTNTAG OTIC KABETEG dlevBuvaelc, paivetatl OTL OVTEG
oyetilovial Kupimg pHe TG Tapaydyovg TG aEOVIKNG TaONTOG TOL OVATTOCCOVTOL GTO OVTIGTOLY0
dotpntikd otpodpata. ‘Etoln cuvictdca Qy maipvet Oetikég 1 apvntikég TIHEG TAVD Kol KATO Od TOV
gykdpolo afova mopdAinio ot HEYAAn SldoToom TNg 0ECUNG, Kol avTioToro M €2, GLVIGTOGCO
kaBopiletor amd To SUTUNTIKO GTPOUN TNG WKPNG TAEVPAS TG OEoUNG. Mo OMUOVTIKY TopaTHpnon
oyetiletal ue 10 yEYOVOS OTL 1 TEAELTOIN GLVICTMGN OTOKOAVTTEL OVCLUGTIKG dv0 (gvyn (ovodv
apVNTIKAG kot BTIkNG oTPoPAOTNTOG (YEYOVOG OV JEV IGYVEL YO TV CLVIGTAOGA ), TO KEVIPO TMV
omoiwv Bpioketar otig BEceEIG HEYIOTNG OEOVIKNG TAYXVTNTOG OTIC KOTOVOUES TOTOV GAYLOTOG Y10 TIG
avtiotoryeg afovikéc omootdoels. Etolr umopel va Osmpnbel Ot 1 ovykekpiuévn popon eivar
OTOTEAEG LA EYKAPCIOC OTPOPIAOTNTAG.



A. I1. Bovpog, A. Pollard, R. R. Schwab ko1 ©. Iaviong

Daiveral 6Tt 1 ELPAVIOT TNG LOPPNG GAYLATOS TOV KATAVOU®DY TNG AEOVIKNG TayVTNTOS (AAAL Kot TOV
PéTpov NG oTpoflAdTnTaG) CLVIEETAL LE TN OOUOPPMOOT] KOTOVOUNG HOPPNG OATHPO, OV
mapoTnpeital apéocmg PeTd v €£0d0 g 6éoung ato akpoevoilo. H popen avt) pe tn ogpd g
e€aptdtor omd TO YOPUKINPIOTIKA NG pong OUEcmG mptv TV €£000 Kol KLPIOG To YEMUETPIKA
YOPOKTNPIOTIKA TOV OKPOPLGIOL TOL GLUTEPIAALPAVOLY, TNV GUYKAIGY NG PONG GTO €0MTEPIKO
TUAUe Tov Bodduov kabnovyacupov wpwy v €€odo (PA. Zxnua 1). o va wdpovpe por koAvtepn
EIKOVO TOV UNYOVICUDV TTOV EUTAEKOVTOL GTNV aVATTLUEN TNG GLYKEKPEVT doung, eetalovue v
elowon ¢ otpofrrotrtag, oty apyikn Lovn avantuéng g déounc. To wwolvyo otpoPiidtnrag
dtveton amod ) oyéon:

2 [ 2 2 2 2
%:QXQ—’_QY@—FQZ@—F 0 (WZ—V2)+8—Z(VW)—8—2(VW)+V ai;(+a£22x
Dt ox oy oz oy oy oz N @
—_— —
A B C D E

v mopandveo eElGmon, oL TPES TPMTOL OPOL GTO APIOTEPO UEAOG YopaKTNnpilovy TNV GLVOAIKY
GUVEICQOPA TNG MEONC OTPOPIAOTNTAG, Ol EMOUEVOL TPELG TNV GUVEICEOPO TV TUPPOdDV
daxvpdvoemv Kol Tov taoemv Reynolds, evd o tekevtaiog dpog v emidpacn tov 1Eddovg. Ot mo
onuavtikoi 6pot oty mapoanave eEicmon givar ot 6pot B kot C. Ot vwéAowmor voAoyioTnKoy Gg
afovikég Béoeic amd v £€0do péypt kan X/h=13, divovtog oyeTIKd mOAD KPOTEPES TIUES, EKTOC At
ToV TEAELTOI0 OpO TTOV GVVIHBWC VITOAOYILETAL £TGL DGTE VAL IGYVEL 1] TAPOUTAVED 1GOTNTA.

O1 6pot B ko C g mapondve eicmong napovoidlovtal ota Zynpata 8a kot . Etvar poavepd o6t
TOPOUOPO®CY] GTO TEPTYPALLO TNG UECTG TOYVTNTAS CLUVOPTATOL LE TIG KOTOVOUES TOV TOPATIVE®
opov. ['ao mapdderypo, mapotnpdvag v mhve deld yovio otnv Topn g 0écung, o 0pog B eival
Betucog ko 0 6pog C apvnrikdc. Ot tipég avtég delyvouv 0Tt ot 6pot avtoi givar cuopPartol pe
UETAPOPE, PEVGTOD OTO TO KEVIPO TNG OEGUNG TTPOG TV TEPLPEPELN, KOL TN SOUOPPOCT TS LOPPNS
aATNPO TOV TEPLYPAUUOTOS. XE OYEGN UE TO POAO TTOV Umopel va mwailovy oL GLYKEKPIUEVOL OPOL GTN
SLUOPO®ON KATAVOU®MY TOTOL GAYLOTOG, 1] atdvinot dev elvan Eekabapr, av Kot 1 Sl0GTAVP®CT TV
{ovav BeTIKNG Kol opvNTIKAG CLUVEICQOPAS GTPOPRIAOTNTAG amd oLTOVG TOLg Opovg PpiokeTar emiong
ot 0éon TV PEYICTOV TGV TG TaxdTTaS. Enuoviikd 0épa mov ypnlel diepebvnong gival av ot
KATOVOUEG aVTEG gival vtevbBuveg N av givol To amoTEAEGHA TG ELPAVIONG TOV KATAVOU®DV GAYLATOG
KOl TOV TEPTYPAULOTOS LOPPNG AATIPOL.
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NEAR FIELD CHARACTERISTICS OF RECTANGULAR JETS

Experimental results on the near field development of a free rectangular jet with aspect ratio 10 are
presented. The jet issues from a sharp-edged orifice attached to a rectangular settling chamber at
Re,=23,000, based on slot width, h. Measurements on cross plane grids were obtained with a two-
component hot wire anemometry probe, which provided information on the three dimensional
characteristics of the flow field. Two key features of this type of jet are mean axial velocity profiles
presenting two off axis peaks, commonly mentioned as saddleback profiles, and a predominant
dumbbell shape as described by, for example, a contour of the axial mean velocity. The saddleback
shape is found to be significantly influenced by the vorticity distribution in the transverse plane of the
jet, while the dumbbell is traced to two terms in the axial mean vorticity transport equation that diffuse
fluid from the centre of the jet towards its periphery. At the farthest location where measurements
were taken, 30 slot widths from the jet exit, the flow field resembles that of an axisymmetric jet.
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