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AprOpntikg ko Hewpopatikny) Merhétn
™ Yrokpiowung Tvppmoovg Pong ne EAev0epn
Em@avero tavo aré Hukvkiiko Epmoolo

E. KOYTANTOX

Ap TToMtikdég Mnyoavikog AI1.G.
Emompovikog Xvvepydtng

Iepiinyn

2ty epyacio avth eéetaletor aplOunTIKG Kol TEWPOUATIKG. 1] DTOKPI-
owun TopPadns pon ue eAEOOEPT ETPAVELD, TAVW OO EUTOOIO HuL-
KvKAIKHGS Otatouns. Tooo avavny, 600 kai KOTAVTH TOL EUTOOIOV N
PON EIVOL DTOKPIOoIUY, EVOD TOPOTHPEITOL KOUTVAOTHTO THS EAEDOEPNS
EMPAVELOS KAL TV YPOUUDOV POTIS TAVW KOOI UETG TO EUTOOLO AVa-
Aoya ue tov apiBué Froude. H mpooouoiwan tov porvouévov emi-
oyyaveror apiBuntixd e ) wueGodo TV TETEPATUEVWV OYKWY ETL-
Avovrog tig eCiowoeig Reynolds (RANS), ue ™ puébodo VOF yia tov
TPOCOIOPIoUO THS EAEDOEPNS emPavelag Kal 1e TO HOVIELO TOPPNS
taoewv Reynolds (RSM) yra to «xcheioyoy g toppng. Zoykpivovior
TELPOUATIKG KoL op1OunTiKG uéoo ueyédn e pong (eAevbspn emipa-
VELQ, UETES ONUEIOKES TOYDTNTES), EVMD Ta aplOuntiKd amoteléouaro.
POVEPDVOVY OPICUEVA OTOLYELA THG OOUNS THS TOPPHG.

1. EIXATQT'H

H mopovcio gumodiov otov muduéve avoikT®v ayoyoy
€YEl MOAAOTAEG EMMTAOCEL; OTO VOPOSVVOLUKE YOPAKTNPL-
OTIKA TNG pong kat eapudletal o TANODOPA VIPUVLAIKGY
épyov.

Y& MOMEG MEWPAPOTIKEG KOl aplOUNTIKEG EPYACIEs Yo
poég mave omd eumodwa ([11, [2], [3], [5], [71, [8], [9], [15],
[16], [19], [20]) avapépovial mANPOPOpPieg GYETIKA LE TO
b0 HECOV TAYVTHTOV, TO YOPAKTNPLOTIKE TNG TOPPTS, TNV
aVOKVKAOQOPio TG pOoNG Kot To PiKog Te. Ot Teplocotepeg
APOUNTIKEG SIEPEVVIGELG TTPAYUATEDOVTOL POEG LE UIKPOVG
apBpovg Fr, yopic kapmvAotnta g eAe0Bepng empivelog,
1 elebBepn emedveln ovTyeTOTI(ETAL G GTEPES OPLO, EVD
70 KAEIGIHO NG TOPPTG emTLYYAVETOL e povTELD TOTTOV k-¢
QKOO KOl O TEPIMTAOCELS LLE IOYLPT] AvVaKLKAOPOpIaL.

[pdoopata oty epyacia [10] diepevvinke apBunrica
N TupPmdNG pon v amod TeTpdymvo epunddwo (Fr . =0.42,

Fr =278 6OV Fr=U/ \/g>h , U=péon wxl')rﬁvtagn&wro-
ung, h=Babog porig, g=emitdyvvon g PopvnTog), Le Evio-
VN KOUTOUAOTNTO OTNV EAEV0EPN EMPAVELD, ETADOVTOS TIC
e&lomoelg RANS pali pe t pébodo VOF (Hirt & Nichols,
Yropinbnxe: 10.12.2003 Eyve dexcrij: 7.12.2004
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1981) ka1 to povtéro topPng k- 600 otfddwy. Ta apBun-
TIKG amoteAéopata Yo Tr 0éomn g ehevbepng emipdvelog
KoL T OO TOV eSOV HECOV TAXVTHTM®V TV GE IKOVOTOL-
NTIKN GVUPOVIO e SLDECILLO TEPOUATIKG OTOTEAECLLOTOL.

Hopopoia NTov 1 pebodoroyia,  onoio. akolovdnOnie
omv gpyacia [11], yio v mpocopoinon g TopPdOovg
poNg Le eAevBepn EMEAVELD GE MUTOVOELDT TLOUEVO TOGO
Y vrokpicun 660 Kot Yo VIEPKPIGIUN por|. XpNOLoTOoL-
NOnke 10 poviéro topPng RSM yua 1o kheicipo g toppng.
To apOUNTIKE OTOTEAEGHOTO TV GE IKOVOTOWTIKY GULL-
Q®Vio, L SNUOCIEVIEVE, TEWPALLLOTIKGL.

Yty gpyacia [12] eEetdotke apBuntucd n didtdotatn
pOT TAV® 0o TETPAy®mVOo epmddo. H por| petofaridtay and
VRLOKPIGIUN avavTn (Frmm:OJS) € VIEPKPIGUUN KOTAVTN
(Frmdvm:LS), pe kpioeg ocvvOnKeg TAved o6To eUmOSL0.
E&etdotnke, emiong, N enidpacn g avoppoéeNnong and tov
TLOUEVO GTO LOIPOSVVALLKA YOPOUKTPIOTIKA TNG POTIG.

Ymv epyocia [13] mapovcidonke n aplBuntiky Kot
TEWPOUOTIKT] PEAETN TNG HeTAPaong, amd VTOKPIoY oF
vrepkpioun nave omd nuikukAko gumodo (Fr . =0.49,

Frmdm:l.%), pe £Upaon otn dSpdpPmon TNg ?g(c;;T&Képv-
PNG CLVICTAOGCAG TG TAYVTNTAG GTNV TEPLOYN TOL EUTOSIOV
KO TNG SOTUNTIKNG TAoNG TuOHEVE KATO UNKOG TNG PONG.
Ymyv mopovoo epyacio efetdleTor oplOUNTIKE KoL
TEWPOAUOTIKA 1 vIOKpioyn TupPddng por pHe ehevbepn
EMPAVELD TAVO OO EUTOII0 MUIKVKAKNG OLOTOUNG, KOTO-
oKeLOoUEVO amd Aelo avoleidwto ydAvfa oe opboywvikd,
Agio, avoyytd aywyd. To eykdpolo TAGTOC TOv €umodiov
Ntav 160 pe To TAATOG Tov avoryTod aywyov. H avavin kot
N KOTAvIN pon| eivar o OAeg Tig e&eTalONEVES TEPITTOCELS
vrokpioun (Frlwdvmzo.22—Relavdvm:22880, Fr,, en=0-38-
Re,, e =43290,Fr,  =0.42-Re, . =62040, Fr, . =0.58-
Re 4wdm2128250). O apBpdc Re (Re=U*D/v 6mov U=péon
TayvTNTa Statopng, D=yapaxtmpiotiky KAipoKe UKovs Kot
V=T0 KINUaTIKO 1EMOeC TOL veEPOD) LIoAoyicOnke ypnot-
HOTOLMVTOG TN HEoT TaXDTNTO 16030V U, MG XUPOKTNPIL-
OTIK| KAIpoKa Toy0TnTag Kot T S1GpUeTpo Tov gunodiov B
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®C YOpAKTNPIOTIKN KApoko pikovs. H kopmvddtnta g
eAEVBEPNG EMPAVELNG KOl TOV YPOUUDV PO TAV® KOL LETA
TO EUTOOI0, YWOPIG TO GYNUOTICUO OVOKLKAOQOpioG AGY®
™g HopeNG Tov gumodiov, givar availoyn pe tov apBud Fr
g pons. [Tapovsidletar ohykpion aplOunTIK@V Kot TEWo-
LOTIKAOV OTOTEAECUATOV, ONMOG otV ehevbepn emipdaveln
Kol TIG HEGEC OMUEWOKEG TAYXVTNTEG, €V TOPOLGLAlovTat
APOUNTIKA ATOTEAEGLLATA Y10, TV KOTAVOUT TNG TUPPMO0VG
KivnTikng evépyetag k, otnv meployn tov epmodiov, 1 omoia
dev givar duvatov vo petpnBel mepapotikd pe o Stabéoipo
gpyaotnplokd eEomopo.

2. IINAKAX XYMBOAQN
a TO TOGOGTO GYKOL TOV PEVGTOV
B: 1 SAUETPOG EUTOdIOV

g: n emtdyvvon g Papdnrag
Fr: o apBuog Froude tng pong
Re: o0 apBpdg Reynolds g porig
g 1 CVVICTOGA EmTAyVVENS TG PapdtnTag
h: Babog ponic
70 BaBog pong otV €ic0d0
1 KECT KIyNnTIKY eVEPYELD TNG TOPPNG
70 1EDOEG TG TOPPNG
N péom onuelnKn tavTNTo
N toxvTTo TPPNG
1 HECT) TaYVTNTA OTIV G030 TOV VEPOV GTO
VTOAOY1oTIKO TTESTO
T CLVICTOGA TG TaVTNTAS 6TN Sevvvon X,
M HECT TayVTNTA SLUTOUNG
n mieon
GUVTETAYUEVEG KOTO UNKOG KOl KAOETA GTOV ay@yo
N ad146ToTN AOGTACT OO TO TOIYWLUA
M oké€daon G TOPPNG
70 1£DEG TOV PEVOTOV
TO KWWNHOTIKO 1EDOEG TOV PELGTOV
.- oL TpPddelg Tdoelg
1N TLVKVOTITA TOL PEVGTOV
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3. MAOHMATIKO MONTEAO -
APIOMHTIKH EIIIAYXH

O1 ddidotateg eiomoeig RANS podi pe v egicwon ov-
véxelag emlvovtat apldunTikd pe ) péBodo TV TENEPUCLLE-
vov oykov pe tov kadwo FLUENT 5.5. To povtédo topPng
RSM , [14], pe cuvaptioES TOYOUATOC, XPTCLLOTOLEITOL Yol
10 KAgloo g TOpPNS. [ Tov Tpocdiopiopd g erevbepng
empavetlog ypnowonoteitol 1 péBodog VOF [6].

H pébodog VOF Paciletor oty vmobeon o611 dvo 1
nePLocoTEPO pevotd (omv efetaldpevn mepintmon vepd
Kot aépag) dev avapryvoovral. o kdbe emmiéov pgvotd

glodyetot pio véa PeTafAnT, TO0 T0G00TO OYKOL KAUBE pev-
0100 (volume of fluid) oe k4B voroyioTikd KeM. Xe kabe
OYKO EAEYYOL TO GOPOIGLO TOV TOGOGTAOV OYKOV OA®V TOV
PELOTAOV 1oovTAL pe TN povado. Oleg or petofAntég Kot
oL 1310tNTeG 68 KABE VTOAOYIOTIKO KEAL OVTITPOCHOTELOVY
LEGEG TIES GOLPOVA LE TO TOGOGTO OYKOL KABE pEvcTOoD.
Av Bécovpe mg a, 10 TOGOGTH OYKOL TOL PEVLGTOV  GTO
VIOAOYIOTIKO KEM, TOTE, OV aq:0, 70 KeAl elval dg10 amd to
pPEVOTO q, AV aq:l, To KeAl givan yepdro, evo, av 0<aq<l, T0
KeM glvat PepK®dS KATEMUUEVO 0Td TO PEVSTO (.

M e&iomon opufg EMAVETOL GTO VITOAOYIOTIKO TTEdi0
Kot TO eSO TOYLTATOV, TO OTOi0 TPOKVTTEL, dtapotpaleTat
oTIg vrapyovoeg pacels. H e&icmon opung e€optdron amd ta
TOGOOTA GYKOL OA®V TV PACEDV HEGH TOV IOIOTHTOV p Kot
LL TV PEVCTMV.

O1 e€1000E1g GLVEXELOG KOl OPUNG YPAPOVTAL:

Eéiowon ovvéyerag:

opU

) 3.1

o ()
Eéiowon oppug:

0 0 P 0 ou, oU; —

—pU. +—pUU =—F"+—— i 1 —pu.u.

al e, P axj+axj{”(axj+ax,) pu‘ul}wgl (3.2)

6mov U, = cuvictdoa g Tayvtnag 6t dievbvvon x, P =
n nigon, puu, = oL TpPmdeIG TACELS, p = N TVKVOTNTO, TOV
PELOTOD, U = TO 1EMAEG TOV PEVGTOV, g, = 1] CLVICTOCN ENITA-
yovong g Papvtntag. [a tovg deikteg i Kot j epapuoletot
1 oopPoon Einstein.

O1 B0 TEG, 01 OoMoieg eppavifovtar otic eEloMCELS [Le-
Tapopac, kabopifoviar and tnv vmapén Kabe acng otov
egetalopevo oyko eléyyov. INa éva cvomua N @doewv n
péomn mokvotnta, BactlOUEVT] 6TA TOCOGTA OYKOL KABE pev-
0100, £yl TNV akdrovdn popen:

p=2a,p,

INo tov Tpoodiopiopd g eAevBepng emPAveLdg YpNoL-
pomoteitat pua €£icmon HETOPOPAG TOV TOGOGTOD OYKOL TOV
pevotav. [ ™ edon q 1 e&lomon avtn £yt TV akdAovdn
HopQI:
oa Oa

+ U,
ot 0X

(3.3)

(3.4)

H e&icwon (3.4) emidetor yuo ke pevoto, extdg and
exeivo 10 omoio opiletar g kvpro. I'a to KHPLO pevoTd
T0 TOGO0TO OYykov vmoAoyiletor pe Pdon Tov akdlovbo
TEPLOPIOUO:

N

Zaqzl

q=1

(3.5)

H e&iocwon petagopdg tov tdcemv Reynolds sivou:
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0, —— 0 —
a(puiuj)+—ax (pUku‘uj)zDijT +DUL +P 4+ Dy + g (3.6)
k

6mov DijT = tupPméng didyvon, DUL = otpwth diayvon, P, =
Topoywyn téong, CI)ij = ieon-mapapdpewon, &= oKESOOT).
Ot 6pot TG oTPOTG dLdYLONG KAl TOPAYDYNG TAOTG Ogv
ypefovTal HOVTELOTOINGT], EV® Ol LTOAOLTOL OPOL GTO dE-
&16 pépog g e&iomong (3.6) mpocopoidvovTal e Baon to
povtédo tov Launder et al (1975), [14].

Y1ig eglodoelg petopopds Tov tdcemv Reynolds (g&i-
ocwon 3.6) n kwnTikny evépyela g TopPng k, n oxédaon
™G € Kol T0 15MOEG NG U, VIEIGEPYXOVTIAL GTOV DILOAOYIGUO
TV OpV DijT, (Dij Ko g H «wvnrucn evépyeta g toppng k
vroloyiletar amd T oyéon k :O.S(uiu. ), EVD M oKEdAoN €

and v e€icoon petogopdc g Kat To 1Emdeg [ amd v
ékppaon ut:pcukz/s. H neproyn enidpaong tov 1Eddovg dev
EMAVETOL, OAAG YPNOUYLOTOLOVVTOL TLUEUTEPIKES EEICMDGELG,
YVOOTEG (G GLVAPTNOELS TOLYDHOTOG, TN AOYAPIOUIKT TEPL-
oyn, M xpPNon TV onoiwv emPdilel n addoTatn ArdSTACN
a6 1o toiyopa y© (y=yu,/v, 6mov u, 1 toyotnta Tpipng,
vV = KWNUOTIKO 1EDSEG TOV PELOTOV) Vo gival peyoddtepn
a6 11.0. Ot cuvaptioelg avTtég divovtal amd TIG ToPaKAT®
oyéoelg [4]:

U ¢ 1/4k 1/2 c l/4k 1/2
U :lgn (By'),ur == oy PG % Y
K T, /p n

k c 3/4k 3/2

3_20, g =4 P (3.7)
p

Sn Ky,

u? u’ u’ “uu
—=1.098, 2 =0.247, -2 =0.655, ——=0.255

k k k k

o6mov K = otafepd vonKarman (=0.42), E=ctofepd (=9.81),
T, = dlaTpnTikn tdon tordpatog. O deiktng p avagépetol
OTO TPMTO OMUEI0 KOVTG OTO TOlY®IL, EVA Ol JEiKTEG tt, n
KOl A 0VOQEPOVTOL TNV TAPAAANAT, KAOETN Kot £YKAPOTLL,
avtiotoya, dtievbvvon Tpog To TolY®LA.

O VTOAOYIOTIKOG YDPOG KOl Ol OPLOKES GLVONKEG TOL
wpofipatog mopovstdfoviol oto oynua 1. Xto 6plo €i-
c6d0v 10 Pébog Tov vepod h , TéOnKe avticToyo oe kaOe
egetalopevn nepintmon ico pe 10.40 cm yio Frluvdvm:0.22-
Re,  om=22880, 11.10 cm yia Fr, . =0.38-Re, . =43290,
13.20 cm yw Frhw,m:O.42-Re3uvdm:62040 kot 17.10 cm yw
Fr, e 0-58-Re, . =128250.

O vTOAOYIOTIKOG YDPOG o€ KOBE mepinTmon emekTabnKe
KOTA TNV KOTakOpLPO £MG TO STAAGLO VYOG TOL TEPLYPO-
@opevov Babovg vepol. Ot KOTOVOUES TNG TOYLTNTAG KOl
Tov TupPrddv Tdcewv Reynolds oto cvykekpiuévo opto
TEPLYPAOOVTOL GOUPMVA UE TIG NUEUTEIPIKES GYEGELS TOV
npoteivovtat omd toug Nezu & Nakagawa (1993), [18], ya
TAP®G avamTOYHEVT por|, pe vrompoypdppota (UDF) og

YAdooo mpoypappaticpod C++6. Lto VTOAOYIGTIKA Opla
g TEPoYng Tov aépa gpoappolovtal cuvbnkeg cuple-
tpiog. Xto 6pro €£6dov 10 PdbBog vepol tébnke ico pe t0
avtiototyo Pabog pong oy €icodo yio kabe e&etalopevn
TEPITTOOT KOl EPAPUOSTNKE GLVONKT eAgvBePTg dLafaong
(outflow). To cLUVOAKO UKOG TOV VTOAOYIGTIKOV TESIOV
té0nke ico pe 1 m.

Ye k60e TEPINTO®ON EKTEAEGTNKAV OplOUNTIKG TEPAATO
gvaicOnociog Tov VITOAOYIGTIKOD TAEYUATOS. XPNGLLOTOL-
Onkov Tpio S10QOPETIKE VTOAOYIOTIKG TAEYLOTA GE KAOE
e&etalopevn nepintmon avtictoya pe 150.000, 175.000 kot
200.000 vroroyoTiKobg KOUPOoLC.

To mAéypa glye ONUAVTIKY TOKVEOGCT KOVTQ GTO GTEPEQ
TOLYOUOTO KOl TN SEMPAVELD VEPOV/AEPA UE YOPOUKTIPL-
oTIKEG Ol00TAoELg AX Kot Ay ioeg pe 0.03 B. H dwapopd oe
péco peyébn g pong oe Kabe mepintwon NTavV LIKPOTEPN
tov 1%. Enopévag, o amotelécpoto Bempovvtar aveEaptn-
TOL VTOAOYIGTIKOD TAEYLLOTOC.

O vroloyloTiKdg YpOVOG Yo TV TEPITTOOT TOV TPITOL
VTOAOYIOTIKOD TAEYLOTOG, OTNV ONOi0. OVIHKOLV TO OTO-
TeMéopaTA, TO OTOl0. TAPOVOLALOVTIOL OTN CULVEXELX, NTOV
enTd mMuépeg oe vmoioywotn Pentium I1I/600 MHz kot
600 MB pviun.

To oynua tov gumodiov eivor MUKLVKAIKO HE aKTiva
B/2, 6mov B=6 cm, (oynua 1). To mpofinua emidetor g
Un HOVIpo 6to xpovo, VA 6To TEipao 1 pon NTav uoviun,
HE TIS apyIkéG cuvOnKeg mov mapovoidlovtal 6To oynua 1.
Ocempeitar 0T 1 oOYKAMo™ el emttevyDet, dTav T0 PavopLe-
Vo €yel mePLEADEL G POVILOTITA KoL TOL VTOAOITO GOYKALONG
Bpioxovtar kdtw and to 6p1o 10°°.

To apBunTIKd oYNATA, TO OOl XPTCLOTOMONKAY Y1
T dwkpitomoinon Tov 0pwv cuvaywoyns, eivat. PRESTO
yw. v wigon, QUICK yw tig tayvtnteg k kot t1g tdioeig
Reynolds, kot SIMPLEC ywo t o0levén toyvtntag Kot mie-
ong [4]. T Adyovg evoTabelag Kot GOYKAGNG YPTCULOTOL-
NOnkav cvvrereotég vmoyardpwong 0.1 oto apyikd oTddio
emilvong yo OAa T PeyED.

4. H IIEIPAMATIKH AIATAZH

H mepapoaticn perétn tov pawopévov €ywve oto Epyo-
ompro Yopaviikng tov Tunqpoatog IMoitikdv Mryavikdv
oV A.IL.O. O Telpapatikog aymyogs xel cLVOAKO prKog 12
m, whdrog 0.25 m kot vVyog 0.5 m. To Bdbog oto KATAVTN
TUN O TOV EAEYYETOAL E KOTOAANAO SLLHOPPOUEVE TTEPVYL-
o, VO otV €{6080 VIaPYEL PIATPO OULAAOTTOINONG TG POTG.
O1 LETPNOELS TOV TAYVTHTOV £YVOV LLE NAEKTPOVIKO LOAMGKO
tomov Nixon Sapétpov 10 mm, pe dSuvatdTNTO HETOPOPAG
Tov onpartog o€ H/Y kot Aqynmg péong tipung ava embopun-
T4 ypovikd daotipuoto. H minciéotepn mpog tov mubuéva
amTOGTACT, TOL UETPNONKE 1 TayVTNTO, NTAV 5 mm, EVO O
OQOALO PETPNONG TNG TAYLINTAG OE TEPLOYEG HE EvTovn
KOUTOAOTNTO TOV POTKOV YPOUUOV EKTIUAONKE Tepimov iGo
pe £10% pe Paon ) devbvvon g cuvieTapévng (oAKng)
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tayvtntag. H pétpnon g ehevbepng empdvelog €yve pe
otofunpeTpa Tomov akidag pe akpifeia £0.01 mm. Okeg ot
LETPNCELS £YVAV OTO HEGO TOL TAATOVS TOV KOVAALOD KOTH
pnkog g pongc. To eumdd10, T0 0TOI0 KATAGKEVAGTNKE OO
avo&eidmto yaivPo, tomobetOnke o amodcTAON ENTA pé-
TPV and TV €i60d0 ToL KAVaAoD, HE EENoPAMGUEVT TNV
TAPN avamrTuén g eloepyodpevng ponge. To tn pétpnon g
TAPOYNG YPNOWOTOWONKE TPIYOVIKOG VIEPYXEIMOTNG. XTO
oyfuo 2 Topovctaloviol PMOTOYPOPIES TNG MEPULOTIKNG
dtdTagng, Tov TEPAUATIKOD EEOTAMGOD Kot 1) pOT) e EAEL-
Bepn emeavel GTNV TEPLOYN TOV EUTOSIOL KOTA T1) SLdpKEL-
0 TOL TEPANLOTOS LE Frlwdm:OlZ, OTOV 1 HETAPOA oTNV
eAeBepn emeavela ivar PndeviK.

5. XYT'KPIXH APIOMHTIKQN KAI
HEIPAMATIKOQN AIIOTEAEXMATQN
ANAAYXZH KAI XXOATAXMOX

20yKplon apBuUNTIKOV KOl TEPAUOTIKOV OTOTELEGLA-
TOV Yo T peTaPoAn tng eledbepng empdvelog og OAeEG TG
e&etalOpEVEG TEPUTTMOELG OTIV TEPLOYN TOL EUNOSIOV o~
povctiletal oto oynpa 3. H dievbuven x eivor n oplovria
devbuvon katd pnKog Tov aywyov, Bewpmvtag x=0, 0.5 m
TP 0O TO PEGO TOL EUTOSio, eV Y €lvar 1 kGBetn S1ev-
Buvon, pe apyn Tov Tubuéva Tov aymyoo.

H €kedBepn empdveia mopovotdlel KapmuAldTTo Tive
Kot PETd To gumddio, aviloyo pe tov apdpd Froude ng
poTG, VO givarl oyeddv oplldvTia, KATAVTN Kol AVAVIN TOL
eumodiov, e avtiotoryo otabepd PaOn ponc. Te Oheg Tig ee-
talopeveg TEPMTOOCELS, mapovclaleTol peimon tov Padovg
poNG, apov M por| elvar vokpicyn TOGO avavtn OGO Kol
Katdvn tov gumodiov. H péyom peimon tov Bdbovg porig,
OmMG YiveTal avepO 10104TEPO OTIC TEPIMTOCELG Fr3uvdvm:0.42
ko Fr, . =0.58 6mov petafoAn tng erevBeprg EMQAvELOG
givol evtovotepn, dev mapovcldleTol TAVEO oo TO PEYIOTO
Vyog Tov gumodiov (x/B=8.33) ahAd oe Béon ehappd peta-
tomopévn (x/B = 9.5 kau 9.65 avtictoya). Ta apBuntikd
OmOTEAECLLOTO BPIGKOVTOL GE IKOVOTTOUTIKT) GUUPOVIN LE TO,
avtioToro TEWPAUATIKE 08 OAEG TIG eETALONEVEG TEPITTM-
OELG, POVEPDOVOVTUG TIV IKAVOTOMTIKY| 0dd0cn TG Hebddov
VOF ot poég pe khion g erevbepng empavelog.

10 oynua 4 cuykpivovtol opOUNTIKEG KOl TEPOUOTL-
KEG LEGEG ONUEWKES TAYVTNTES TTPLV, OTN LECT] Kot PETE TO
EUTOO10 Yo TNV TEPITTMON Fr4uvdvm:0.58-Re 4‘”&““:128250,
O6mov Kol TapovotaleTor N HEYIOTN HETABOAN OTNnV €Aev-
Bepn empdveln. H adwaotatomoincn tovg €xet yiver pe
HEGT ToOTNTO TOV VEPOV GTNV €1G000 TOV VTOAOYLOTIKOV
nediov (u, , =0.75 m/s). Ztv npdtn KEOETO N KATAVOLN TNG
TOYOTNTOG OLOBETEL YOPAKTNPLOTIKG TANPOG OVOTTUYUEVIG
poONG e TN MEYIOTN TOXOTNTO Vo eppaviletar Kovid oty
eAeBep em@avel, Ve otr dgvTEPT, TPV O TO EUTOIIO,
apyilet va yiveTor eppavig 1 Topovsio Tov EUTOSI0V, 0poD
1 SLOUOPPMOT TNG TOXVTNTOG ATEXEL AO EKEIVN TNG TANPOG

avamToypévng pong. Idaitepo evdlopépov mapovstalel n
dwatopn ot péon tov gumodiov. H tayvnta mopovctdlet
KOTOVOUT TPLY®VIKNG LOPONGS, 1e TN péytot toyvtnta (1.78
PopEg ueyoddtepn amd T u, ) vo eppaviCeton kovid oto
eUmoo10. XTIG TpElG EMOUEVES KaBETOVG TapovcialovTal To-
YOTNTEG, EMIONG, APKETH LEYOAVTEPEG AmO TN LEST] TOXVTNTA
€16000V, AOY® NG TamEIVOONG TG eAeVOePNG emQAvVELNG
oTn ovykekpiévn mepoyn. H ovykpion apBuntikdv kot
TEWPOALOTIKOV OTOTELEGUATOV KPIVETOAL 110{TEPA KOVOTOL-
Nt pe egaipeon ™ dwotopr x=0.60 m, 67OV 01 TAXVTNTEG
oo Tov apluNTIKd KMo givar pKpoOTEPES and TG avTi-
OTOLYEG TEPOUUATIKEG. AVTd opeileTarl ot dopopd peTa&d
VTOAOYIOTIKNG KO TEWPALOTIKNG EAEVBEPNG EMPAvVELRS (Kot
BaBovg pong) ot dwtopn avth (Zxnpa 3). Anod Tov vmo-
AOYIGUO NG POIKNG CLVAPTNONG KOl TNV KOTOUOKELT TOV
POTK®V Ypapp®dV (6ev mapovctalovtal yio AOYous GUVTOUEL-
omng) dev paivetal vo uavifetat TEPLOYN avVaKVKAOPOPTag
To® 0md TO EUTOO10.

¥t0 oynuo S5 mopovotdletal 1 SLUOPP®OT TG K-
TIKNG evépyelag TG TopPng k oty meployn Tov gumodiov.
H odwctatomoinomn éyxet yivel pe to TeTpdy@vo g HESNG
TOOTNTOG TOV VEPO 6TV £{G0d0, U, % TTNV TPpOTN KAOETO
1 KOTAVOUN TNG KIVITIKNG EVEPYELOG TG TOPPNG Tapovctalet
MV KAOGIKY] TPIYOVIKY KOTOVOUY TANP®G OVOTTUYUEVNG
PONG, HE TN HEYIOTN TN VO TOPOLCLALETAL GTO TOlYMLLA.
31t 6evtepn kGOETO, aVAVTN TOL EUTOSIOV, YIVETOL ELPAVIG
1 TOPOLVGia TOL EUTOdIOV [E PETAKIVIION TNG LEYIGTNG TG
¢ k og vynAotepn Béom omd to Toiyopa Kot avénon g
HEYLOTNG TIHNG TNG.

311 ouvEéyELn, OTO HEGO TOL EUTOSIOV 1) KIVITIKY €VEP-
yelo g TopPng avéavetar actntd pe T pEylotn T va
TapovctaleTol 6To EUmOSI0 KOl VoL PTAVEL TEPITOV TEVTE
QOPEG TNV TAON GTIG dVO TPOTYOVUEVES KABETOVE. ZTIG TPELS
EMOUEVEG KOOETOVG KATAVTN TOL gumodiov 1 avEnom g
KNTIKNG evépyelag tng tOpPng givar 1010itepa OTUOVTIKY
@TAvVoVTaG OTN HEYIOTN TN TG otV kdbeto x=0.60 m, n
omoio eival TEPImov €iKool POPEG LEYAADTEPT ATTO TNV AVTi-
oTOLYN UEYLOTN TN OTNV TPDTY KAOETO OvVAVTH TOL EUTOdi-
ov. Ze OAeg TIg KOBETOVG KATAVTN TOV EUmOdiov givat TAEoV
TPOPAVIG M epeavion otifadog avauéng (mixing layer),
pe to péyoro g k va gpeaviCetor og onpeio g kabétov
oe omdotaorn omd tov mubuéva. H avénon g kuvntikig
EVEPYELOG TNG TOPPNG oV TEPLOYN KATAVTY TOV €UNOdiov
opeihetanl otV mwpoavapepbeica otifada avapuéng, o6mov
AapPavoLY YxdPo GNUAVTIKEG SLOTAPAYEG GTNV TAXVTNTO TG
pong. H ovykexpyiévn meployn Eexvd amd 1o eumddo Kot
EKTEIVETOL KATAVTT).

e oplopéva SoypPAUUATE TOGO OTIG LEGEG OTUELOKES
TOYVTNTEG OCO KOl OTN HECT] KIVNTIKY EVEPYELX TNG TOPPNG
TAPATNPOVVTOL [T OLOAEG KAUTOAES, YEYOVOS TO 0010 OPEL-
Aetar ot SUOPE®OT TOL TAEYHOTOG. Ot VTOAOYIGTIKEG
avaykeg emPAAAOLY TUKVEOOCT TOV KOVIQ GTO EUTOSI0 KoL
apaimon] Tov HoKpld amd aVTo, EVA GTNV TEPLOYN KOVTIH GTO
OTEPEO TOIYOUA, OTOV TOPAUTNPOVVTOL HEYAAES HETAPOAEG,
yivetai yprion tov elodcenv (3.7).
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6. XZYMIIEPAXMATA

Yy epyacio avtn eEeTdotnke opOUNTIKE Kot TEWO-
potikd 1 vrokpioun topPddng pon pe eAevbepn emipdvela
Tave and epmddlo NukvkAKng dtatopng. Iapovcidotnkoy
TEWPOUOTIKA Kot oplOunTIkd amoteléopota yuo. o HES
peyéln g pong (erevbeprn emipdvelo, HECEG OTUELOKES TO-
YOTNTEG), EVO 1 EPUPLOYT TOVL APOUNTIKOD LOVTELOV QOVE-
pOVEL TN dopT TG TOPPNG Kot TN SUOPPMOOT TNG KIVITIKNG
EVEPYELOG TNG TOPPTG KOTA UAKOG TG POTG LE ELPACT OTNV
TEPLOYN TOV EUTOSIOV.

[poérvyav ta akdAovbo copmepdcpaTa:

(a) To apBuNTKd poVTELD VTTOAOYILEL IKOVOTOMTIKG TN
peiwon Tov BaOovg porg, n omoia givar avarioyn tov aptBpov
Fr g ponig, otnv meptoyn tov epmodiov Kot T Lésa VOPOdV-
VOUIKA yopaktnplotikd g pong. [ apBpovg Froude<0.22
Tapatnpeital UndeVIKN LETOPOAT TG EAeVBEPTG EMPAVELOG
KATO PKOG TOV ay®YoU.

(B) H petapoin g ehevbepng emipdvelog mopatnpeiton
KUPIOG TAV® Kot HETA TO EPTOS10. L& OAES TIG TEPUTTMOELG
napovctaletat peimon Tov Babovg, agov 1 pon gival vro-
kpiown 1660 avavin 660 Kol Kotdvin tov epmodiov. H
péyot peimon tov Pabovg, dmwg yivetar pavepd Wiaitepa
OTIG TEPIMTMGELS Frmvdvﬂ]:0.42 ot Fr mdvaO.SS, OToL M [le-
tafoin g elebBepng empavelag ival eviovotepn, dev ma-
povctaleTal TAV® and To PEYIGTO VYOG TOL EUTOSI0OV CAAG
o€ 0éom ELaPPA LETATOTIGHEVT KOTAVTN.

(Y) Avavtn tov gumodiov apyilel va yivetar peovig M
TAPOVGI TOL EUTOSI0V, 0POD 1) SLOUOPPOSCT) TNG TAYVTNTOG
améyel amd eKeivn TG TANPOG OVATTUYUEVNG PONG, OTOL
N HEYIOTN TOYVTNTO TOPOLGLALETOL KOVTG otV ehevbepn
emeaven. H péon toydmra oty Kopuen tov eumodiov

TaPOVCLAlEl KOTUVOUN TPIYOVIKNG HOPPNS, UE TN HEYIOTN
Tayvtnta £0g 1.78 popég peyorvtepn, yuo tig e&etalopeveg
TMEPITTOGELS, OO TN UECT] OTNV (0000 TOV VIOAOYIOTIKOD
xdpov, va gpeovifetor kovtd oto tolympo. Kotdvin tov
eUmodiov TopoLSLALoVTaL ToYOTNTES, EMIONG, OPKETH LEYOL-
AOTepEG amod T PESM ToLTNTA E1IGOJ0V, 0pPOL GuveyileTal 1
emppon g LeTaPorng TG eLeVBEPNG EMPAVELOG.

(0) T'la TV KoTOVOUN TNG KIVNTIKAG EVEPYELAS TNG TOPPNG
OTNV TEPLOYN TOL EUTOSIOL TAPATNPEITUL OTL OTIV TPAOTN
KG0eT0 TAPOVGLALEL TNV KAOGIKT TPIYOVIKY KOTOVOUN TAT-
PMG OVOTTUYUEVIG POTIG, LE TN UEYIOTN TIUT VO TapovoLale-
TOL 0TO TOlY®LO. 2T devTEPN KABETO, AVAVTN TOV EUTOSIOV,
YIVETOL ELPOAVIG M TAPOVCIO TOV EUTOSIOL pEe pETaKivIoN
g péytotng TN s k o vynidtepn Béom amod To Tolympa
Kot oOENoT TG LEYIOTNG TYNG TNG. XT1 GUVEYELD, GTO HEGO
oV eumodiov, M Taom avéavetor owodnTtd pe T pEyoT
T v TOPOVGLALETOL OTO EUTOSI0 KOl VO QTAVEL TEPITOL
TEVTE POPES TNV TACT OTIG SVO TPOTYOVHEVES KOBETOVG. XTIg
TPELG EMOUEVEG KABETOVG KATAVTIN TOL gumodiov M avEnon
g Tdomg mubuéva givar daitepa ONUAVTIKY QTAVOVTOG
ot péylotn T g oty kabeto x=0.60 m, 1 omoia eivor
TEPITOV €IKOGL POPES PEYAADTEPN OO TNV OVTIGTOUYT UEYL-
OTN TY TNV TPATN KAOETO aVAVTN TOL EUTOSI0V. Xg OAEG
T1G KBETOVG KATAVTL TOL EUTOdioV gival TAEOV TPOPAVIG M
epeavion otifadog avauéng (mixing layer) pe to péyioto
g Téong va gpeavifetal og onueio g kabétov og amo-
otooT amd Tov Tuhpéva. Xtig kafétoug x=0.60 m kot x=0.65
m Sl0QOIVETOL 1] GTASIOKT OLOAOTOINGT TG POTG KOl TOV
TopPwdmdv peyebmv pe ) peiomon g Héylotng Tung g k.
H avénon g kivntikng evépyelog g TopPpng, oty Teployn
TOL EUTOSI0V, OPeiAeTal KUPI®G 0T GTASIOKY HEI®ON TOL
Babovg pong, mTov GuveRAyETAL VOENOT TOV SLATAPUYDV TG
TaxOTNTaG POTG.

SYMMETPIA-SYMMETRY
2
18 1.00 h
1.6
EYMMETPIA-SYMMETRY  { 4 AEPAZ-AIR ZYMMETPIA-SYMMETRY
1.2
< 1
=
0.8
NEPO-WATE
0.6 - EZ0AOZ
EIZ0AOZ Jiniek n (EAEYOEPH AIABAZH)
(NEPITPAGETAI H TAXYTHTA) ) 5 OUTFLOW
VELOCITY INLET
0.2
-/I ] hl=0.03
O
0 2 4 6 8 10 12 14 16
x/B

Zynua 1: Yroloyiotiko medio kar opiokés ovvOikeg.
Figure 1: Computational domain and boundary conditions.
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(A) B
2ynua 2: (A) H weipauotixy diazaln kot o meipopotinog eConiouog, (B) Pon e eAedlepn emipaveio wapovaio tov gumodiov (Fr=0.22).
Figure 2: (4) The experimental setup and the experimental equipment, (B) Free surface flow in the vicinity of the obstacle (Fr=0.22).
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Zynua 3: Xoyrpion apiOuntikov Kol TEPOUOTIKDV ATOTEAEGUATWOV Y10, TH UETOPOLN THE EAEDOEPNS ETPAVEIOS TTNY TEPLOYT TOV EUTOIOD.
Figure 3: Comparison between the numerical and experimental results for the free surface variation in the region of the obstacle.
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Zynua 4: Xoykpion apiOuntikov Kol TEPOUOTIKDV UEGOYV CHUELOKOY TOYVTHTOV 08 OLAPOPES KODETOVS Katd unkog e pong (Fr=0.58).
Figure 4: Comparison between the numerical and experimental average point velocities at various stations along the flow
direction (Fr=0.58).
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2ynuo 5: Koataxdpopn katavoun tg kivytikng evépyelag g topPns k oe diapopes kabétovg kata unxog e pong (Fr=0.58).
Figure 5: Vertical distribution of the turbulent kinetic energy k at various stations along the flow direction (Fr=0.58).
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Abstract

In this study subcritical, free-surface turbulent flow over an
obstacle of semicircular section was studied numerically and
experimentally. Both upstream and downstream of the obstacle the
flow was subcritical, while significant free surface and streamlines
curvature was observed over and after the obstacle, proportional
to the Froude number. The numerical simulation was achieved
through solving the Reynolds (RANS) equations together with
the VOF method for the tracking of the free-surface and the RSM
turbulence model. A comparison of numerical and experimental
results is presented concerning the mean characteristics of the flow
(free-surface shape, mean local velocities), while the numerical
results reveal some characteristics of turbulence structure.

1. INTRODUCTION

In the present study subcritical free-surface turbulent
flow over a semicircular obstacle, made of smooth steel,
was studied numerically and experimentally in a smooth
open channel of rectangular cross section. The transverse
length of the obstacle was equal to the open channel width.
Both upstream and downstream of the obstacle, the flow was
subcritical for all cases examined,. A comparison between
numerical and experimental results is presented concerning
the mean features of the flow, such as free-surface and
mean local velocities. Numerical results are also presented,
concerning the distribution of the turbulent kinetic energy,
k, in the region of the obstacle, and these reveal some
characteristics of turbulence structure.

2. SYMBOLS LIST

a the volume of fluid

g: acceleration due to gravity

Fr:  Froude number
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Re: Reynolds number

g:  component of the acceleration due to gravity
h: water depth

inlet water depth

mean turbulent kinetic energy

turbulent viscosity

mean point velocity

friction velocity

inlet water mean velocity in the computational
domain

velocity component in direction x;,

mean cross-sectional velocity

pressure

longitudinal and vertical co-ordinates
dimensionless wall distance

dissipation of turbulent kinetic energy

fluid viscosity

:  kinematic fluid viscosity

pu,u :turbulent stresses

p:  fluid density

inlet”

EFERF

s £

inlet”

v oo

%
=

< o

<TE ®

3. MATHEMATICAL MODEL
NUMERICAL SOLUTION

The 2DV RANS equations (eq. 2) together with the
continuity equation (eq. 1) were solved numerically using the
finite volume method (FLUENT 5.5). The turbulence model
RSM, [14], with wall functions, was used for the computation
of the turbulence stresses (eq. 6). For the tracking of the free
surface the VOF method [6] was used, (eq. 3, 4, 5).

The computational domain and the boundary conditions
are presented in fig. 1. At the water inlet the water depth
was set at 10.40 cm for Fr =(0.22-Re =22880,

lupstream lupstream
1110 em for Fr,  =038-Re. . =43290, 13.20 cm
for Fr

2upstream 2upstream
3upstream

=0.42-Re =62040 and 17.10 cm for

3upstream
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Fr, ream=0-38-Re, ., =128250, respectively. The vertical
distributions of the velocity and the Reynolds stresses in the
specific boundary were set using UDF subroutines in C++6
according to the semi-empirical equations proposed by Nezu
& Nakagawa (1993) [18] for fully developed open channel
flow. For the air boundaries symmetry boundary conditions
were imposed. At the outlet the water depth was set equal to
the respective inlet water and an outflow boundary condition
was applied. The total length of the computational domain
was set at 1 m.

The shape of the obstacle was semicircular with a radius
(B/2) where B is equal to 6 cm (fig. 1).

4. THE EXPERIMENTAL FACILITY

The experimental study was conducted in the Hydraulics
laboratory, Division of Hydraulics and Environmental
Engineering, Department of Civil Engineering, AUTH. The
dimensions of the open channel were 12 m length, 0.25 m
width and 0.5 m height. The water depth in the downstream
part of the flume was regulated using properly made iron
wings while in the entrance of the flume a smoothing filter
was used. The measurements of mean point velocities were
conducted using a Nixon micropropeller of 10 mm diameter,
capable of transmitting a signal to a PC and averaging in
prescribed time intervals. The measurements of the free-
surface were conducted using point gauges with an accuracy
of £0.01 mm. All measurements were conducted at the
center line of the channel along the main flow direction. The
obstacle, made of stainless steel, was placed at seven meters
distance from the channel inlet in a region of fully developed
incoming flow. For the measurement of the discharge a
triangular weir was used at the end of the channel. In fig. 2
photographs of the experimental setup and the experimental
equipment are presented together with the free-surface flow
in the region of the obstacle during the experiment with
Fr =0.22 where the free-surface is horizontal.

lupstreamt

5. COMPARISON BETWEEN NUMERICAL
AND EXPERIMENTAL RESULTS -
ANALYSIS AND DISCUSSION

A comparison between numerical and experimental free-
surface variation in the region of the obstacle is presented in
figure 3 for all cases examined. The curvature of the free-
surface was observed in the regions over and downstream of
the obstacle and depended on the Froude number. In all cases
examined a decrease in the water depth was observed and
was due to the fact that the flow upstream and downstream
of the obstacle is subcritical. Numerical results agreed
fairly well with the corresponding experimental concerning

the free-surface shape, in all cases examined, revealing
the satisfactory performance of the VOF method, in open
channel flows with free-surface curvature.

In figure 4 a comparison between numerical and
experimental mean local velocities upstream, over and
downstream from the obstacle is presented for the case
Fr 4upsmm:0.58—Re . upsmm:128250, where the maximum free-
surface curvature was observed.

The distribution of the velocity, fig. 5, at station x=0.45 m
is typical of a fully developed open channel flow where the
maximum velocity is observed near the free-surface. However,
at station x=0.50 m the deviation of the velocity profile from
the corresponding one for a fully developed open channel
flow reveals the flow-structure interaction. The mean velocity
vertical profile at the top of the obstacle, station x=0.55 m,
presents a triangular shape with the maximum local mean
velocity being 1.78 times greater than the mean water inlet
velocity near the wall. Downstream from the obstacle, stations
x=0.60 m and x=0.65 m, velocities greater than the mean
water inlet velocity are also seen due to the influence of the
free-surface curvature. The difference between experimental
and computed velocities at station x=0.60 m is attributed to the
difference between computed and experimental free surface
(and flow depth) at this station (Figure 3). From the inspection
of the computed streamlines (not presented here for the sake of
brevity) no recirculation region appears behind the obstacle.

The distribution of turbulent kinetic energy k at station
x=0.45 m is shown in fig. 6. The profile presented is typical
of the triangular shape observed in fully developed open
channel flows where maximum values are presented near the
wall. However, at section x=0.50 m the vertical profile of k
starts to deviate from the above shape, revealing the influence
of the obstacle. At the top of the obstacle, station x=0.55 m,
the turbulent kinetic energy increases dramatically, reaching
values approximately five times greater than the mean
upstream value. In the downstream region of the obstacle,
stations x=0.60 m and x=0.65 m, the increase in k is evident,
reaching a maximum value at station x=0.60 m almost twenty
times greater than the mean value in the upstream region. In
all downstream stations a mixing layer appears with the
maximum value at a certain distance from the wall. At
verticals x=0.60 m and x=0.65 m the gradual normalization
of the hydrodynamic characteristics of the flow is shown.
The increase of the turbulent kinetic energy near the obstacle
is mainly due to the above mentioned mixing layer.

6. CONCLUSIONS

The main conclusions of the study are the following:

(a) The numerical model satisfactorily predicts the water
depth decrease, which is proportional to the Froude
number, in the region of the obstacle and the mean
hydrodynamic characteristics of the flow. For Froude
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<0.22 a horizontal free-surface was observed along the
main flow direction.

(b) Free-surface curvature is observed in the regions over

and after the obstacle. A decrease of water depth was
observed in all cases examined, due to the fact that both
the upstream and the downstream flow was subcritical.
The maximum free surface curvature was observed at a
station slightly downstream of the top of the obstacle.

(c) The distribution of the velocity upstream of the obstacle

reveals the flow-structure interaction since the profile
deviates from the corresponding one for a fully developed
open channel flow, where the maximum velocity is
observed near the free-surface. The mean velocity vertical
profile at the top of the obstacle presents a triangular
profile with the maximum local mean velocity being 1.78
times greater than the mean water inlet velocity near the
wall. Downstream from the obstacle velocities greater
than the mean water inlet velocity also apppear due to the
influence of the free-surface curvature.

(d) Deviations of turbulent kinetic energy k from the fully

developed vertical profile and increased maximum values
were observed, revealing the flow structure interaction
upstream of the obstacle. At the top of the obstacle the
turbulent kinetic energy increased severely, reaching
values approximately five times greater than the mean
upstream value. In the downstream region the increase
of k was evident and reached a maximum value at station
x=0.60 m that was almost twenty times greater than the
mean upstream value. At all stations downstream from
the obstacle a mixing layer appeared, with the maximum
value of k at a certain distance from the wall. At stations
x=0.60 m and x=0.65 m the gradual normalization of the
hydrodynamic characteristics of the flow appeared. The
increase of the turbulent kinetic energy near the obstacle
was mainly due to the appearance of the mixing layer,
which extended from the obstacle to a considerable
distance downstream.
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