AA ™

yray ul.u.mo) g o)Lo.& Rad -\.19 o ) M“ 9 Q‘,o.: Gw..\a{,c 4:}..».:

S s Shals jo BIL g by IS (S 5 e (umaw (soue axdllae
J sl (ool (Souciul ouiss LT by

T ooy e 5 I M T ool sy
o5 oK1 ool pee cwiiges caSazsls sliwl
o5 OIS oyl yos kg 0SSl 2SS 0,98 (seztils |
Mg nio oK1 ()] yas swiiges ouSCEIlS [Lezils T

ol

100 )8 o lap)T o 55 4 nie 5 odel 2525 4 (Selgyan slaojle Syl jo S g O (S )il Jl s oS el glowyay (St
T0 Oy «si‘-‘“‘“j JrES 50 g glaghs, 5 (S dads ab j0 SIS 5l eolitul .l oads slpiig oy (pl J5S lp alise oy,
5 A wSlonls ped adles b (Llitee cslopls ablio b Ly sloasly SLBI (L2 place gaman goae iloaned ol iaghy 0 il
02 2l 90 ol Jgb 5wl (U2e) s +/V0 laldlsles (b0 el onds plol ctigld I3l 5 SIS 4 oSt 5 SIS (g0 Sl 40 (owae
GBS b gl S5 g bl cwais aais ).Jb Olime o yekaie 4y ols J18 i Soglme jo BIKG SV eles jo il e ol
m oo Ol bl sl 4B B 990 Lol e atiiey 55 g bl (gl (roge (Statol oaisS BT L8y lajis 4l (S xS
Seye e 4l JSB G5 35e wesle (Slopls b 4 Cend Sl (SBp A5 s0e,d T el b (pmie (cwiin ghale b 4l &5 wias
oS 5 B gl pwsie ghabe (oS 5 sladae ;0 S aBlioe i Glonls me asles b (bt iy po SIS blis 26 Griores
23,5 50 (e (Srwia] Gos 125 Ol b g Sl (o Glogis alS o alaite (5550 s jslre leatns SIS L cs alae

Saas] Jae wraseld S58le 5 B ol wsis adaio ( Sy ARl oile

solazul Sy90 L:bJa d;l; 6‘)—3 Py L;?Ll‘) LngJi‘iB g0 c)l...'l)‘
S P sbal 5 Sy slaal 095 93 30 WS o 1
S 45 e e S slaely 5 5 e szl
40 MT Boe iSTas g oad obml by S'e o (598 wl
ool 1o )3 s (bilae ;0 00,5 oo comline 4Ly Jlis
Sl Gos ST g 009 s 35S sloal Sg 0
OlF s onl ply a8l o Gl bal cansyml cwnd (o
i L S S 53 laliodle 5 il 4l S5 5 ol
Sl Gl p glaals 5 g b Jlie ol Jo slaals S
[\] 3,ls 4..0.[4:
2 Gl 30 5 pEisle;] Gllllas 3l sla e jo
Jgloaly SLbI noge Sl 5 oz ledoe ais;
a4 adl sloul Clidos 4 ool jo a5 cuwl a8l ool
oy oy (Sl lS n al wsin ghis b
o,lal by Bkl L > (g5le Jaw ;o cuSeld 1i8le 5 5l eolanul
Ir] 45«2 4 Dey J[¥] Toch 4 Laursen .55 s
;! [6] Coleman 5 Melville 4 [f] .5« 5 Breusers

Gl S8 b alEiyleg] &yp0 4 45 Wog ipiies alex

AEN pdy VY -JA s

doddo —)
s s 4 oler el s ol lal Ul wen
o w5 gl oLk e (g Jalse i (85
slaglyz sbul s Gl e (F0BSS i elge 2o
SlLbl o D3 dge (iale,d coge daasly Slbl s a4l
pas odes BV 5l (S ordge (Sl £58y Wisdioe 4l
ot bl o] cass coles e g b b
oz 3l (Sl Gas J555 5 1alS gz cenlio slogh,
) Lbdbj) U"‘ o 09gs 4}94 Sy90 )L:).nb )‘ L Gljlmm
Jelse on w3l s Rbed b oablie ol oglite 518 g0
9 dlge 6 @ b Jsl S o digdee plmil iale
mop S b iblis slo e S glail anle glite e
S ) Sk 5 e o il G s il gl
Bl Sz 50 R ) 0 5 skleiee s 3
o5 sloals 5 5 45l slapl 2 asile satns iolud Jelse
g5 50 )18 oalial 950 by 4l (el (rdg0 (Sncta
on@lsqgwm@qolywwdijlﬁ

J’:«M LRCOWIPSE S



e dw (00 dxfllao

VY 2le AFAY Gl oF o)lods FF uls ccans ) dxo g ol poe (oo 4y 306 [ Fo

5o sl slalginl glaal o BIKE 5l solaiwl Cawadls
5 Job by SR Casdee an 3wl SIS (ragh (0
56 aS as eols lis g ey ,S adllas il sba b e
Jsb Gl 5l i (Sl 2ol [0 SIS (2,0 il
Sype a0 W] oK 5 isulas bl S
25 50 9 s i ) SIS glis)) 5T aalllae alSe Lol
slael wizbly o olial iols B 95 S giaed 45 |y i
P SrSedy 928 4 Ay, fw I pg 0 SO i
asboe Fre hoal cwdVl (Sneal els
b oan oo, ahie oS 5 [VA] ol SKen 5 Hassanzadeh
O3y (rl o wols 18 gy S )9e 1) (elates @36 SIS
polae 5 0035 Giludae Alide ol b (ooye ladlss
20,5 50 00938l oI 2l Ss o Gl b s S
@ 0B Sl S lojle Bl 5l Sl )50 gade (SO
Slsise |y Sliios alad b ails ooy sl i Joss
A oy 005 SIS 45 2903 (g g Djgo (nl 4
@ gy slce g Byomin ;0 (i il Ol mhaw SIS
ol e b SIS Jobo 281 L rizmen o)l Gy
15D 5 1D 55 ooliin cladlls Jsb 59,5 o 3533
8 ol glo il alaz I SISS o e b 0t
boows,S ol 5 ad)S I8 ) oj50 Sl l yo
23,5 g0 03538 ()] gllas s Slos 5y SIS (5 il
o) 53 Sl SlaEagR woue ilude e 5
[Va] Ettema .col adl sl jpas Siolwp Gl slo
5 Slopls (oupe gblio b (b slaaly SLLI L2 555
Leasgls I3l 5 5l eslital b g s d D90 4 | (biits
Eialejl @l b soae @l awlio b 5 oogei (55le e
solz Giledae > @Y @Ulg J8le 5 Gl sged ol
4 [Y-] Yang o)l b sloal oelm atidl com aw
sl (JUIS slel ol 51 andllae 4 cassls l3dle 5 oS
moge (Sl o Sdgyan la el 5 ol Gee
VY] Gaemlisy 5 [NV oolis c3loy Jy slaaly Skl
Py S5 L goue Spge Iy gl o e ablie
ey 5l eoliiwl L [YY] (ole waiols 13 anlllas o900 cudeld
Sl S8 0 aly U b yp 4 casgls 15
-alyl Jy aly SLbl gan 4w by [Y] s,s ey
mds ctgls Jl3ala 5 5l eolial b 1, oIS 5 BISS oy ol

1- Fluen

Ao 9 oals )‘)5 axlllas S)90 ‘) ‘59..454 Gi..m.m.}" wbl: »
03,9l o929 4 by o 1y gob; L;u.a..,\ A ablas s 8
S 5 25k wglad g0 o) JUS 51 ol T4 by s
9l jo alE s Ll ) jo il shide Lo w
S50y e s slopl slaal Jae olRule] oo
1O Gowze YYAD Jlo 0 oo [£] ol 13 awslie
Sl 228 sy aly IS8 b ey oKl
}.u Dl'ysdale [V] J.Sosg J&w G{jb 9 GL:-E.A.»MJQ so)i‘é ‘QSA"J
S0 ab JS anlae 4 ookl Gygo a4 VoA Jlo o
[V] 0905 aslio (glopls ahaiio b |, alol> guls g axsls

Olee a4 b al yo GGl eolaiwl 15 3l sloJle yo
RO R ‘_,’_i..w\ JrsS anse) 5o was b,
o=l gy Ol 50,5 By (Sl el Lol Bas
P domb gy gl 9yt Dja8 alS 5 e
] 4.3509)

sloal ,o B 5l soliiwl sl b gl (sl [A] Chiew
Oy L [c\] ul)lS.c.m 9 Kumar g0 C]Ja"’ ‘) JJ
Stita] ralS o B 5l eolaiwl 1 cwyp 4 2Kisle;]
bdioges alyl 1y auly glasyl yo a8l oSy 51 oolawl oyl
sols ikl ms b ol ol mls awlbs
Q4 Cowd Gy o es Job GBS s 5 ol Job
Syge 4 s [V smeyeb b a8l sl
0,5 dbaine g slopls laal jo Bl o Slae  2Kislej]
sside> s V] SLadl SBBT ol 13 ) 0550 1) adeS
5 eslanl anw; yo Sllae ‘_,’_cali.i;;“l,o)"l Sy90 4 [VY]
56 [VF] Christensen .wols plx! b sloasl o GlSs
DI 8 ewyn yse 1) S8 (Seo b aly o el SIS
Ol Gos Cudgaze g aly Hhad 4 azg b adlae pl o
Se W g oss pdy GGl 4l Jld pl g Job b SIS slx
5 ol oolitul yiww YL S Jsb sl Ol o po

Vool Jlo o al of 5 BlSE oS 5 Joe 5l eolil st
o V0] o Ken g Grimaldi bwg 2Bkl & g0 o
slealy o GBI 5l eslawl wlosls lis s .oy ,5 dslllas
oals Luals |y u’i._wd Gt doy Ve L wole lopls
M)éf&Q&U&ls@lﬁg]sd&&#}bﬂ.dm‘

),.,b e [V¢] o), Koo ¢ Haji Mashhadi .cul soum,



e dw (g0 axfllao

YY 2be AFAY liwo) oF o)lods FF alo cConn ) auxo g oyl s (owitiien 4y 305 [ FY

Sz sladae @ Glies o 3l sy o ST gl
4 3505 o,lsl Wet Steam  Eulerian Mixture .' VOF
Slen 3 o s (Si ol i) £5 4 eulin e b
il gl lp VOF iz Jas (@58 slodos
el gl g als S5z (Gats bl Jlw 53 0T o o8
3l lghd 05 g eog cawbin sl Camal lls Loyl

[¥A]

Sl Yol -Y-Y
ol p sl OYoleo - -Y-Y

A g Swgy Yol el Glagl > WSl SYoles
Al oo Olabuw dlfan slbo o Cys )0 pibege dolas
1idg e S gl gl SYolae 4y a5
s gy Aolre

op O
o o (o)
1 sliwly o piege alolae
2
o ox, ox, Ox ,0x,

» by ey adlie U Jlw JE PGS Lkaly, o
slwly 33 2 wly p S)ly (e 59 By d b,
@58 Laly, waboe (Sealus anjeSans g1y U5 L8 pd
labazd Sblug (S bl o pitne o aadl Sl sl
polae 0,8 Jow Wb absd o 0 by Glae glacaeS
wile (6500 CueS o g )lid 5 S pu laceeS (slalaxd

22308 oo S8 Glogi 5 bamsgio polio 4 @

w=utu, p=p+p, =+ ®

wged Ol 25 Dyse & lgiss |y P CoeS oy Lawgio a5

-~ 1
4 =?J'0T¢idt ®

1- Volume of fraction

b hbine GBS 506 iloand cnl 5o 09 s5le
"S5 g oigdil ey i Sslitte (Sudil slacas
el 435 15y 090 (Sl (i GpalS g
=l 5l oue s rwiore gz L, ol o
s WS cl g ead oolanwl sl JLBBT el
IVE] ws SouSy b a8 OS] alSilej] o (goue
Joargly sy 5l eolanwl [Y0] o Kea 3 Esmaeili
JloS 3590 g30e Djgo | Ol el by 4 cuns
b g oo 4z 5,15 4 SSIIM 133l 5 aslllae (] o aSsls 1,3
P G LI B R
ol oad ools las y slaaly pgely (St J5S
Fat o G5 e g oSSy 5 ssae aalllas
2288 plnil 53 [YP] (She g 5 bz bawgi go0e g0 4
3,50 FLOW3D Jl58le 5 (ol > (g5lotd Cqz (o2 0
305 b 4 wits ol S gl el 425,55 ool
OGR4 b g O e 4 SIS CoaBge ab
50,5 o 00933l Ktnis] S o BlSS bilis
Shbl by Gl Gaman Gilednd (Guis ol o
ewid ahade s b Hlo8lSs 5 BIKS ey slailginl slaasly
2l g ol w5 plonl ctgld JIdle 5SS 4wl
35wl SLbl ol Gl p b gleal ablie 5l plas
Sl iS5 Ly Slo i 4l (59,58 5 anedey
Caled 5o el A8 F 15 ) 0550 bl SLbI (dge
Gl A 50 g (Shp S el Bl a4 angy ghade

] 00 s.JL’x...:‘ prowe u,wLu)S u‘).».d

g g dlge Y
calgld 380 05 )Y

oz Sl Jo (6l canlio Joo S Sl I8 05
oz 3 oxes amels Cal o8 5wl s EYliw Spoliys
Spgo & A st G l8le 5 cnl ST Joe ) SV L
e phe e g phite laaSd b pbyr Jebw g S
ASeD S o)l )5 g 03ged @2l 2 1) numy laanais
oled Sl g Sl oad 4l € by & )58 o5 ool aes o |,
ool b Liomsts a5 5 5 0 000 0ol 2l Bllassl Culils o ol
igcillanl 28 doools caslio [lisly § Spoliys aliil> |
Goltands sl sl 38l S5l o Sas |, Slowboe
Shlp op)l5 Bailerd sam 4w ol mhau b slagl >
Silodae ln Bl goas SlaSSs 5l Gl o o)l



e dw (g0 axfllao

VY ol VAT liao) F oyloud FF s camms 3 baumo g (3l o omckien 49 i | FY

VOF gy 5 pSl> aloleo —Y—Y—¥
95 ol o a5 Yl b > 5l sl 6l VOF Joe
Pl gl Goled s 5 005 (ulad 5o (Fuis byl Jlow
O S ol oo, l5 5] el o ol el Eranl
ol Y sz slaplz @ledas o of 5l ookl 4
ot b 0 Sin glols CS e ol ah sle
Sged o)Ll s SunS8 s by g Sl S ES o e
F b e e gl o 51 VOF () 4 oljl o (s 0
29 0 080l (VOF) Jlows coz> 552 a5 098 o0 oolaiul

ol iz gaman Sl Jdlias AU ol s

OF OF OF oF
—tu—+v—+w—=0 )
ot Ox Oy 0z

Fjlase el Jlws 5l 0 a8 sk )0 (398 dlolae S 50
2y slde ul Jlew 51 B sladshe jo (g adlbige )l
e Vg jho G lade pl (o sleJolu s ol jao
ol il bl 0 F laie ol (1) U580 bl e
LYY] ol eads ool ylis Sslos & j900 @

F=0 //
/ 0<F<1

0<F<1 [/
/|

ol ilise bl 4o F ladie i —) JSb

VOF doles 5 (oS gl gl S¥oles 5l ooliznl sSn 4

2 Blyy Gk Jshw o 0 Jbw J&s g oy sla gl

1035 (o0 (e
n
p=2Fp QY
i=1
H=2 Fu )

i=1

seye Sl oslail jo gyms Tl 555 Gley polie
T oo Ol ole 5l Jiie ¢_§l Sl 4 055 cunlin
5 g DYolee jo (glabiod glaceaS 5 I3l L adl
(M) 5 (V) Ly, calolee (285b 51 Sloj (6 x5 bawgie 5 piage
9,5 oo (ol

azads] LSLQQLA)-? (_g|)..| LS“‘“‘?"" aolro

I pp— o5 0 ,__
e (P g Pl )= = G h g () =

)
dolae o (oymis atadl glagly> ol Sile «
5551 ey slo e o5 (ol 3 & 50,5 b Sl S

Dilodel 0 T o3l yo Sloj lawgie & jgu0 4
sl slagl 2 sln pitage dobae

_ \O(&, +u] — d(p+p’
T+(uj +uj)()J:Bi_()

Ox Ox

Ou, _ ou; | » I 0O Ou,  ——
*)

Sl o piioge doles b alol> piiage dloles oglas g
i Bdllaol oS wibios pulnl e ood adlsl )l
Bl 5l ey ol 005 on oamali sl i b (Sl
(oge) (ool S35 31 S0ko oSl 00903 (25 SG (S
REIR

S o a8 wlead &l alive Sxasl glaJow e
Ol 5l B Sl po (Jo g Sl P slaw; sl
Jolss (IS jsb 4 oo (nl aidlipe 330 5 pime Ly
5 RSM julgsy; slagiss Jas < oo S oSy sloos
wolos ol Gan il e T LES S5 sbeals S Jow
Ll s pufu’ 3o, G5 ojluil aculos o Siasl sl Jos
Y] wile ol b

1- Eddy-viscosity
2- Reynolds stress model
3- Large eddy simulation



e (g00s dxilao

VY ol VAT ylan F oylouds FF s camma 3 baumo § (3l o omockien 4 5t | FY'

9 Yo (903 )0 F 3y sk 3l eolitwl -Y JS&

Slailgiwl aly gl

Sy bulpl -F-Y

@Az b cwlio G50 lalypd s wgoie glad> o
il oYb el s dlas Lulps 5 ol go
Lo bl 585 JUU sleojlnns slp oad ploxl g5le Joe
i Slge gamails @ axg5 b S ol eolaru! Wall (55,0
pr 0> sry slagledl slad liee b iz 55 JUS
2 Ol e Sy obml jelae 4y el 05,5 Jlesl I3
Sl b e opl Sleglas ;o No Slip Layl,s Wall zglan
69939 0 9 Jow dwaid dbml o a5 SIS Olras 4 ol
ools plaxs! Velocity (g;,e by il a8 las o JUIS
2 a5l e VO Bl (69,5 S i pe B0
Joe sl eslaal b JUB™ s3lude 5o 03,5 Jlesl (539,955
ab S oo g o Jols (56 50 4ol Sy wojlb wiz bz
ol 05 wag e N0 Ol (6l o i yai Bae (e oS
4ol 5 a5 a5l a8 wil Gl 4wl s lp Gae
ol Pl g 908 pFole oud wiSle Joo p CewsVl (555
5 1 Ss8 mhaw (sl b ax8)S L s e /oA g (Bes
05 solatwl Symmetry i (5500 b yi

Skt Jow ol —b-Y
Jlosl ez bz (Siasl glaos gl jfi8le s )
4ol Lulpd g g 4 die o Jas o o )ls 9gzy ( Sxadl ol 5l
Pl bl Gl Gl oyge w85 5 0l giledoe ol
Oyge 4 Algh &5 Jae (Gyme Gl ST bl (0 095
@l 2yl vgzy Wil b Bl glgil sl IS5 aelr
WS Ojp0 Dlidind 4 4z b ceslie (SuasT Joe Sl
BB bl 5 aS RSM 5 K—& Kiasl Jow 5 «ipmdins

ol b ab gl by Gaman giloans o1, Job

GONaSd 9 Joko dwain Y-

Sz milio 2alejl oo Sy bl 0550 4y
5 osse slayelly o olrol 5l (sose @l (iucns
Joe il o 09290 [V ] Melville allisle;] axlllas yo
Sl gous bt oo jlae g & Melville o ,20
Obyz 4l 5,50 ;0 1) crwy Slalllas Melville .00 5 o
2 Ak oselm Saals S 5y (i sl o Sl
lopls aly 5l ookl b oallayle)l SasS sladiges Llys
03 oS sl el 4 Y5 O gz 5 oo s Il
- Jse g Slisle;] aunlio Cgz (goorie (mbize olitwl 8,50
4 LI )3 d9zge Jue lunl aB 5 15 goue slagsle
plxl 3gee slaojlms b e +/FOF (500 5 o VA Job
ko obe 009y NOM b ,> Bes ke ol 00l
ivem b 4 opls (o550 ahate b slagly 5 +/YOM/S >
Gy e gode Jaa o el 435 15 solital 3,50
Ao e 8 Jsb 4 (alalojl JUI claslre oo (tals
it Ok s yte ¥ Job 50 a8 Cunl odd (e g oad i8S
Ao 0 el odpn;y a8l dnngy Sl 4 mibe 4 o
el sl oy ,5 Ol JUIS gl g 5e ¥ 40 ayly Cosbse
5 Salaheldin ale> 51 Ko | Kiagy lwy )5 s
el 00 ool [YA] o) S
G5y 2 Shewlbre lare anaSid o 5 8> 5
plsl ploj Do (izmen 5 > ol @bl <8 (ol Ken
-4l 0920, CBd e Gl pl 50 g Sl 50 Sliwle
SHYL Sl 5 kg JUI S slay e o055 o
o)l Seap Al 0 Gl 385 dnnle wilios 10 95
5590 aan] slapl > wilgn goae Jow 08,5 o coge o
dolme g 55 ) JUIS S o 0 ooyl gla s 5 Lao a0
e 5l eolitnl b g conlin (guiasid Qb ey 1V .l
G ss L aslis g9 wz GAMBIT oaijls s 1580
S0P 50 A5h &S (5 5b) Dglie la e slasi 5 glite
g ok ale (V) JS2) WS s S, ol slajye
S5 G g B lajlae 85 a3 o L b
15 e plo 00,8 ] enlie 45t alols slacly>
Al Joe o gwain Sledlie 5 gunased Gl bl



e dw (00 dxfllao

VY ol VAT (ylinn) F o )lods PP il comns Lo § 3] o (gmsckideo 49 i | FF

slogts (Saaal Jae il Qb sl o
Jolr G5 (Sadl oo 53 b oS il sslimy 5o Sl (3
e Jae g Melville o0 Joo mbo b owiloays,s
() JSo alas 3 )18 aslie 5,90 o, Ken 4 Salaheldin
chie bl (ol Slom G2p Glais (Sons 4ol
Do oo olas 1) hisle (2 aslllas 0 o pls o55e
G (F) sladse o 58 gooe silvans 3l dlol> mls
woue adlas mls ja5e sl o [0 el 0ays 5 &1l (V)
59 Sl 0030 )8 auslas S92 g0 2 g g0 mlS L Lol
@ Sl Sl Ghp 5 (S S 4l b JSh sales
Joe sl ol 510yl ol Ken 5 Salaheldin soae mli b
2l b oS U RSM g K=& RNG Jow g0 )0 (Ggd
2 el Hm Bl Al g 90,5 0 0 (G038 g (5
~6le e plo jo Jaw ol 1) cwl sonlin LB RSM Jas

RETER SN TR

A K=& oo jloolaiul jo .08 3 (18 w5550 wilosls
s Realizable  RNG Standard glaoles g0  Suaisl Joo
0330,5 aalllas Quadratic acgezo p; s RSM Jow sl y

sl

Flow Direction
078 087
1.00
06 S //
T
= /-&Ws

- W N N

¢

2 aallle 5o Sl (g A £489 4l -T SO
[¥+] Melville

035 Flow Direction
 ——

Z(m)

0.25

Standard k-e model (Salaheldin 2004)

Flow Direction
——-

(<)

(&

ol goue Jow (o {TV] ol,%en g Salaheldin gous Jow (&I k-¢ Standard Soasl Joo -F S

- - sl _-\_\_‘_"‘-\-.
I Flow Direction—"

04

Distance Y from Pier Centerline (m)

=3
(=

(5 1] SEp—p———
gz i

0.1

0.08

0.06

0.04

0.02

ENG k-e model (Salaheldin 2004)

(=)

(AN

ol gous Jow (o [YV] ol,Ken g Salaheldin gous Jow (I k-8 RNG Soasl Joo -0 Jsi



e (g0 dxilao

VY b AT o oF oylouds PP alr comms 3 baumo g o3l o (msckien 49 i | FO

034 -FID“ blrec(ion

Realizable k-e model (Salaheldin 2004)

- CR—
7 Yt

- Flow Direction
- // / ////
o.os m/%
gom “ 135/ 1£
g 0.02 1., O:F:; =1
?.5 020 '{ D‘?Ep ; ks f" -
. 005 0.05

Distance X from Pler Centerline (m)

(@)

(AN

ol goue Jow (o {TV] ol,Ken g Salaheldin gous Jow (A1 k-¢ Realizable Saabl Joo -5 JSi

Flow Direction _——__

024

RSM model (Salaheldin 2004)
- .- e - ﬂ't =1

on2f 77

2
-

Flow Direction
—

e
[=]
=)

o
=]
Y

Distance Y from Pier Centerline (m)
S 2
[ M) (=]

o

05

05
Dislam:e X from Pler Centerine (m)

=
2

(<)

(alh

yol> goue Jow (o YV] ol,Ken g Salaheldin goue Jow (I RSM Soiisl Jow -V Jsi

oads g3k Joe GAMBIT ousjlo s i l38le 5 50 (cwae g
oW

S sl 09,5 ;0 slopls mu adbes b Llatvs 4y
slaaly 09,8 ;5 JS8 (qwie 5 (cam b 95 5 BT 18 e
ghie )0 a4l Se 655 Gl S WS e 8 55 Sy
Joe dws ;0 allio pan glaiio b 4l 5l 2l JSO guse
sl 5 il BIY slopls sy i (55l ol L6 13
ons Bl tesiilo VO (gl 5 by pye ply aw lagy]
Wil ge bl Glaasly Jow oaies las (A) S ol

sl Jouo -
SIS g slaaly V-

05,5 59 5 o glaaly o eslinal 5y90 @l oSS
P NS e kb 559 sl 5 sl sbal
Wb Sy 50 698 emlds Al e (GuSE slaal
- oo odolive 4l blie jo  Siiy] Goe pSTas g o ol
S sloaly S50 (el ald S g (Jlie 0008
Sl Gl o (Sl Bae iS1ao 5 00y Chend 5
A 4l JS8 05 oly olgiee ol sl widlge 3T o]
eldss gleals I i b SIS o lalasde LI
aslol jo 1) e b cuty gl sbal I 5 4l s
Seasl Jas Sl g goue @l ool
i islopls m atles b Lbaie JIS051 & ayban ccenli



o A (o0 axfllao

YV 2be IFAY lwno) oF o)lods FF ol cConn ) anmo g oyl pos (oo 4y 305 | FF

gooe silwue I Jol> gl (o) 2 -F
Sl hp slis (Hle OV B O ) slaSa o
sonlive Gilizs JIS3I L s sloaly SLLI Lo (2/7,>))
o JU e (Sl LT (gl ol 05 e
039 Y (S (B G5 T g Y (Shp GRS T 3l
Te=-V48Pa 1, [Ya] Melville wlislejl las o] jlade 4
Sl el dme LBy 5 ade Cel ool a8 S L o
o ales b i ol gl oF (golas ool Slopls asly
Lab sle s VT L ply soam b lp YV solas slonls
Jooz 5o @mls (nl &5 0wd 5 Jolo VY (sglae (wis ghaite

sloads ASU )

SSGISE Js slaasly -4 S

aado b asly cygol (Sl (o G5 @9 398 — Ve IS
oolw glo i

SO syl -Y-Y
Gl sy Ol ol aly SLLI pndge (Kot
59 0dd dbml Lhy 5 g 4l cewdVl azg jo 0al ol
oealS Gl Sal; 5l S g, ol 5l JUST ST o jeloee
5 omb sy Ol i by 50 5l (rdge (St

Wbl o el s Glaals F ass (o

> >C 0

ﬁ...:.l:.

ds adef oS Llies degls
astlinn 390 Jy sloasly S5 —A JSC

w9y Ol 9SS mie b SISl eslitl (Lol Saa

(e Sl Gmb dg) Gl 9P pu8 all g b
St 093 &S SIS Gl ek g SIS 253 (e 5 Jsbo
ates oy b SIS 50 mee Jolge 0,5 o0 )15 Al
S Sa3p 5o g b aly B 52505 e [1]
S SRS SR L L PR ol caw Soop by ailsog,
slaa¥ ;o al @ oxsd Sop Gl WS Gly
o wiiles )L, 5 w8 S OlLl SIS Sl e gl Sl
“y bz Bl ez oS ol el sals
O Sl cel cul sgae wl Jlez 53 oud sbul ol
035 (o0 yr 4 0l S e 9)9% 5l Blo g oS
m0 S ol sy Oz sl Ol 5l Ol e o oS
o 5 el 5o el JSb 3t aalllas 5l Gy [A] 558
S 0 bal Jaw (ool @lopls 4l b awslis 10) Sl
oSty Sldlas Gillhas o] sbul a5y jglome SIS L
P NS JE eeun S sl OBl Gl
5wk (o) 8 VO ki SIS olp soliin
e Dem (Sye glp &5 wdlbie 4l Bye plp o i)
5 sl ol Caws 4 O/Vem ) glas)l 4 V/YVOCm GBI

iloads osls las oBs | sleasl (1) JS



e dw (g0 dxdllao

VY ool PAY lins) oF 0o FF o coms ) baao g (3l yot (casckidgo &y | PV

o b asly ool (Sl oy G 29598 VY S
Gw..x.c

L hbivs b glon ooy (s anain els asy
Qb g Ve plp IS8 can 4l FF goluw Gloply o asles
dlor S8 (puse Al 4 bgrpe Slom (B A

Loanly sl )0 (Sl 985 pteo Jsle 51 (S
9 SVl o als )5 St g by sloy e 5l Gl e
o=l 0 Shlas a4 cal sad s (hettiwd eS aply Gl
ey i lacie T Gl bl slaals 5 o malS b o
e 7S 55 i el b 5By Jlain 5 el 2alS iy
SO e e lad AV B (V) e o aslol jo 00,8
ahaie Lz L lols slaal pgalm Sl (50 sl
18 Ao &g A 00l Cewd 4 s ail e alise
Wiloays ) &I (Y) Jgu

&bio b 4l yeolpm Sl Sy G5 @598 - S
‘5|c}g~|ow.:.3 aéloo b ‘;L:Ja.mm

b Zadio b by g0l Sy (S i @595 IV S

SR oy Aoy LS )0 gy IS 3T ) Joun

R - Slopls p atlos b Llato

opls ol IS

\IY Y/¥ Y/Y

Y S (g G Aoy

v Y- 12

- Slopldy gl 4 cons b 15 JhalS as o

G A 1S 59 arly SIS Y g

(ewas e (_;lo}x_lomja&l.aobé:.]am o,g_L)

b g5

VY Y/¥ Y/Y Y

(Pa) S 9o by Slom (oAp i aiien

A Y \/F YIY

(Pa) jlocals ayly Slhon (o p (il didin

'Y \# Yy \td

(2,0) BIS gy s 4y Cond JoBE aly o5 15 malS ws o




e d 5008 axlllae VY orl YT (liano) oF o5l FF ol e 5 baammo g ol yot ko 44 52 [ FA

— R

2l o9l Sl o B @i WY Sloxtd al el (Sl Sy GRS @395 —IF JSD

HIOBLS  wae NS

6‘0).:L> d.JLJ 6‘;) W J..:.)‘5> LSJ‘).?D ‘5...4).1 ‘-}.M.) w
ol (Slopls il 4y cons a5 wib oo VIV (solas HlolSLs

Gl lp s g lis 05 3l we e VP s o sialS I
0sf ™,

G oy o S doyo cgloplo o aclos b Lilatns :
IS cwie a0l sl oy YV (g5l SIS 9 4L & 0-35:_ L
2oy VL ply o gdaiie b sl lp g doyo VY S50 o / :
U JE - JAT SV SR L] CRRONEL P KV V-2 PN
Gl ol azlos b lebatucs 4y 10 45 005 duo ) VY (g5las
sledas slp |y mls ganges (F) Jgoz 08,5 oo cvnlive

RLER Y L)LM.J 6,_,5)_,

Ao HIBS  wae anly s oo ylid bl auslas

Slols b 4 o ) e i 5 I s i sl g o st S 3918 S
Joe ol 5o el 0oy B¢ Golue )] oo a5 atils ool OGBS (slo I adlos
din ghadle (B (5 el 50 el 5 R (oS S
L B sblas i g o )s FY ol gl a5 alil o ik
Sga> L alade slizul ey JSo il jo .ol 00gs o jo VY
999,54l laie 5l Ol b 5l Ble ook s -
AU 00,5 o aly JSb i Cge 37 SIS 5l ool
Al o il aalgss Sl LialS o s Job
e Ll o ol & g5 b aslopls g ailes b Llons
Ol S8 wdlioe ok Gl pln 5o Sales 5 039 oS
3 elisal (K 05 iy by 5 S 53 sl
Siloe g oud sl (550 18l 9o (6550 j5b a4 SIS
5 By 5l eoliwl 305 10 00,5 o yeS by plp pe
bl L8 55555 slaly b aalie 3 oy S5 ol

SO R,
e m @D e mm

iz slajlpl oS 5 Cd 5 A Gl oo Guizen 0l e
Aol mls s ,d oS5 Syl 5o snialS S pam Al (eolpm Sl Sy G @i -V S

Qé;‘:o g0 )IQJM



e dw (g0 axfllao

YV 2be A¥AY lineo) oF o)l FF ol cConn ) laamo g oyl pos (o 4y 35 [ FQ

S (o G Aol GBS 50 Ll (oo Sk pST Y Jous

Sl aly yialS ws s Sy gy rels s Bl e al els ws e b O3 al s
Glopls ool il & Comd | BIKE gy el 4y i | ooles ol 4l 4 cod | IS
vs 12 — YIY ¥ ol
5 YV \2 \iF YUY Slopls m adlos b Lluiee
o VY T VIO VIV e
Y Yo Y- Y Y/¥ o
[5ST Melville, B. W., Coleman, S. E., "Bridge & S A —F
Scour", Water Resources Publication LLC, _ ~ o . .
Highlands Ranch, Colorado, USA, 2000. S 4ol clie (Suadl Jao Sll ek o
[6] Dargahi, B., "Controlling Mechanism of Sy50 (B398 Djgo & (Shwdnl oasS LT by sl i

Local Scouring", ASCE, Journal of Hydraulic
Engineering, 1990, 116 (10), 1197-1214.

;‘3‘,‘9‘ o 6109.0 ‘;MM] oy ‘54.:)).:\" ) (ST [V]
)‘| solawl b )lfdil.o Lgl.mdb”).? W) JS....\ ‘_g‘djl}‘l.J sl dul)

e oISl bl olid S Al (S Ju
AYAD (oKl ¢yl pas
[8] Chiew, Y. M., "Scour Protection at Bridge
Piers", ASCE, Journal of Hydraulic
Engineering, 1992, 118 (9), 1260-1269.
Kumar, V., Rang Raju, K. G., Vittal, N.,
"Reduction of Local Scour around Bridge
piers Using Slot and Collars", ACSE, Journal
of Hydraulic Engineering, 1999, 125 (12),
1302-1305.
El-Razek, M. A., El-Motaleb, M. A.,
Bayoumy, M., "Scour Reduction around
Bridge Piers Using Internal Opening through
the Pier", Journal of Alexandria Engineering,
2003, 42 (2), 241-248.

P sroge (Sl Ghals 5 " e 0l W]
el 5 aali bl MBI 5 eslaul b bl 4L
S Bl (las owdige caSisls )

AYA o)

5 ol SIS awaie Sl " ez ladl GBET VY]
abplly S rdge (Sl (225 sl slaarly
olBuils clyee owdige caSisls i)l pwlis IS

AYAS e g 3
Cblax" o) eyl cp ekl cp sy [VY]

roge (Sl plp 0 b slailgial slaal og)8
alie 5 55,9laS pole alxs Mol 51 eolazwl b
AAOAYE (V) F AYAP (b

Christensen, Z. M., "Reduction of Local
Scour around Bridge Piers: Combined
System of Aerofoil and Slot", BS Thesis,

[14]

@3 5 o bl awlie by 4S5 )y
sgiloas oS bl RSM Siasl Jow wy>ge
Ol LS )0 wde wdin glais cote ,Sl 4z S bl
Gl ol o0 FSeS s Sl A sl
Sy S melS o e sl las |, (T/ 7, 2))
ool 6“3)'1"5 4;[; LUNGTOWE SRV SN v )g‘ﬂ éla.a.a uJ‘ Jrpgvew
slis Jrels o 65 abli> i 50 SIS ail .
bbbt alaie b 4l j0 BE SIS (S el 0ays 5
ol 55U liee 5 009 ablie plo 3l i lopls po atles
L owae ghie oS5 Joo wezg opul bbb oo oo YY
100 5uelS Lo ooges baas 1) 0g5 Calle SIS (IS
Sl o 1) el At (SIS e lonly Al a4 cows

)0 s Gl Sy A

&l
Drysdale, D. M., "The Effectiveness of an
Aerofoil Shaped Pier in Reducing Down
Stream Vortices and Turbulence", University
of Southern Queensland, 2008.
Laursen, E. M., Toch, A., "Scour Around
Bridge Piers and Abutments", lowa Highway
Research Board Bulletin, No. 4, Bureau of
Public Roads, Iowa, 1956.
Dey, S., Bose, S. K., Sastry, G. L. N., "Clear-
Water Scour at Circular Piers: A Model",
ASCE, Journal of Hydraulic Engineering,
1995, 121 (12), 869-876.
Breusers, H. N. C., Nicollet, G., Shen, H. W,
"Local Scour around Cylindrical Piers",
Journal of Hydraulic Research, 1977, 15 (3),
211-252

(4]



e dw (g0 axfllao

VY ol VAT lao) F ojloud FF s comms 3 baumo § (3] o smsckien 49 i | B¢

oz s al S8 2" e soke [VY]

abipbly Mol ldle sl eslital L o] Ll

oBiils oyl jae owdige caSliily )l pwlis IS
AYAF

Jelge 2ol auly SIS J1 o) 2" e Bsys [VY]

bl MFluent l5dle 3 oS 4y (rdge (Sonity]

oSl o yar piige Sl )| clit S
AYAS Gy

[25] Esmaeili, T., Dehghani, A. A., Pirestani, M.
R., Sumi, T., "Numerical Simulation of
Skewed Slot Effect on Local Scour
Reduction", Journal of Water Science
Research, 2011, 3, 201-213.

Jab Bl gsae o)y o Showg e ssir [YY]
g B Ghp i Gl p BG e g oSS
Sy il yiiS eeadil Mol Ce s @iy

AT LT VOVA eyl el

[27] Salaheldin, T. M., Imran, J., Chaudhry, H.
"Numerical Modeling of Three-Dimensional
Flow Field around Circular Piers", ASCE,
Journal of Hydraulic Engineering, ACSE,
2004, 130 (2), 91-99.

[28] Anonymous, "FLUENT User’s Guide",
Fluent Incorporated, USA, 2006.

[29] Launder, B. E., Spalding, D. B., "The
Numerical Computation of Turbulent Flows",
Journal of Computational Methods in
Applied Mechanical Engineering, 1974, 3,
269-289.

[30] Melville, B. W., "Local Scour at Bridge
Sites", Report No. 117, Department of Civil
Engineering, School of Engrg., University of
Auckland, Auckland, New Zealand, 1975.

Department of Engineering and Surveying,
University of Southern Queensland, 2009.

[15] Grimaldi, C., Gaudio, R., Calomino, F.,
Cardoso, A., "Countermeasures Against
Local Scouring at Bridge Piers: Slot and
Combined System of Slot and Bed Sill",
Journal of Hydraulic Engineering, 2009, 135
(5), 425-431.

[16] Haji Mashhadi, S., Musavi Jahromi, H.,
Sanei, M., Shafai Bajestan, M., "Evaluation
of Rectangular Slot to Control of Time
Development of Local Scour around
Cylindrical Bridge Pier", Journal of Ecology,
Environment and Conservation, 2012, 18
(13), 489-496.

wor e 8 TN e iile g il VY]

Blg; s g j) SIS glis) b alfle]

oS Greaail Sy aly e St

AT wolo LT VO-VA wagmgl eyl Sedg o

[18] Hassanzadeh, Y., Hakimzadeh, H., Kardan,
N., Ayyari, Sh., "Comparing the Flow Pattern
Around the Oval Shape Pier with and without
Slot Using Fluent Software", 9" International
Congress on Civil Engineering, Isfahan, Iran,
8-10 May, 2012.

[19] Ettema, R., "Scour at Bridge Piers", PhD
Thesis, Auckland University, Auckland, New
Zealand, 1980.

[20] Yang, Q., "Numerical Investigations of Scale
Effects on Local Scour around a Bridge Pier",
MSc Thesis, Department of Civil and

Environmental Engineering University of
Florida State, Florida, 2005.

wl SLbl by Gamde ey iz il [TY]

abobl Mhe  Sanl Jow )l eolaiul b ot

Olyes owdige 0aSiily pwaige wl )yl gwlis)lS
AYAY i grieo oRils

sy 809 5 @ e op el [YY]

o2 9 sboyme slaaly SLBI o (s (St

e 0aSaily )l awlid IS aebbl S

VAR s gimio oBiils oyl jas



Journal of Civil and Environmental Engineering
Volume 44, Issue 4, Winter 2015

EXTENDED ABSTRACT

3D Numerical Studying into Combined Models of Pier Shape and Slot
in Reducing the Bed Shear Stresses Starter of Scouring around the
Bridge Pier

Yousef Hassanzadeh 2%, Nazila Kardan 2, Habib Hakimzadeh P

aFaculty of Civil Engineering, University of Tabriz, Tabriz, Iran
b Faculty of Civil Engineering, Sahand University of Technology, Tabriz 513351996, Iran

Received: 29 December 2013; Accepted: 22 June 2013

Keywords:
Scouring, Cross section of pier, Slot, Fluent, Turbulence models

1. Introduction

When a structure is placed on an erodible bed, it causes an increase in local sediment transport capacity and
consequently this leads to scour in the vicinity of the structure. This is referred to as local scour in the literature.
Local scour has been identified as one of the key factors that cause failure of structures in the bridges, jetties and
offshore platforms. The complexities of bridge scour mechanism have caused the scour to be one of the most active
topics in civil engineering researches. Numerous studies have been reported on local scour around bridge piers in
steady currents in the last decades. A majority of these studies deal with laboratory model studies. A brief literature
review can reveal the importance of this subject. Several methods have been proposed by researchers to control the
scour around the bridge piers. These methods can be divided into two main categories: the first one is the armoring
method or increasing the resistance of the bed material around the pier as rip rap, and the second one is altering of
the flow pattern around the pier.

2. Methodology

It has been shown that one of the important parameters affecting the scour depth is the shape of the piers. The
development of local scour is caused by the streamline contraction at the two sides of the cylinder, the horseshoe
vortex in front of the cylinder and the vortex shedding flow in the wake of the cylinder. Therefore, the cross-section
of a bridge pier can considerably affect the flow pattern around it and formation of the mentioned vortices. Thus,
design of cross-sections for piers in order to produce the least disturbance in the flow pattern around the pier is a
significant concern from the hydro-dynamical and structural points of views. So far, the efficiency of the different
cross-sections was tested by a number of researchers [1]. Then, regarding to the published results, 4 cross-sections
(including the reference cross-section) having low shape factors (i.e., circular, round-nosed rectangular, elliptical
and lenticular) were selected and retested here. For this study, three-dimensional numerical simulations of the flow
around the piers with the mentioned cross sections with and without slot were carried out using the Fluent software.
Then, the effects of each pier model on the surrounding flow and maximum bed shear stress were investigated
numerically.

The Melville’s experimental and Salahelddin’s numerical data were selected for the verification purpose of
numerical model results. A channel with 6m length, 0.456m width and a high of 0.225m with the circular pier of
5.1cm diameter located at 2m distance from the entrance of channel was considered for the numerical tests. This was
in a way that the flow was developed before it gets to the pier. The flow velocity was 0.25m/s at the inlet. A weir of
8.5cm height was considered at the end of channel to provide the depth of 15cm flow [2]. The width of slots was
chosen to be a quarter of the diameter (width) of the piers and their lengths were chosen to be twice of the pier
width, and in all cases the slot was in the vicinity of the bed [3]. In order to perform numerical simulations using the
Fluent Software, the computational domain was firstly meshed using the preprocessing Gambit software.
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3. Results and discussion

3.1. Turbulence models

The important point in the numerical simulations of turbulent flows is to apply the turbulence effect of flow for
which the turbulence models are being used. There are different turbulence models in the Fluent which simulate in
turns the turbulence effects. Each model, depending on the type and condition of the modeled area and desired
accuracy, has its own advantages. The bed shear stress distribution around the pier was evaluated using the k-¢ and
RSM turbulence models. The RSM model was then found to reproduce more accurate numerical results when
compared with experimental data. Fig. 1 shows the distribution of bed shear stresses simulated by RSM turbulence
model.

| Flow Direction.s— RSMmodel (Salabeldin 2004)
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Fig. 1. Distribution of bed shear stresses simulated by RSM turbulence model

3.2. Cross-section of piers

The dimensionless maximum bed shear stress for the circular pier was 3, for the round-nosed rectangular pier
was 2.2, for elliptical pier was 2.4 and finally was 1.7 for pier with lenticular cross-section. The stresses have been
dimensionless by the critical bed shear stress (i.e., 0.196 Pa for this test case). Then, the bed shear stress reductions
were 26%, 20% and 43% for the round-nosed rectangular, elliptical and lenticular cross-sections, respectively in
comparison with that of the reference pier (i.e., circular pier). As it is noticed, the lenticular cross-section mainly
acts much better than the other profiles and this cross-section may consequently cause minimum scour depth among
them.

For the slotted circular pier, the dimensionless maximum shear stress became 2.2 which decreased 26% with
respect to the reference pier. For the pier with round-nosed rectangular cross-section, the non-dimensional maximum
shear stress reached to 1.6 which had 27% reduction in comparison with that of no slotted one. These reductions
equal 12% and 16% for the lenticular and elliptical cross-sections, respectively. So, it can be concluded that the slot
also has an effective protection role in decreasing the bed shear stresses and reduce their magnitudes in all the cases.
However, its efficiency for the round-nosed rectangular pier is more than the other cross sections. Nevertheless, the
combined model of lenticular section with slot has maintained its favorable efficiency and has the maximum effect
on decreasing the critical bed shear stress by 50 percent in comparison with the reference pier (i.e., circular pier
without slot). The results are presented in Table 1.

Table 1. Reduction of critical bed shear stress in combined model piers

Bed shear stress

. Reduction of bed shear Reduction of bed shear stress in Reduction of bed shear stress in
. Without  Slotted . - . - > . - -
Cross-section slot model stress in comparison with slotted models in comparison with slotted models in comparison
that of the reference pier that of the models without slot with that of the reference pier
Circle 3 2.2 26 26
Round-nosed 2.2 16 26 27 46

rectangular
Lenticular 1.7 15 43 12 50
Elliptical 2.4 2 20 16 33
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4. Conclusions

To investigate the turbulence models, k—s RNG and RSM were selected and the distribution of bed shear
stresses around the models was numerically evaluated. The RSM model was then found to reproduce more accurate
numerical results when compared with experimental data. Three models with different cross-sections (i.e. round-
nosed rectangular, lenticular and elliptical) were evaluated by comparing the maximum bed shear stress around
them. The results showed that the lenticular cross-section mainly acts much better than the other profiles and this
cross-section may consequently cause minimum scour depth among them. In this model, the reduction of bed shear
stress was 43% regarding to the reference model. In slotted circular pier, the dimensionless maximum shear stress
decreased 26% with respect to the reference pier. For the pier with round-nosed rectangular cross-section, this
reduction was 27% in comparison with that of no slotted one. These reductions equal 12% and 16% for the
lenticular and elliptical cross-sections, respectively. So, it can be concluded that the slot also has an effective
protective role in decreasing the bed shear stresses and reducing their magnitudes in all the cases. However, its
efficiency for the round-nosed rectangular pier is more than the other cross sections.
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