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5. gE e.EE

Purpose &

Contents

1.

r

SUMMARY )
Pu r pose

Compl icated f low structures, such as reci rculat ion, secondary f low, and

horseshoe vortex inducing strong turbulent f lows, are observed downstream of

the spur dike
I 0nly a few studies have been conducted on three dimensional velocity field

measurements with high resolution
r lt is necessary to obtain knowledge on flow structure changes caused by the

spur dike to develop rel iable hydraul ic structure design method.

Contents

Exper imental measurements and analysis on three dimensional turbulent f low

character ist ics downstream of the spur dike consider ing the structure height

and the incoming flow conditions
r Numerical analysis based on 3D Computational Fluid Dynamics (CFD) model

I Introduction of crucial design factors based on the three dimensional

velocity field data extracted from the physical and numerical experiments

r Visual izat ion of the three dimensional turbulence structure by using the

resul ts of the physical and numer ical exper iments

I Main contents of this project are as below

1) Experimental measurements and analysis on three dimensional turbulent flow

characteristlcs downstream of the spur dike considering the structure height

and the instal lation angle
. 4 open channel flume experiments were conducted
. Exper iment design: the relat ive structure height (h/H=the structure

height/water depth) of 0.5, 1 and incoming flow conditions of Fr=0.10 and

0.18 are chosen for the exper iments. The design parameters might be changed

after the literature review
. Measur ing three dimensional velocity f ield by using ultra sonic velocimeter

which can collect three dimensional velocity components and ultra sonic

water elevation sensor

2) Numerical analysis based on 3D Computational Fluid Dynamics (CFD) model

. Conducting 2 numerical experiments considering the results of the physical

exper i ments

. Employing more than 10 million grid nodes for the numerical calculation

. Faster and more reliable numerical analysis is possible due to the super

comput ing technology

3) Introduction of crucial design factors based on the three dimensional

velocity field data extracted from the physical and numerical experiments
. Qualitative and Quantitative results are induced based on 4 crucial design

factors through the experimental and numerical investigations
c !, crucial design factors ate reci rculat ion length, bed shear stress,

2.

T

maximum velocity, secondary flow patterns



Resu I ts

Expected

Contr ibut ion

and

appl icat ions

1)

I

r Suggesting the new paradigm on hydraulic structure design research atea

using the numerical experiment to establish the design criteria. The

concepts in this research wi | | make inst i tut ions in other countr ies

interested in our work because the concepts are rare in the literature. Also

promot ing the technology development in hydraul ic structure by publ ishing

the paper in a prominent journal

I The hydraulic structure design including, dam, spillway, fish way, and drop

structures, will develop if the results of this research are applied in the

different hydraul ic structures
r Minimizing the economical loss caused by over design with the research

results and occupying the global market in a hydraulic structure industry by

accumulating the knowledge about the flow around the spur dike
r Contributrng the hydraulic design development by educating the research

fel lows analyzing the compl icated three dimensional f low character ist ics

around hydraul ic structures
Expected contr ibut ion

Technological contr ibut ion
Establishing the database based on scientific principle such as, direction
of the flow and turbulence energy, and the resistance force caused by the

spur d i ke

r Suggesting the new paradigm by employing the super-computing technology with
three dimensional numer ical scheme in hydraul ic structure design research

atea
I Developing the spur dike design in a straight open channel by demonstrating

the relationships among the crucial design factors of the spur dike
r Being the first natural river design criteria based on scientific principle
r Advertising our the hydraulic structure technology by publishing a paper in

a prominent journal

r Providing the three dimensional velocity field data to lead hydraulic
structure design technology in long term

2) Social and economical contribution
r minimizing the economical loss cause by the hydraulic structure failure in

the f lood

r Preventing the over-design of the structure, leading saving the budget in

the structure maintenance

r Occupying the global market in a hydraul ic structure
accumulating the knowledge about the flow around the spur dike

i ndust ry by



Expected

Contr ibut ion

and

appl icat ions

I
Appl icat ions

The research resu I ts are go i ng to be used to he I p i mprov i ng the drop

structure or wei r design by demonstrat ing the three dimensional turbulence

characteristics and the relationships among the design factors in the spur

d ike

Parts of the research output, three dimensional velocity field data from the

physical experiment and the numerical experiment, are useful to develop spur

dike design guide I ines

Especially developing the design guide lines which are difficult to be

established by the physical experiments. For example, the scour occurs at

the conjunction between the structure and the bank caused by the complicated

three dimensional turbulence f low. However the si tuat ion is almost

impossible to describe in the physical experiments. Therefore lt will help

improving the design method if the three dimensional data is collected in

high resolut ion numer ical exper iment

The results will be used to solve the safety issues by analyzing the shear

stress at the conjunction in the high resolution numerical experiment

Developing the hydraul ic design technology by demonstrat ing the crucial
design factors and the relationship between the design factors and the flow

characteristics in the spur dike

Design factor graph obtained in this research can be employed in improving

the spur dike design method. For instance the recirculation length can

determine the spacing in the spur dike group. The shear stress, maximum

velocity,"and the secondary flow is going to be used to anticipate the scour

pat terns

Establ ishing the spur dike design cr i ter ia consider ing the f low

characteristics change due to the crucial design factors and preventing the

2nd and 3rd damage caused by the hydraul ic structure fai lure

The obtained resul ts contr ibute r iver design ref inement

Helping Establ ishing pol icies related to r iver management and r iver
restorat i on

New technology can be suggested i f this oroiect f inishes successful ly

T

T

Keywords Flume
exper i ment

Hydraul ic
structure Turbulence

Acoust i c
Dopp I er

Velocimetry
3D CFD model ing
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=H 

.E.-Lf = 
plcE HJr ?lrf. ol4-d 6-fdsJtrJ+EE-= i=. a;a x1;ut

oll ++EJ #El|-tr €ilEJcfE 85Eol ?,totr1 gqzoil^lE groyne, vane, bendway weir, barb E9
_tr o;5oq E4q +LHoil^1= +^il_+ oJelrl ?Itrf. olq e= 6fdsJtrJ+=E= rllHJ 

=oil 
L*= +

+= frg6l0l 6'|.fl +=+E Erf4o_E E_E-* + il= E ofLlal, 6'fts =J'J =s+oll^l= 4E-sf
fr+=71= +"J6'l0l EEel trfghd= tsol +ET|]dolLl q+ 

^l^loil ?s^1?l EJa= 
=€6-l7lE

-dtrf. olq e= ol?E 6-fdsJtrJ+^E= +=+ EE E ofLlal dEJa4 dfd=floilE LJal 
^fEq q eJ+.

2. i+7['Jq "J9€
reJloll E^l-Lf Hlef eol, +Eleloll^lel e== 3^l-94 6=+Eef LfC-d ol^l+7|-=-cFEJ 

=A-Ll--dE]|el q=+=E +r il+. +417|- AilElE al+ --= gei= g^l"JgF= 
=eE 

ElE6'f= 
^]|tsJgq, s=gr'-ct= +eE alEE.f= Lfd:d ol^l+ 6=, +=E EtrJotl^l "J$6'lol 6'f+E ol=

6'lE^1 a-Lf .J+6== +HJal= ggFEef(horseshoe vortex) 6= Eol EII|EJ 0l|? 
=A-d 

-dEllE

E 9ltrf (ral l ) .

<lal 1> E+tr171 EE]| +I1l ++lel 3^ffl 6= 
^lr++ 

ql

-t -



61^l"J +LHoil= +8|€iloil 4-* €4|^ldol =E.l 
g?, +41 €il 

^fE{l7f 
4ol +{l €.|oil Erl=

HJafgtaf€ sqqg6fTl_E. eE gEoltrf. +L|]el 61d€4171=(4s.a|]gF+, 200e)oll oJ^lqq ?l=
+rll €4lel gHJ4?l 

^f:Br-g €Zl, ^18, 
rllEoll zJ-Lf 4+E9 7l=al ^ldE= 

gEaf ?Holl^l
IllgfEJ A:d8^.lolLl ^la{E 

oJE6fr ?,t=tr1|, ololl 4-d -d€r^l-d "! s-d!:dE 5-Ll-=E:ef Z=
ol C:dE HfTf 91tr|-. E-d, S^l 7l=El +L|l .el E+l+Eel 7l= ts+E= .J+61 d-d=af= Lfg
6'l= +=oll rill ?lq dd +81 ++lel 3^lg 6==d(4tEl-9e1, ol-f+ E=, "JgEsl)oll
E{-d 

^lE= 
IJI^l6lrl= E6'fr ?tc|. r4Lf olef ee ^lE= 

p$4fl +Ill€il g +alE ?l-Lf
rlE= 

^ll+tsEll flq "J+al -=F + ?Itrf. 4af^-| +^{ €4lol 7lE0l 5.l= ?l^f(+4lzol, +, ts
ol, :dEtl, €-lr+5., t+filel A? +I{fl 7||+ "J {-x1z1z{)ef gl{ 6'ldrl-d=d(6'fd + 4Bl +
4lzol, 6ld+E, 4ata^|. =)= 5^loil zel-d trAl7lHel 7|lr+ol EJedltrf. 4l= 7Jg7l=g+fl
(rJ=+ el 2006, olE+ el 2008)oll^l +41 €Zlel TlEol q= "J^foll E+l-af A:dol trfgF6lll ol+
q^lr ?l^1"J, ol q^lE 1,2-1.fl4 7lE+4g:do-tr -Lf8qq aq -E=sJ Slgf^l= d8l €4lotl

^Itr 48617l +1611^1= +7f4el Z=ol EJealc;

3. s+7||"J H+l

1) lrfLlE
H=ETT =o df-t-E

^II+ E+L|lE

+als-d!-d

. das+ ^l4l=^l +Il|€Zloil 
=ie-+ 

oJ^l zE
. +als-dd-g 4a e8 Case 1, 2, 3, 44 +fl, fiaJ=a

e5. 27Jel +al-P.^dde +a . Case 1, 2el ++{, 3ilA ++ 
=€

. g-d^f_=. E4 '! E:414 ilal

. EE++, 'J+8el #E
r FFT rEl EH H4J
. trJEg gEfi+ Eg.E, trJEE U

F84E_E.E, E Sqoil q:* +C
++ tr 4la

+.l6114 +.144 lAoll 4:* dilal qg
+.144 1Z +e

a

a

I +-144 zl#4^f =ld "J q^E
3ilfl +.14,5= +Adfol +dl .-l
+ 3ilfl +5AE xlo'

2) zrYu15.
H=ET +e E+95 ^ll+ E+Ll|t

+ate^dd-d

. 22Jet +at-qgaE +g . Case 3, 4el ++1, S^l?J fi+ +5

. de^lE E4 "J €izl4 ilal

gE?+, .J+8q tl=
FFT ^EIEH +4i
trJEE 88fi+ ET.E, trJEE -J
+8aJE-E5, d eqoil 4-d +c
++ F 4i4.j

I

I

+.16l|4

. +.16t|4 1aoil E+l-.J dilal ^lg
. +il6ll4 4ltl4^l 4td "! q^E

. lzel +-1d4 +E
. EEgtlTlH 7lHJ"l 3^lg +56||4

E-dS ol8:el+.1d4 24 +d

. 6ll4^fE E4 'J 5Zl4 ilal

BEfi+, .J+8ei $€
FFT.IEI EH g&
'JEE Bdfi4Eg.S., trJEE .J+
348-c.5', trJEE 2iffl ?dE,
di{ 6=gqql tfl-* 3^l-fl ?d5.
rt-/\1

3ilg 6= 7l^lal

. +il6ll4 e3l-+ilal
+il6fl4ee+El EEEJ 371 10GB

olafel ql8al +5et Efg= ?6||Ar
_E trl^lEJ ololrlB HJEI

=BAt 
r{4t

. +=EJ 1007H ol,$el olBl^lE 5g
aloe HJtr6fol si1;] 6E 7l^lEl

=95 
rltrt

€zloJ^t a $E €xt ?.1^f ft EaJ4 #=
. +il6ll4=3|.-e+El 5+q f7l, al

AtEtrJ8q, 44fi+, olilF E_+
E II I
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1il2€F. +LHel 7l€ iH'J -dB

O +Ll| EgJ

?elLfafol 6'ld€Hl EEJ(-rr)3 gtrHE 201011 128 319 7l=o_e 59.8 %el rll"JSHlTl eJE

slfleLl, dill 6l-d+ilel E +O r.J 12,553 kmoll ?zJoll E+l-e| {loJ ErJ'! C€ol "Je-af zlp-tr
LfElHtrf. +ErE+ a'fflEHl^lg g ql#^1fl(E2)oll ttletrJ +7|-61d "! rlgr-6'ffl Suloll 2012L3

7+7+ 4TJ4 fl,7.7Tj4 E EHLI 4dqfl olAfel ql#ol +gqr ?l+
l=.l l 61d6Hl -dEJ

61dE Hl(^ll HJ)-dsJ

+E :sr-Zl(eXl+) rtl'JEHleJ=+rJ , xllHJHa"Je+l rll'JC€EJ9+rJ
( km) ( km) (%) ( km) (%) ( km) (%)

-cl-Zl 31,229.6 18,676.9 59.8 6,404.7 20.5 6,'148 19.7
+)l 3,137 8 2,490.3 79.4 524.0 16.7 123.5 3.9

^lHJ 28,091.8 16,186.6 57.6 5,880.7 21.0 6,024.5 21.5

-Lf+6'fE g #(2010 .12.s1 . )l=)
_"zl+= 6fflel 4f ?gfoll 

^llHJ= 
€.l6fnzLf €-l-=r-EJe7l ?1= +rJotl

rU o-'f ol xl-ol 6l--ilu uo-t H

I
T

2006

3, 430

3,200

lE2l 61flql# -"lEJ(q A)
2007 . 2OOB I 2009 : 2010 

,

3,660 3,729 3,490 3,040

3,300 3,300 3,090 2,370

-il+E+7t|g
-trJ^ldf+5Hl

210

150

279

150

250

150

420

200

e7e

200

420

250

^l 
HJdfdEHl^lg

-rl HJdftlE Hl

 AI:I --T-lll ^l-T-

6,480 6,987 7 ,233 I 10,730 8,434 7,520 8,706

3,200 3,435 3,998 r 6,890 6,119 6,020 7,706

3,280 3,552 3,235 3,840 2,315 1,500 1,000

+L||oll^1= +$rJ, gttrJ, :dttrJ 6'l+ E^loll +81=.Sildlol fi+el ,JE.! rJEt= 
=E

6101 6lE L|l +=+= EEEI 
^fe1l7f 

?Ietr1(a=J2), +l=oil= 
^fg4_E- 

olE610l +81= €il
-d a$d,gtld, .J^tlE 5q ^le1l7l 

?lcf (raJ3). olsl aol =4ql= 61d €zl "; aJalel-

+aJ6'|-0{ arlld#"J olLlal eJa^1, €EH^1, colrl e.iE tel-d +El €il7lHoil aJ-Lf fl+71.
=J'J6'l I.|-.J!I ?lcr.

<aeJ2> +ErJ 6t+(4=), g#rJ 6'f+(6.2J), EttrJ 6l+(?=)oil €ilEJ +rll

-3-



<raJ3> agft "Jq+4(4t=), e#d 
^|-4HJE+41(=z), 

gt8ld +r{("=)

-g|E, +41 AXI gEJ^l-gF(+Edflgt+, 2009)oll^1ts '6fdoll 716r-4Er-:sf :dE||sl +^Jl= 7f5r-E
E4e fliloll Hll^ldfq, +41oil "16|| 7l= 61E EE 4lq6l_E7f +al+4, €E||+4 ralr. r!+a
a 

=Eoll^1 
9a4-5 HJ,U^l7l^l gE= 4lq610iot 6ltri, +4|€il_tr ?]6'|.0{ 4e}oil trl-l= g-stol

3E-=. +41 €il^l 7l=-d -d +alE-ddfl E= A^16'foi a aTlel 7J7l EE 84q qlg-atol trl

ilrl gE= a||oF -eftrl'r trJ^l6.fr ?ltrf. olg= +41= €xl +lilel HJHoil Elaf 6lE +=+q
Ee'J dE||4 

=Eoil^J 
trlgr-d AE= ufel4TlE 6.|-^l"J 4E6.lrl 

=-3! ^lge-=. ?16,l| +4fa=
:E4g. +E ?l7l r4Eoll, €41^l €ilq= ^lqel dldrl-daf +4lq ?+el 6=z.q AtssJ4loll
4-et ill44e ol6llsl 6l|4ol d:dElqoF -dtrf.

a€+ +az€^l-df(1e87)= H-d?J E+el 
=del et+Eoil^l rilHJplEEHel 6fLlE^l +41

(E+8lel B-.J+41)E l-ll^16f0{ 1/80e1 IEAI.J olSAt +als-dg-dE +-"Jalfi.cf. g+=af, +
IllTf Ed= a" "J+ el=el 

^11=ol 
C6'lZl LfElLfLl +I1l7f €ilEJ A?oilE ?CCol f_+e| 5g

oE ol56-l-0{ ^ll=ol =+qts A-ctE tol= aeE LfEfL^/ttrf. ,J=+ sl(2006, 2009)ts

LSPIV(Large Scale Particle'lmase Velocimetty) 7lH= 
^l-E-Lf 

AE= Ei6f0{ ^lr+ +8lel Ail 4
4oll t[f= '-E=5= +461fl+(ral 4).

ffitn

<ral 4> ^ll=gq +€?.1^l "! =tr+41 
dlAtEl= g-d (2J=+ el, 200e)

+41= Hlliloll ctlal g+41, Ee+{ rflr eff-d +41-E E+-sr + ?l=r11, ol=+ el(2007,

2008)= EE+tr +r{lB E+q= +4eAf= = LE +d= 8"16-fI +4rJol alfie. -cF6'l= H||-loll

eldfl "Jd6].ts E==dofl +:d g-d4g+E +-.Jdfgtrf(ral 5). EE-L| gt-d+ el(2008)ts 2ilfl +
:^lE.el= 0l€i6',1l +81 €.1 7J4oI rrl= 6=-=d EAE 6'lg,trf .

<lal s> Le +4 €ilEG "! LSptvE ol8zf 
=5 

(0{€+ el, 2008)

TTT*I
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o +el EsJ
gEoll^l= +^1lE t+E "Jd|| ?gEJ sgf= +fl6|-tstr11 ^f86'f0l +x1l7l a+'Jq +=Eel e1

EtE 6l-E= =J861g,trl. .r ^f4l-tr 200511 gEE++el trl^f?lAr= +At-Lf gEel a.9rl?J= EAI

=+El 2iffl ?gd||A= g^1610l +r{ €^l E.+el EE arsJ€ a-+40E ql=6lgtrf(ral 6).

=+oll^1= 
7l=el €^l^la{E E46fr. +alA-d == $d|] +IJl€Al 7l#oll rJ-d olEE 5461n

otr1, 
=.-l 

<aE8il=:€71=+H>ql^l= d+E:d= ?l-Lf +rll .g-l^l +rllq 9J'JE a^f , +41

F+ €Zl '; EtrJ+el +, +{lel s.gl-el SE+oll sJEl 7l=€ 4l^l6fn+. olE 56|] 19751J +of
olrJoll +I1l 871= Hllil6f0l +x1lel +Ill ^fololl 

_tr^ltrl4E ?S.alol algf= EA6II d+E-"Jg
?l-d +d= eJE a1gcf . ol+= 19801J4 = ol+ ololg.sl 4-+ +alE+aoil^l odsaardel g-ds
+E ^l+e-=. +r{9 -Ll--dEll?l Ell?l(vane)Ol 3J-Lf g+ ";71=)NEr-01 ol+l^l]. ?l=tll, ol= Bll?l

E €il6l-0i "Jdq= ol^l+E 610l= "J+61-&el el=IjlHJoll E^ftr|4= ?E6-l0l ^ll=E ?lEl rll

'JfiAS E9.6l-= 7l3oltrl. g8l-tr Nishnabotna 441 Hll"J= 
^18-e| +, E 50 %el 6'l-At gtrJz^f

7l A:l:6;lnr +=+(4lHJ) += ?+ol 10_20 % 7le'$ zlL=* 7letr_ gel^1 ?Itr|-.

(fittmtN-n'r-^l

\
I.

I

l : srt"4,f; ff r.i r ; .r 6 *u!*tls f 0,] tlDl ; i : r". - r n :" r b n r l -"1

<raJ 6> 2rl8 F30114 (g=+tril=€, 2008)

olq= 8E +-tr^l-dl(U. S. Army Engineer Waterways Exper iment Stat ion)el Copeland(1983)=
trJ++ql^l E'gf Hs.8o-tr^1 E+31- g+8lel Eaf= E7f6lr. flf;a1gool, olef rJalsJ ?l^lB
TJol-7J71H1, €^l?+5, +^ilq 7l+oll^1 EABq e-st 5= €E4n+. trl+ gHJE_tr+(FHfvA,

1985)= s-d ^l:d, Efl=.,r| '! Eat=^lql 7la-d s+E E6I| +r{9 €41oil ?lq zolel +4d
E trf+r, +3fEol 35 % ol6f.J a?q B0 % olaf"J z+q 4611 7+7+ tr.I=_ €zl= 

^ll9l5lHcf.Sukhodolov el(2002)ts +g Elbe44l €.lEJ €+4loll 4-Lr EA=E9E +rllel Zolef +rllZJ
ol 7J71ol +Illel L||el 6Eoll gBF€ trl^l= 9oJoe. €.16-lg.trf. McCoy el(2008)E LES(Larse

Eddy Simulation)E 0lE6f01 F THel g+qts 47+ +r1l +HJoll^j "Jd6'f= trJEef(horseshoe

vortex, Hv)oll SUf S+E f-.Jalnool, ol= 5'610l +41 +HJq +al =d= 8=J^1o_tr €trJ -*
+ ?lEE Hoii$cf .
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Ill35l. g++trLHE "J €If

1. €+ zlg +d g4 'l ill4l
1) €+ zliE +d"J4

-rE
YITrP{t"d

(ol+
+o1{7lLA

3|el aale#irls
^11?idLl|t(g++d Activity)

ActivityE
 I€E

so oifir
/Blltr l9l\

lill..lF

5il l.f,lnl trJ?laat tr4 AsFlx 1t4 214 3lq 414 1lt 214 314 414

=rJ
370

++ 1 t-l 1-1-o +4E-dg-d zz 38 .lLlal9 60

1-1-@ +z/Eg!-d 4z -i'd'Lllv 100

1-1-@
g'd^tE E4 P E4/4
t/E/ 4z

ral .f
i-E 40

2 2-1 2-1-a +i/6t/4 4/Lt 4^l +8
ql Hl.\ E 10

2-1-@ 7^ffl -i!8"J f./6fq
?v

i+6tEllo 50

2-1-O
g-dilE E{ - E-44
t/z/ 2z

ral "!
i.E 30

3 3-1-o frll i?/ EE silfl
^/4El =gatEfg

40

4 4-1 4-r-o g4/?lrl zt gEt4 LtE ral "!
i_E 40

2) €+ 4lg +d it4l

+41 6'f+ 3^f3J aE+= +.JE +ltrf d-d "! +^ld||44 "l
7l rJEE0i-dg

#gAl4+
+EA(S)
EE(E)
7l Ef

a=E+71 zJ +l +s +7laJ +l +s +7laJ

fr01 S+fl #01 E+fl
+zJE+^qg^l
(34+)q 4g

-JtrJE+7H"JLHE
dBg? "J dI!
dl 4Al
+etPede
+rl61|4 +e
3ft4 6= At+F+

+xts]tgll ar E
*
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2. E+ 7H"J +al C+ '! 'JH
1) +al-E-dae

+alEtrd-d: -ar-"J4-+r7l r?-* €-da 7|l+E (Zol: 18 m, r_lul: 0.9 m, Fol: 0.4 m, l
eJ)oll^1 f:.JEflrf. +81 s-d= olse= ol86-f01 E-oll ar-7lrl g= +rJlel Eoll ar-71= +r{E'

^{+d-gotrl, 
61doll €ilE +^llel +.L||q 

^fallE z=.alol +41 zol (L)71 +E LiHl(B)el 113

ol s.lE= a-da 7l|+Eoil arlafflrf (r=J7). E E+oil^i= +81 6f+el 3^f?l qE ?= E4=
+ld| +^11 +?lel fr+$ +?l= +€6'ffltrf. +rll ++lel 3^lg ?+= Nortek 

^l-ol ==:Ef ++41
(Acoust ic Doppler Velocimetry, ADV)?l Vertr ino prof i lerE olE6l-01 €Eaffi.cf . =E^lZ= =Efr+ol +E ^lZoll 4al HJ6l^l E|=^lE ZE6f= +EE Ell^E= Sdll =EEflz, +41 +?lel
6E 

=d= 
re15l0l 5-108 E'pt 

=EElfltrf. 
+{l ++lel ++|ts Microsonic rlel mic+130/tu/TC

EE$ Zal d^lE 0l$610l 
=€qS+. =E ?+rl ol1fTf^lE ++lel +!^lzJ= =E ++l7l

=E ^liloll ttlal HJ6}rl g=^lE z_=al= +E_E Ell.^E= $d|] =E!fletrl,2E =gf =85.1fltrf. ?g 6E=44 AFe 6=9 ++oll ttfE +rll 6'l-+ 3^ffl 6E +r.= +E6l7l ?16-|-01 [83-
-E4lsl- eol +flE-dA-d= €416lg.otri, E[s]sl eol =E += 

=Eafg,cf 
.

(a) ?Jol 18m, * o.9m 7H+-tr
(b) Vect r ino prof i ler (100H2) 

=.Etrf
++41

<f aJ 7> E E+Ilol t?-Lf z|]f=. g-d 6rHl

<tal 8> +alq-dg-del ELl=

l{=ll}h'l'

-7-



lE3l +^ll '; +e-dat
+4 eaf 4=-r--.

+ol
(H)

lml

TJol

(L)

lml

+41
(r)

lml

TJol

(t)

lml

LI HI

(B)

lml

-t nl
E'l

(Hl
lml

of+
4lolE
-t nl
E"l

(4)
lml

casel 04 0.3 0.04
18 09 04

0. 156

case2 0.122
case3

0. 108 0.3 0.04
0. 156

case4 0.122

lE.4l 6==a

r+E +
( Fr)

o=F
Io

(Q)

lms l tl

El-tr1 Ei+ o4.

( uo)

r 21 1trn lsl

tr= E=
(h)

lml

 ol-r'n

casel 01 0.0278 0.144 0.215
case2 0. 18 0.0528 0.267 0.22
case3 0.1 0.0278 0.144 0.215
case4 0. 18 0.0528 0.267 0.217

tE5l =E +
casel case2 case3 case4

o/'\
tt- 2268 2262 185 '185

+?l 596 596 596 596

2) 3-ffl +ildl|4
+alE-dd-d= 

=Eol 
8l-LfEloJ =EE[?4Z| (down tookins probe)el 

=ds +'J +3oil^lel ?+
€ 

=A-sF 
+ fl4= ilZ,171 ?Itrf. olE teJ6lTl +161-oi El S+I!= +A-Lf +alg-dg-d = s+

=+71 '*= a?9 AfTl^l ge +4ef Ar-Z +81 =Zoll^1 3-ffl +^ldH4= +:d6'fgtrf. 3^ltl +
il6l|4Etr 6 LJ= H?lel 'J+ 6E ^1lg= strJaJ6'f= Larse Eddy simutation (trs)E olE6-l0l

+81 6'f+el 3^|-fl 6= +== 846}fltrf. !| +-lE-d= +!U#El TlHJel Message passins

Interface (MPl) gEStlTlH= =JE6+r 4+4trfE:4xlH (atbesraic muttisrid method)ef Newton

Krylov 7lH 5 +E7l+El 7lH (conversence acceleration method) 
== =JE6'f0i +E- + ETl|el

cpu= 
^fE6f01 +flEJ - +dq T|lel 4^f"J= dl|A-* + ?,ttrf= arE= 7l^la flEf. Efaf^l Ei ?l

8l0ll 
^|EEJ +ilE-dE Flow 3DLf Fluentel e= ArE CFD E-tral Hlril= ttl{ Le.E, r€"J gt}

E +d-=f f ?lcf= SIEE,*Ecf.3-|-fl +ildll{ St!= E g+Ilol -H.+-d 400=q, 1600G8

RAM= AF+-LI +qA#e alE^ 
=4^El= 

olE6l0l +-.Jqfl+ (re9).
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<f eJ 9> 3^ffl +ilal|qoil ^|EE +Ee#E'l

i["' v haff.ar.rbmorypd +rur dikanon-submerged spur dlke

a-itr. (tl+

I
I
I
I

I LY

<lal 10> 3^ffl +il6']|4oll ^l-EE 
4ltl 4^f

I

-9-



l.E.6l 3ilfl +^161140ll ^ltE 4^l )H+

3. E+ 4E

tETl s!+d{cd4

+alEg
ge e4
:.H "J

5.S,

+4sgde oE +81 ++l €E+el 3^1fl fi+6tE
+€6t]. ol$ ulgoE Eld6ls.otl^'lel +41 ++{

3ilfl u+ 6E+= tE

o
=.o
t{
ll

7l
n{
ll

3iltJ
fi86il4
EAT =H
'J s.jE.

3ilfl rd"J +^l6fl4oE +r{ ++{ EE+el 3^ta
fr+elE xltlalr o[$ ulgoE Eld6f-Eoil^jel

+41 +?{ silg u+ 6E+E +E

o
=o
u{
ll

7l
H{tl

3ilfl
6E+

7f^lel
-=.o{^'looo

3il9 r€"J +il61l4oE gold ++el

^lzlHEtrlEE 56fl +41 +9{ 6E+E 3ilflg_=

^lz++Ef

o
=.o
tr{
ll

7l
tr{tl

€4el^t
9{ BZJ
Es.s.

47[rl aE'-=.d (€+q371, 6latd'J8q,

=.14++, ol^l+E-s.E) EAE E:dl +r{ €Xl ^l*Ezl=+ +41€4el^t3t 5€

-10-



4. s+ e3l
1) +alE.tra:d

(dl[tF*l0l
tn-iarft

il|tl0r.0,l|1
1 llrf atff.

rrtf ffir{.10
tkt atrrtb

il{fti0,lil
I tLf
t lraaht

W.11
t8
t.f
l-{
t.2
I
0t
o_e

0*
o-l
o
4l

r{-.!..r {: rli:
r .,'

**

il..{rt {:
ar

Ia

Ili.r0"O t

r'lt.lll t

!{.rlll I

Et-|.|| t

r,&ul I

rt-!fl I

<Lal 11> +^|fl 6= "JAh ?4 Es. (u/u\)

:aJ t1e 6= HJEtoll q:d +^lfl ^lrJBE ++(U/%)el Esolcf. reJql^1 +?lg + ?l=ol
UlUo 7I= +rll9 AFe 6E HJC ?+oll 4al^1 =.11 

HJal-dtrf. 4|taJgqe +4 6f++oll^l "J

aq= q'Jet 6E fi+ (u/uo<O)eE reoil^l 4aJ^4o_e -E^lEJtrf. Eoil E}7l^l g= +r{q
Z? (case1, case2), rlltEfgqol +{l 6}+sl E-= ++ +8 EtrJgoll^l zJgqflcl. HJE, trFZ

+I1lfl d? (case3, case4)qlts ol4-Lf 6=0l +Ill 416'f++ g'JE"J rlL:0.83o11^ltrJ ]Xl +E
sla- r/L:3.33 ol+oil= f gqel a7l7l Hr16l =qE= 'lE g f ?tcf. ol= trr-z +rll9 a
?oll= +rllE g+6'l-= qEisl +rll dtrJ+E E,ofLlTf= 6Eol Ar-e=t861-E^l 6Eel 

=Et(mixins)ol EJ"J6| 'JqU =rfe 
H?.!trf.

- 1't -



rt
r{..{* t ;:.

rf-.dst (;;,

r,l.{rl i ll'

tr*l (hcO"l0l

tHxt aftlb

nrd0lr-0,1t]

tlh
I *ilthr

rltllt?*0"t0f

ttutafrh

Jtli'rlfr

<leJ 12> +iffl g'Jar fiA Es. (vluo)

azJ 12= g'J-stoll 4-Lf +-|fl ^lzJEil fi+ (V/U)el E-Eoltrf. *^1 E Uluozl A?q ol

Itz|x|-tr Froude + HJEloll el-Lf g-*e.r;-+I1lfl ArZ EE "J$oi+oll E4af +Ill 6}+ gHJ-st EE
+=71 e4l HJa[= rlE +.Jg f ?lcf. +61, +81 €il 'JE (olt:0.00)= Hl=6-lo1 +81oil "J

tr:ef Al-6'f+.JE (af1,:-0.90,0.83)oll^1 VlUoel EI..zy +rllel trFe EEq "Jd oi+oll c4al E|]

? = -folE -H.ol=t1|, ol= +Illtr oJ6|| A-f6l= qE'JE4ol -lolef 6Eol 6eE ?lil"l ^fol rllEolrf. f{lz[ trr-7|^l s= a? (case1, case2), E- EEol +x1l c'J+E gHJgrg-E Eol
Llatrf. 6'frl"J ar-z +rllq a" (case3, case4), 6=E +rll d'J+= =Js-ehse EolLfrJ g"J
olLlal +I1l A|-=J+E g+Ettrf. olgzl trr-Z +4lel a?oil= 6=0l +41 ++l= F HJ-d:oE 6=
7l rllEoll :faJaf eol +^ilel aFz EEq r+,soil t+al vlu|el zlol a4l -folLf= a= E + ?l
cf. vluoEroll^1 "JZEI= =trlEE 

E= +x1l 6f+ 
= 

trJ'Joll^l 
^1e. 

HJr+lHJ:sreE Eld6'f= -Lf

8el ol^l-+7|- LfEfLl= aol+. olxf+= +rll7l trr-7|^l gE a? (case1, case2) "/t:3.33 gtrJ

'Joll^l "J€6|.3r trlZ +I{fl A? (case3, case4) , rlt:0.83 grJololl^J +$qfr,+.

v/ur
OI
0.9
0.2
o.l
0
{.1
4.2
{.t
4d

-12-



{$.1 (fr-0,10f

' Flr
? trrt

r{-{$ t il cil
1i$

F

rt-aJr rii t:::
rI .).
INt &

*1.+Jt lll t:::
ar;Sr..

onlIr-0,1t]
,lh
I rrmu

tlr! lFt.0,l0t

th
t lfrrb

r$t{F?.{,lt)

| ;h.
t |h61.

I

Hru.
l 0.i5

0.r2
0ns
0.0G
0ll3
0
dlls
{.0G
{JS
{.12
{-15

6d

*trilF

4A*f

, .lf
r,L.!.!t t! t::l

rl-r'ir
Nf

<lal 13> +ilfl E^l HJ-st fi4 Ee ( W ur)

rE 13= E^l"J-stql 4-Lf +-ffl ^lzBE"+ (wluole1 E=o;c1-. raJql^l TfEr-Eoll slts
rfol= +rllq trr'z E= "J8 ol+oil E+af HJ6'l= +41 dtrJ+q s^l"JaF 6= "J:croltrf. Eoil ar-

Tlxl gE +r{q Z? (case1, case2), +^ll €il 'J'l (rlt:0.00)oil^i +E Hl+= -ch6l= .E.=
(wluo<0)ol "JgEftrf. HJE ata +^{q z? (case3, case4), +41 €il trJEoll4 +EE -cF6'f

ts 6E (WlUo>0)ol "J8-dcf. ol= +41 Af+oll^1 "J=6'fo{ S4 HJBFoE 6l-A-d F' +rll dtrJ

+ 6'ltrJE EolLfTl= "J"JEsl (horseshoe vortex)7l +r'llel ElA q+oil 4al +Ell "J€El7l rll

Eo-=. +=E+. raJoll^l EolE r. c1-g 6E 
=E= 

6'frJ 6E 
=C+ol 

olSolEl. E}7l^l &|=
+^ilel a?, +El df+ (sfL:0.8s-b.0O)oil^l +Eq= 6-l-rJEE= rll"J el= (ylL:8.00= sr
6l.ts HJAh)e_tr ol=-elrf. HJE, AtZ +rilel A?, +4 6f+oil^J sJEEl= 6'frJE=e r{HJ L|l+
(a/t:0.009 -st6'l= gr--st)s-=. ol5-dtrf . ol= trtZ +4loll^1 "J€6'l= g+6Eoll el-d g-cteE
Lf ElLl= zls_+ E fltrf .

- 13 -



{r$l{k-0,1S

| ;l-
? frrlb

ffiIif.-0{tl
f Fhr
t trrabt

(||.l(Fr-0,ltt

I lkf,
t &dla

r'1.- osl L ii

r,[..0rr {ll

rt'fs lil,

rtt.ort 1 i

altlJt i";

rr-r-o ii

rt'!-!t 1!

rk

kru:
o2r
0"??
0_l

,:.t o-t8
0-r6
0-lrt
0-r2
q-l
0"06
0,txt
0.04

*ral ari

I oi-

<lal 1+ +^lfl l-J+oilHxl Es (klu:)

re 14= E.d|l +rllel trr-z 6='Jdoil rJ4lglol +rllel ctrJ+ Hf+ +=o{^1 'J+ EEoilLlrl
7l 

=.41 
LfEfLl= rl$ E + ?Itr|. ol= +r{ At+oil^i "J.Jalol +41 C.J+ 6-ftrJ= EofLlTl= g

"JEsl'(horseshoe vortex)sl +rll dtrJ+oll^l "J'J6f= EalEtJE (detached shear tayer)o-=. €
'JEr-+ ?Itrf. gHJEsf= 7t|+tr 6=oil^l E4HJ-cFq +=EE €il6ln= q +EE Ar+ "JHf+
oll^l "JddH +48 d'J+ a'ftrJE Solulzfi efF-+ ol ef+= ,J-Lf 'J+ollLJ^lE -E-eF-dtrf (Koken

2008b). rall +41 6}+0ll^l ^l+El= EalC.J== +41 dtrJ+q^j "JAq= el+=rf Atq4r-B
6'ftrl 

^1Z-l011 
ttlal E^lol=Ell, ol4-Lf E4geE +rll €il trJEoil^1 u+oilL1^l7l 

=7|-6-f4 
EJtrf

( Koken 2008a) .

E-d, LJ+ EEollLirl EE= 5d1l +81 6-f+oll^l qE9 
=-$ol 

qE4l "JqL[=rl fi+d{ = +?Itrf. gHJ4eE +r1l 6'l+oil^1 6E= +rll dtrJ+tr+EJ "Jd6'l= 8trJ60il eldll ,Jef 'J+oilLl^l

= E=trf. rfl? ol LJ+ollLlrl= +rll 6'f+_tr s=ol Il-J6'foJ^j fHJ a5.o_e. olLlrl= C=-d
cf (Duan 2009, Duan et at., 2009). ar-7lrl ge +4el A?, +41 6'f+ E== sfL:0.8goll^1 +
rll dtrJ+E+El "Jd6'l= xtrJ=oil eld|| rJ-d.J+oilLJ^lE g=trf. l4r +rll 6l+_tr 6=0l d
:d-c.oll E44 gHJEreE 'J+ollLlrl d'Jol ol+qrlq, +qEgeigr--cr (alL:3.008 gh6f= HJ-3h)

-H.tr| ^lltsJgqgFAt QIL:0.00€ -ct6'f= gf-st)eE oilLlrld.Jol EJ'J6| gol+= a€ aJEEF +
?1trf . ol= case1, case2el alL:1.00 - l.b0oll^l rJEq= grJ^4 gqol rlL:3.B3oll^l
nlL:5.00e-tr I!6J6'ltrl +EEg9 "J-gtEcf 4ltsJE=gq "Jgre_tr trlq !H[=1; qrl= rl= E.
dt| +"J-g f ?lrf. Lf'J trlZ +Illel A+, +81 6'l+ qE= +rJlE g+6l= 6=oE+El "Jd6-l

-14-



E r r;-g
ol I!:d:Eloll

ar.z +rllq
a e E+E1

d.J6 (ylL:0.00-r.oo)oll eldl| a-* 'J+ollLJ^IE
4af ts^l HJErel oil LJ^lE.Jol f _+ ol+ol^lts a=
Z?(case3, case4)4l.tl = U+ollLlrlE += gqol

g + ?Itrf.

g=trf. r.alr. +rll 6l+E 6E
+fl-cr.f ltcf . ol= reJl4oll^l
ylL:0.00 - 1.00oll^1"J SEEI=

(rr4! th..0"10)

, fla
? 6qlb

!l !1 ., ti

nnr [f r.],lt]
{ lhr
I |aiflh

,;.
at-doo 1il

'!t1:

.;.

':-..-

rn.r"ll tl
I

<].al 15> ol^l'+ qE E=.

ral 15= 3+ =E 
g=JE (y-z-EE)oll^l vel wt ol+= fiC (streamline)E LfElL.Itrf. +

r1l E-dol ++E +E = 
(ylL:0.00) +41 6'f+oll^l HJ^l4l'JBt (6EHJ-BIE =ld+el gFel "JEtoE 7fE)oE qd6l= ol^f+7|. "Jd6'l-= a= +?lE f llcf. ol4-Lf olif+ qEol rl|tsJ g

qoll^1 sEqts Z,!oE trl+q E_?t= tr|l, 4telgqoil^J= r||teJ 6=3f ol^l+71 EF4l "Jd6-lol

=a-Lf 
3i1.fl Eld 6E= trd6'l= rJ= 

"+E 
+ ?Itrf. raJ= sd|] g + ?l=ol Froude +q HJ

El_e fl-Lf ol-f+ 
=del 

HJal= trltrl-d a= g f ?lcf. u'J +4lel aFz -E Er-doil Elaf ol-f
+q "Js +l^l)l trf=71| LfElLl= 7l= 

= f ?lcf . aTlrl g= +{lel z?, *7J +^{q a?E
cf olxl+Tf +Illql^J trl E 6'f+oil^J ZJEEI? ol^f+ol E'J-sr H9l7l trlq atrf. olts trFZ +{l
q a?, +41= g+6'l= 6Eol 4+eJgqoil^l a-d 6E"l g-cr.g ?g617l trflEoltrf. E4el^l +
rllel Ar-Z qEol +rll 6l+oll^i g$6'f= ol^f+el +l.l g H+loil = 

ggh= trlilts. zlo_tr IJEEJ

trf.

rr" o.er r il - 
|

1t- 0.!l '.;:

- tc -



J
H

r,L
<reJ 16> ^lzBil f?l Es.

ral 16e iE!trlzal,S!^l (ultra sonic distance sensor)E =d-* +41 ++lel +ilfl ++l
(h/ho) EEE LfEfL.!trf. +Tll s+ E=el a"oilts ++l7f *7J 

=71?tlr, 
ar1 dtrJ+= EofLf

7f= 6Eiel a?oilts +?l7l E46.fxl '+ol^l= 4E sEE t ilcf. ol= ?illel t5oilL1xl E=
af sJaJol ?Ietr1 fii{q EEoilLlrl oJg^le ol4q e+.

^(!+(+sr):94pz

+1 gt8^le flE+olHJ€^lsl Htr e4olBl HllE+olHJ€^l3l ol&zlxlE 7J? 3d
(streamtine)E 6e= ?illE ol.E'AE= E+al^ltrJ 4ag f ?lrf. ?l "Jg^loil^l p= oJel, u=
71, zE f+|, pts E9 "JE, gE E?47|.4=o1trf. ^l?+E9 A? oJelol 47lglo-=. g86f7l
rllEoll +illq geleE "Jg6'f= ollLlrl (f tow energv) HJaE fr.trfr d4El f ?lcl. +rll at++
6EE 4" +rllel €-l-E el6ll ++ol #f6ftr1 ol=. "J6l-01 +illel E5ollLJ^l7f (kinetic
enersy)zl *+a1211 Etrl-. fi-llE ollLl^l= aFAt E=qoloF6fTl trilEoil fii{el ?l-loilLl^l
(potential enersy)7f 

=7lo-lE^l 
+?l7l 

=71?tl4l 
Etrf. +41 dE+=. EolLfTl= 6=q A?oil=

+819 €il-=. 6= trJE4ol ZrtdfE^l ?+ol 
=7talAl 

q=ql ol-e ?.!6ll ;1119 ESollLl^l7f =7l-eftrl. EElaf^l ?i{el g.lilollLl^l7f #f6fE^l ++171 Zr-t-*trl. olBl-ef 6E 
=de ?i{qqole

oll TlHJ-d 4EeE +-"J-d EE +alseg-doll^l +Eq= eEq gHJ4?l gtAtoltrl.

?gEE'el Froudefef +rilq se 6= "J+uo1+ql rrl= ^lol= trfE:4 e+. caselrf case2,

case3sf case4E ulralE Froude +7f +rll 6'f+ ++l $Atoll trlil= g-shE I f ?,trf. caselel
a+oilts +41 6'l+oil^l LfElLl= 7le} L*e +dol E n/ho:0.e80olol case2el a?oil= E
h/ho:0.e45?.! aE oJ f ?lcf. r4al^l Eoll trr-7lrl ge +4el u ?oil= Froudefg HlEloil 4af
+I1l At.-l+oll^l E 4% (0.9s0/0.94b:1.04) ifolTf LfEfL|-= Ag E+"J.-tfi.cf. case3el A?oil= +
rll 6f+oll^l LfEfLl= 7f6t L*e +col E hlho:0.995-tr Lf+Lfq case4el a?oil= h/ho:0.980
E LfEfr-Jtrl-. 4ef^l E}7J +r{el U?oilts Froude +q H.foil 4al +Ill ar6-f+oil^1 4 zx
(o.sss/O.sso:1.02)9 rfolTf LfElLl= rl€ g f ?lcf. olef Hlt:d'JHo-E caselrl case3,

case2el case4E ulEalE'trr-z E=ol +rll 6l+ +?l E-T.oll trlil= g-ctE +"J-$ f ?lcl-. casel

- 't6 -



af case3el A?oil= + 2% (0.99b/0.980:1.02)o; xfolE
(o.gao/o.sa5:1.04)el 

^fol7f "Jdaf= aE g f ?tcf.
el "Jdfr+7f +r1l 6f+ol ++l Es gtAtoll trlil= g^cF=

Eo;o1, case2ef case4el A?oil= + 4%

4al^l +gEE+9 Froude +sl trr-ZE=
Hlt-g| +=olafr E!trJE trf .

<a-H 17> ^|7JBE sE+?l Es

ral 17= EEtrlZald!^l (ultra sonic distance sensor)E 
=8-d +rll ++lel +^lfl 95+?l

(n/nr) E-EE LlEfL,ItrF. .8.=l+?1ts +AE ^f-Eel 
E=E^l (standard deviation)E ol8d|{ t!€

6f=trll ol= +E HJEfTf gq+= €E= LlElL,!trf. g^1 +-.J:sf ^lzBE +91 Esq Hlr E.qaf
Hli-Lf HJgeE +gE=.el Froudefel +Ijlel trlUEEol +41 6'f+el e$+?loll trlil= g-ct$

€=J49E -E.-d6|-fi.trf. caselsl case2, case3af case4ts E 150%el rlolE EolE 4E g f ?Icf
(o.orlo.ooa:2.5, 0.005/0.002:2.5). casel!l case3, case2el case4E E 100% (o.ooalo.oo2:2.0,

0.01/0.005:2.0)ol ifolTl "Jd6lE aE g f llcf. E4al^l eE. ++lel a?oil= +r{q EA6

=oll 
el-ef E-etEcl Froudefel HlElotl el6ll trl€ 

= x|-o1g 5lolts,l= g f llcf.

-17-



2)

(a)

3ilfl +il61|4

xn-=o 9 (b) r/L=-o9 (c)

x/L=O 0

I

l

0.9 N ,|.5

vrl
)dL=o 0

t

tiJI>i o--
l

-ti---r:

(a)

3'

vrt<ral 18> +ildllA 
=!fel

7-l -EO

rn-=-o9 (c)
I

03

?oI
{15

ol t

031

E'ot
0,r

{d)
0a

03

!'0,
ot

0a

?oJ

0t

<]al 19> +^1dfl4 eafel ?a= (#r +^ll

f.al 184 ral 1e= EE-d +Illef AlZ +Elofl^J +-dE sx1.g +il6fl4=!l$ Z=6f71 flo-H

E4-d +-ldflAaf +flE-dfl-d =!fel 
Hln 14 rol+. AlZ +rll$ olE-* +al!:ddeoil^1el

=E€ 
zlig-+ allaff ool +EEJ E= S4HJgtoil 46'foi EA+n+. faJoil^l +g-=F + ?l=

ol, EEgr-Bt, sJ'J-sr, E^lHJ-ch ++4 LJ+ollLlrle.l E=.zl +alsEd:drl +il6l|4oil^i E|]? fi
^f-el 

a= g + ?Itrf. Elaf^l E s+oil^l 
^I-EEJ 

3-|-fl +-l6H4E-dol +r{ +HJel 3ilE E==
E[{os 4E-dtf= 7lE A=6'f3tf. EE S^lgt-stoi 46'l-ol Hli:d Hlr 

=afE +p]6lg.ot{,
Hr.t1o; )JAE= 916l| +tr Bl++ (z=0.02 m)oll^lel 

=4trJ= 
LfElL|ltttrf.

xA'o 0

__TE
yrt

I

I

Tf

rrl;0 83

d

x/L!0 0

xn E0 83 x/L=o 83

x/t!3 33
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2) 3^|-fl +il6ll4

<.rE 20> +-ffl 6Ei oJ-8t 

"+ 
( u/u|) g'JE Ess

<non-submerged dike (Fr=0.10)> <half-submerged dike (Fr=0.10)>

<aa 21> +-ffl 6E oJ:sr ++ ( u/u|) EE E_E-E

ral 20ef aA 21E: 3-f?l +ild|A€ E61| llttg +rffl 6Ei oJ-ct 

"+ 
( U/U,)el gEE4

BE Es.=E LfEfL.lcf. fxl;ll4e 6Ei E4oil ?lol a7J4 4l+ol E[7] tr||Eoil +aletrg#oil^1

= +€6|rl 
=:ef 

+E +=oll^jel EEioll 4-d E{ol 7fi.6ftrf= 6lEol ?|trf. g^l EA-d +fls
tra-doll^lef fi^f-d 6E ghAtol LfEfLl= a= g f ilcf. Eoil a7l^l s= +4lE a?, +r{q
€ilEEoil^lel 6E+ EE4 AtE fl6il +4lE EolLfTl= 6Esl U/Uro1 a46-l4l 

=7|.6-f= 
a

E g + ?lcf. =al.L +r{7l-€ilfl r{HJq 6f++oil^1= u/t/o<sel af;.$$ol LfEf+= a€
+fldfg,trf. E-oll Ar-Z +4lsl A?oil= +I{ dtrJ+E EolLlTf= 6=g"J ofLlal +rilE A+6f=
E=ol oJd6l= a€ g f ?,tcf . olE ?ld|{^J +rjl €il trJEoll^lel u/ure1 

=7171 
Eoll EfTlrl

tse +r1lq a+e.c;441 gqLlr u/uo<Oel 6=gqol LlElLf= 6= HJ-sr H+l7l -d^ldl 
=qE=a=g+?Ifltrl.

a2 {: 0 0, 0I 0.4 0.! I r: t.. Lt lt
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<=eJ 22> +^ffl g'J-cr fr+ ( v/ uo) g'JE E-s=

<non-submerged dike (Fr=0.10)> <half-submerged dike (Fr=0.10)>

<f aJ 23> +ilfl g'J-st ++ ( V/U|) E E Ee-=

=eJ 22el ral 23e 3rffl +-16]|4€ 56tl ZlttE +ilfl €HJ-ct 
"+ 

( Vluo)q AEJESI-E
E Es_E= LfElLJtrf.3-|.fl +^ldll{E 56|| filtlsJ +^lA ggl^cr fi+ E$oll^j= +alE-dA-d

= 561| "JAg + frStrJ +r{ 6f+el 6= 
=eEol +Eqfl+. Eoll AtTlrl PJ= +ril9 4",

+{l .-l-+ cE+ +E =i10{l^l "J"JEefsf HJ4HJ-sreE eld6t= EEiol "Jd6l= rlE g + ?l

scf. tr|-Z +^llel a+, +{l 6l+ +E+=oil^l vluo>O?l 6=0l LIE|-LI= 4E oJ f ?lflcf.
ol4-d +E +=oll^1el gHJ:shE= Eg= +alstrg-doll^l= rJE2| + flfltrJ +E ef+el 

=^]|
= Eoi=trf.

<non-submerged dike (Fr=O. I 0)>
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<aH 2+> +-|fl S^l'J-sr 
"+ 

( Wuo) gEE E.=.s.

<non-submerged dike (Fr=0.10)> <half-submerged dike (Fr=0.10)>

<=7J 25> +-fg EslHJ-sh fi+ ( WUo) EE Es_=

aH24el rH 25= 3ilfl +il61|4E 5611 4lttE +^|fl S^l"Jst ++ (Wuo)el g.JE 'l g
trJ E-:E-E= Eo{=trf. Eoll trr-7lrl PJe +rllq A?, +41 Af++oll^J +E Hf+g:ctdl= 6=0l
t+,U6ftrf7l (z/n:0.b03|. 0.Z5el ElaJ^q EE) fe dtrJ+E Eld6'101 EofLlTlts "J"JEel"l =4(z/n:0.25o11^1 'srJ^4 gq3|. EfaJ^4 gq)= +e]:g f ?lcl. HJE Eoil trr-z +^{q a?oilE ol

4-* EE Et|HoI cf-=.zll LfEfLfts aE g f ?Irf. trlZ +4lel Af++oll^l= +4= g+6f= 6

=ol "J€6'lE^1 WlUr> 0.J 6=0l "Jd-dtrf . ralr. +r{ 6'f+oil^1ts g+-d EEol trf^l +_tr
Hf+= -sFail L]|e{gE^l wluo<0oJ 6=0l "Jd6f= aE g f :lcf. 4al^1 trFZ +rllel a?oil

= 
g+6fE 6Eol "Jg6'fE^l +41 ++lel E= ]=zl sTlxl pJe +4oil^Jel= trfE grArE r

ol= 4= +?16|.fltrf. il"J olqal 3if?J +ild|A= .dil +alstra-del +xffl E^l'Jar ?+ E
EEoll E+l-d pa|o|| r{|-Lf ifolE €"J-+ + ?l$trf. +flQflg:d =4, +81 dtrJ+ Bl+ +=oll^l
Eoll AtTl^l se +{el a?oilts w/Uo <o! 6=0l Egg6lr Eoil f+7J +r1lel a?oil=
wlur>0Pl 6=0l "Jd.-l= a= +86'fg.trf. 3^|.fl +^16',||4= 5d|| olal-d-^folTl +rll ++loil

^l "Jd6l= "J"JEefq 6E+=7|. +rllel ar-z EE "J8 ?+oil 4af H|+lTl rllEoil LlEfLJtrl=

aE q?!.-l$.cf.

0 5x/l kl

<half-submerged dike (Fr=0.1 0)>
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<ral 26> +^|fl U+ollLlxl ( klUt) g'JE E-c.s

<aH 27> +^tfl |-J+ollLlxl ( k/u:) EE Ess.

fal 263|. aH 27= 3ilfl +il6ll4E 561| 4ltt:ef +xlfl 'J+ollLlrl ( nlui) g.JEzl gE E
rs.E LlElL.[trf . Eoil ArTlrl eje +r{q a+oilts +41 dtr-J+oil^l ^1El4q +4| 6f+ E
rfl:15.02|-^l ,J-*'J+ollLlrlTl "J86f= aE g f ?,tcf. olts t'J= (rrlE fi+ +zJll-laJ
++ +ilq a4)oll^l'J+ oilL-lxlol d'Jol g.HJ617l gqL|.7] trl|Eoil LfElLf=:daroltrf. ol4-*
'J+6Eel =ee 

6=el +oloil = 
g-ct frol +{l 6f+e-l d +toil^l +Eq= a€ g + ?Itrf.

s"J oft{el z/h:0.2b41^1ts +41 dE+ At++ql^l'J+ollulxlzl 311 LfElLf=trll ol= "J"JEef
oll^l "Jgq= U+ollLlrloll eldll SEq= -dAtoltrl. 6Ee.l +E+oll^15 +r{ Ar++oll^l'J+oll
LlxlTf 341 LlEfLl= rl$ I f ?lcf. ol= +E +=oll^l "J,$al= &++Eeffioll el6fl LJ+ollLl

^l7l a4l gFd6lE^l LfEfLfts -datoltrf. Eoil trr-z +rllq a?oil= 'J+ollLl^le.l a7l7l 
=7f6-f=+r1l 6'f+ t+trt El+l7f "1 a/z:b.0E Eoll AtTlxl PJ= +r{9 a?q Hl.tr'6l01 r H+l7f -d^16'l

=qE= aE g f ?lcf. ol= e+61; afie-tr e.!d]| dtrJ6ol ilfe711 
^lalrlTl 

rllEoltrf. !E-d,
EEq Eololl Erlaf 'JFollLlrle.l E-+.zl 

=.11 'Jefrl= ag +"J:g + ?lstrf. z/h:0.soil^l L-J+

ollLlrle.l a7l7l 71el- a4l L|EILJ=E1| ol= g+6'f= EEiul gF6F= 6E goil^l "Jd6tts laJ
?+ +rJ^foloil^l d'J=ol gr-€6fE^l 

=t-J+oilLl^l7l 
gd617l rllEoltrf.

0.0a t.0e 0.o 0.1 0.t2 Gta o.tc o.tt

<non-submerged dike (Fr=Ol O)> <ha lf-su bmerged dike (Fr=0.1 0)>
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=8 ^lEoll 8l-dol ?l= +alstrAErf cf=4; 3^ffl +ildt|4oll^1= ol4-d 3zJ4 r{E fi.ol
isEiE EAE f ?lcfE trrEol ?Itrf. E slrllol Eqcdaf?l azlxl €-41 ?l^l (gi4 zz1, ol-f+
E-T., HIE+EE8e1 E-EE, +14++ Es)el At EEEE E=J4o-tr. E01+71 +16',||^1ts 6E E
Ael ArJ4 4lEoll^J HqLloF-dtrf. g"J olL.lal azlxl $41 el^l= fi+EEE ol86f01 XlllE 6'l-

zl qtsql +als-dg-d ull fi"J6=el Froude +71-+41 ++lel +56r-011 341 g-ctE trlilrl g
ts trf= ^l#= 

golL]|gltrf. c4al^1 47t^l EAl "J^fel E-=.= +dE 3^|.fl +il6]|4 =3f= 
ol8dl|

ol+qa+.

. EAl "Jrlel gz Es= 1 (E+q r7l)

<lal 28> E+q (U/Uo:0) i7l

rB 28e +41 4+E 4+q +sE= +4U4. A+qg +41 ++i"il^J g^Jslts #4ol oX$

:fl ^&49 aE gqsE. 4Eqq ^l+q (dead zone;olellE E4l + €+oil^l= Ul%:091
E= gEes 4E€4. +41 6l+"il^] B^J6l= 4+qE aTlE +4lg €zle oJall .tr_-E'g= 6t

A 4l*9 €qg +4U4. rH 28ql^'l +"Je + 9lFol,E"il +zlzl 9+e +4lE 49ql= a=
+olql q= C+qE =:ltr+7t ululolr. * o/t:r2.0 4EE a7l€ 4= 4+ "J + q4. ut

4^J Eoil 4zlzl 9+e +4lg A+q= +^\71 €il€ 4* +q * rlt:0.0_12.09 qlqol +
4ls fldl EEq= 49 "J + 914. ol+Al +41-s {4 EE.g= EE *6} €qe E.q *zlzl
9*e +r{= ol+dl ++41= €zl€ q +41 ^}ol9 +4 +4.il Eil+ €!s+ +E =zE 

,.Jz}€
El. Eq +a +4lE A+ql= 4+qol x/L:0.0-2.0q^J +Ag4 = zzlzl g"il tzlzl 9*9
+4lq ulail uI9 4e ag "J + 914. gd 4+e *El4 E q gq ?zlzl e+e +;il= +41
4+E EE+4ql = 

g6}9 ulzl-!. He EE*8J H9loil^l +Al7l €:19 4a 4l*g }LE6}=
ag "J + fl4. HlE, Eql +a +4lE a+.il= +4lE €;ds e+ ++lg E++= H+ql trl;<l

= 
g6}01 4zl"J -f. EJ+ +41 6l+E 4lBL }LA €q E+ =4 9*4= ag q9]6tgEl.44^]

6J+ Elaq +4= €xlE 4= +4lE €il +4oil ",tzl +dlE =ol= dqEl= aol El+46t4
-r. +E€4. el= =q, He HflE 4l*ol 4a_aEql gdl^l ?:l"l gr ql= a+.il= +Al7l
$ql 4zlzl 9+E+ €;<l6t= aol +r, otdagol +e Hqg A^lg +E6l= a+q= +Al7t
E4l tzlE+ €il6lq 4as1 zl€a+g szlola Ela 689 l*9 44+61= 4"1 4dal4
-z Czi€4.
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. €_AI "Jrlel 8zJ Es= 2 (ol^f+ EE)

<le 29> ol^l+ E-= ELE

ral 29= +ild|AgE XI#EJ +5Ar-el EJtrJ'l ol^l+ qE Es.S.= LfElL.lcf. raJoll,tl LfEfLl

= +rjl 6'l+0ll^l "J,g61ts ol^l+ 6Eel "Jd ghar-ol +r{lel +ololl t4al = ^lolE Hol= 4=
I f ?lcf . E.oll trr-7lrl g= +rllq a?, 3L +=oil^J+El ol-f+ qEol +=.6f41 LlElLftrl, +
E Hl+af fE =iioll^l ^l-e 

cJ4"JBheE ald6'l-= -d 89 ol^f+ qEol LlEfLl= a€ +?l-=t
+ ?Itrf. "Jd-d ol^l+ q== 6L FZzzfxl +Esltrf7f ^falrlq 131 

=i1oil^l 
trf^l ol^f+ EEol

'J€-dtr|. Eoll trr-z +rllq a"oil-E ol-l+ EEol 3L +=oil^1+E1 aJEqTl= 6-l^l"J E.oil ar-71

^l 
g= +rllel= cf=.zll ^lE 

HJ4HJBtee qdb.l= -d ,8.el ol^l+ 6E"Jol "Jd5l= rlE g +
?Itrf . E.oll ar-71^l g= +4lel +E =i1o{l^l "J,u6'l= ol-lF 6== 

^f++'J ef+ef aJaJol 2J

trf. Eoll eFZ +^llq A?ql= g+6'f= 6Eo-tr 9ld|| ^ffi+trJel+7| "J€El^l SEcl. ttlaf^l A
z +Elel a?oil= +41 6'l+0ll^l 

^l_+ 
EJ4HJEheE alx6l= Ef €|el ol-f+ oEtrJol rJEEJtrf.

trlZ +8l0ll^l "JdqE olx15 6E 6 +Ill7f €ilEJ IjlHJ$ +E +=oll^l "Jd6l= ald E==
+^ll Af+ dtrJ+E A+6-f= 6=4 rJaJol ?lr +E Hf+ 

=C+oil^l "J86|.= EIE 6=.= +41

=E] 
dtrJ+E EofLlTl= qErl sJalol ?Itrf. 4af^1 trFZ +r{! z?o|= E+6-l= 6=01 +81

6'f+ 6= 7=41 = 
g-ch€ nlil= rl= oJ f ?lsol, g+ qEol gg6'f= a"oil +rll 6f+oil^l

aJSs]= elE qEol trlq A6'f4l "Jd-sl'trf= aE E+?16ffi.trf. Duan (2009)E Efiu1-7+Al= Edll

=€El +rll ++l fi+E 5dl| Ar-7lrl ge +4lel a?oil "J86'l= ol^f+ 6=el 'Jd= zJE6tg.
trf . 6'l^ltrJ Duan (ZOOg)el E+ql^l= ?+q 6E"Jgt 

=€H?l7l 
+rjl +?lE( ,lt:-2.5-3.0)

4ilqq fls7l trllEoll E g+oll^lef= 
=al 

olBlEf ol^l+ q=ol +rll 6f+E gtrlLf xl+51=rl
oil 4-* E^1ol ol+01^l^l *iltrf.

'non-submerged dike

'Fr=0.10
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d

. #41 ?!^le_l BzJ E-=._= 3 (Hl.'+d*ael E.EE)

(a)
<non-rubrnerged dlke {f r4.1 0l>

<half -rubmerged dlke {Frl}.I 0}> 0 05 r 15 I 1.5 I 15 { 45 I

" 
<fal 30> Hf+d'J8el Es.-E

f aJ 30= +41 ++lel Hf+d.JSelEEE LfElL,!trf . Hl+d'J8ele 6="J-sFzl g oJEh ?+el
Erl'JEh HJaf aJel a7l= ol86f0l tlE affl o ol +Erf ee ^lE ol86f0{ 4lt!6'fgtrf

(r: 4lttfl Hl+d'JBqe +"J 6= (nlL:-b.o)oll^l 4lttE dE34 (re)

o-tr ol= +^lfl 6|-fi,tr|.. olel trJEq ,+ gEEoll^l "JSdl= *lr+l d'J8elq EEiHJEh EEEE
:clzll fell=_e -s.^16|.01 ElflHf+d$$e1el EEE E{affi,cl. raJ= 56||^l +I{ +ololl +}lfil
ol *lr+l CEBele +4 dtrJ+oll^l LfElLftrl Eoll trr7lxl PJ= +Illel A" (o1 rfrr:s.g)g tr||

Eoll AtZ +r{ (4 rfro:a.o)4| Hl6ll E 2s% a4l LlEfLf= aE g f ?l$cl.

non-submerged dike
half+ubmerged dike

<lal 31> +r{ tsol tElE Hl+dEAal EE-E

ral 31. ral 30oll^l 4ltt-d al4Hl+d.J8elq +4 +ololl nfE HJEI grAfE LfElL.Itrl. Eoll
Al-7lrl s= +r{el a" atz +{loll Hl"-H +l4Hl+d+3alol t4l LlElLftrl 

=71fl 
Hf+ dtrJael

ol +41 6-1.+0ll olil= gEtol 
= aE g + ?Itrf. Eoil arz +r{q a?oil= 4 o/t:2.Ooil^i f

rll ?g+el Hf+d.J8qaf Hli-el +=ee al+q= HJE Eoil arTlrl ge +4el a?oilts E
nlL:12.0o11^l +{l ;g+el Hl'+d.J8elaf Hlt-ef +=-9.-e q+q= 4E oJ f ?/cf. Efal^l

Eoll Er-7lrl g= +rll7F 61+ s=el Hl+dE8eloil trlil= g-crol l+ts rlE g f ?lcf.

r/10

o

5

{
g'3
,!2

1

0

5

4

li3
*8,

I
0

d

tYl'+(4)')
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Kuhnle et al . (2008)= 
^fEfal= 

Egt +^{ +HJ9 
"+= 

:EEElfi+4|-tr 
=d61-0{ 

Hf+dEAq
E ttd6fg,trf. olEe +I-ll EtrJ+oll^1 Hf+d.J8elol fig6Eoll^l elElqts ZIel 2.7HHe *l4Zt
E LfEf',!+= aE +"J6-ffi.trf. E"J ofLlaf Duan et at . (2009)e gJE EsJoE -E^l.E +41 ++l
?+=:E=Effi+4lE olEdll 

=€6-lz 
Hf+dtrJ8q EEEE +€6|.9.trf. E4 eaf, EE-d Hl+

= += +Eoll^l= +r{ at+oil^lol Hf+d'JSelol *l4ztE *etr1, f atol figEEioil^lel ztotl
Hl6|| 6-8Hll 3Zl LIE|LI= aE g + llstrf. ol=el E+ 

=af= 
E s+oil^l ge e4q a4zt

oll^l= +rJq ^lol= Hgrl"J HtE+d'JBeJ E_s.5.el EHJ4fl ghAfoll^Jts = rlol= Eol^l g?t
trf. 4af^1 E E+oll^.| tl€-sf Hl+d'J8q ilE olEd|| +rll ++lel ^ll=gtatE 

q+g + ?l=E
g + ?ltrf.

IE-el-, Kuhnle et al . (2008)al Duan et al. (2009)el E+7|. 44 of L:- B.b - 4.5el
rfL:-1.5-2.5_tr +41 ++lel rll-sfE gqoil^l"J Hf+d.J34Es.=E Ar-d-el-rloll HJ6ll E s+
oll^l= af L:- 15-16.5-=. +r{ at6f+ LJ= H?loll^lel Hf+d+€ieEE_E= =td6'f01 +41 €il
-R ?.1611 Hl+d+8elq HJaIE Htrf 

^f^ll6l4l 
g + llfltrf .
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. €41 .J^fel 8z EeS. + (al4 ?4 Ee)

<lal 32> =14fr4E-s

ral 32= +r{ +?lel +'l46E+HJ-8F fi+q EEEE LlEfL,!trf . 6EiHJ:stfi+e.l +EEEEEoil^l
fl dE +BEoll^1 +Eq= 4Ell fi+q +lilE LfElL||tr{ iEl4 6E"J-st++el E=HJ-cF?liloll nl

= 
HJE|-E gr-zll -E.^16'l-9trf . Eoll trr-7|^l pj= +rilel a"oilts 471^1 6= tsol

(z/a:0.2b,0.b0,0.25,1.00)oll^l fi.JE=q E 2HH7l q= 44 fi+ol "Jc|6lF,otrl, Eoll *7J
+r{fl a?oil= 3g 6=el E 1.5HH7l El= ilr.}l fi+ol "Jd6'f= 7letr_ LlElHtrf . Eofl atTl^l
g= +4lsl Er-z +r{q 3? _c_F 6= tsoloil nlE 

=lE+l ?+ "Jd glil g-zz1 ElEl.= trltrl-ef

zlg-+ SEslfltrf. +4lel €il-tr. 7f+E EEiol +r1l 6'f+ 6=+Eoll Dlil= g-sFe Eoil trr'7|^l
PJ= +4lel Z?ollE e+ rsZ-r4L7il^l = 

g-chE trlil= ao-tr LlElLJotri, E-oll EIZ +r{el a
?ollts 4 zr-+Ltlxl = 

g-BF= ?E zlse EoJtrf. alE+l E=HJgh?+el +iil= +r{ €-lE "J
dl| 7l+EJ EEol +rll7f €ilE HJ4E {lHJoll trlil= g-ctoll 4-ef E4 ^fE-tr =JAE f ?lcl. =aJsQoll^l LlEl'J Hlq eol, Eofl ErTl^l ge +{el a?, Eo[ ar-z +{lq a?g $ef Hlrofs
E n|| +14 6=HJ-ct++q "Jd +lil7f +r{ HJ4E r.ilHJ-e._tr tr1F- Tlnl+lrl= aE +flg + ?,t

rf. olts Eoll trt7lrl ge +8|sl 6'l+0ll^l ,J-Et ESoilLlrlE += 6=0l +41 HJ4E {lBto._tr
)17)lA^1 dlltrJ xllHJel E4g 3gg +E ?lE= oltrlEltrf. 4al^J E-oil Ar-71^l gE +rllE €il-+
trll= +r1l7f €ilEJ HJr.flE rllHJoil E^lol "Jd-* + ?lEE gFoil Fa a;-a"l 6l-+3f +r.il zolotl
ttl= =14 q=g-ct?+el a7l .l HJd+lilE +7f4o-tr E46lol +Ill7f A-IEJ HJ4E IllHJq A

^l 7f=d o1+E za16-lol +{l= €xldlloF-* ae-E S'JEtrl.

<non-submerged d ike (Fr=0.1 0)> <half-submerged dike (Fr=o.l 0)>
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5. s+ 7H"J Alf
1) 6H/\lol= lnLtl 

-Eu I o-l

gH aqc€ !t
(CTE)

qc€4 €"J
g rl+-e

r)
6lltrJ

Srl TRL E-E
-4 'Jd

I

+als-d a E
34 ral '!

5_E

+alE.traEo-= +81++l 6=el 3-l-+l fr+aFE

=56|-r. 
ol= HfEJo-tr 

^ld6'f5.oll^lel +rll +?l
3^ffl 'J+ -E€ tE

liHU6-Ei
,lHl'tH

1xFJr.
2xlt-Jg

3 47J 44

2

3^ffl ?5
dt|A 

=rfrAJ 'J E.E.

3-|fl r€'J fxlat|,qoE +rJl ++l e=el 3^|-fl
?+A= 4ltl6'l-r ol= HfEJoE 

^ld6.l-Eoll^lel
+81 ++l 3^ffl 'J+ -=€ +oJ

T\=-Hl
YOH

r lt+lIE
2-lt-JS 3 27J 27J

.t

3^f?l EE
7l^lEf
-E-oq ,\looo

3^fg I€"J fr;a1'qoE gold ?+el
^lilHJEf^fE= $d|| +^ll +?l 6== 3xfflo_e

^17+al-sr-

i\= H{

7 lHl
IH

2xl.lS. 3 27J PJ

4
€xl"J^lel

=,J E-EE.

47fxl a5=-€(E+q 371, 6f.AltE3+,
*lEll?+, ol^l+ EEs) E4= €'d|| +r{g4 ^leJE 7l€-* +El€Zl "J^f

7l =Etlj( !=

i\ =-HlUOE
7 lt+l

IH
2^lLlE J 47J 47

€4ddrl-1 +alE-dA-d =4 ral "! -=s
rl ol
o-l

7||+E A-dAr-iloil +4lq-dE

=E 
-elgE 

^lC6-fE0ll^l +tl
€il6lr +8lE-d +?l

+?l -Eol EA-et s^lg
qE9 3r+fl fr+=
'JF =d€ +EeF.

EII

f g-d= 561| g= +41 ++lel 3-|-fl ?+^fE-+ +r{ ++loll^J LfElLf=
3^l-fl .J+-d8al €41?l^l ,J dF$r.JZl= +"JEr-.

I -cF+ +xl8'J H 5, +8+=Eel trAl7lH T]|doll EJe-d 
=e-Lf7l=,(IEE =JA-ct.

r E ac=rf= HIEJo_tr +g7l=^l_=ol +Ei+4E. ++lel 3^l_fl EE=
oldll6l=E1l EE= 

=.

/\{.=-e. rEoo-.&

(71=71= +=) SeJ S+71 2rffl ?+6F "; ^ll=d =5oll 
+-dqq

S+U 3l= g^{ +81 €41 ^l 486fts aol E7f=-.J.
QH,J)|= +=) 3^ffl fi+AF =58 Sdll +El +?lel 

=A-Lf 
3-|-fl

ag,l=E +trJ6f]. ol= 7lHJetr +41€zl?.!^foll 4-d g^[a 6=+49
HlEl.= 8+614l ql=-S + ?l=.

dal-Jd rqg^l
(r+71+) ?J4+(-Lfgh4 qr-r)

t 97l7J 17.07 -' 18.06 (1zz[g_, 1,211^f)
€af 'Jd
+E "JH

-H.I^J

€ 3f -Jd oil

4= € aJ4

€]f

=-d 
Efl/E= 07J
+E
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6. E+ 7||"J dal
. -d^Hzlrl +4oll^l +:.Jqq E E+E= +E +Ill ++loll^1 gg6.f= 

^ll=gtAt 84, !E=
Large Scale Particle lmase Velocimetry (LSPIV)E ol€ieF +81 +?lel +E 6Ei 840il =E
= FflE (Kang et al ., 2005; Yeo et al ., 2006; Kang et al., 2009; Kim et al., 2Ma).

. +L]|oll^l +AEJ +4 +eJ +alstrA-doll^l 3^1fl ?+E 
=86f01 

6== E4-ef 
^l-41= =5l EEtri, g+ 3^|.fl ?+= +€-* +alEtrdE E+oil^1s. 

=E fzl g,txl g7l rllEoil +

^11 
++19 E= E4= .-l=Ell il7,17t ?1fl8.

. E ts+oll^1 +A-d g-d= E 5000 T||el 
=Eoil^1 =€-gl 

silfl ?+ ^lE= 56fl +41 6f+el
6E 

=dE 846'ffi.trfts Eoll^l 7l€THHFol ololTl ?l=.
+L||oll^l +41 ++lel E=€ E46'f7l ?16|| LES E-d= ol86f0i 5700trJ7H TlBel Xltl4^fE
61|4-d 

^l-41= 
d+Ef .

+eloll^lE +r{ +?lel 3^ffl 6=E 
=86|-0{ 

+41 ++1 6E= E4*d ^f4l7l 
trf+ 

=^HEt
(Dey and Barbuiya, 2006; Duan, 2009; Duan et al., 2009; Safarzadeh et al., 2016).

6l-rltrJ +elel +als-d{E 
^[flloll^1ts 

4+E +41 +?lel 6E"J= 
=€6lfi.7l 

rllEoll +41

€iltr "J:d 6'l+ 6= HJaIE 3^|.fl o-tr E^laf=tr1| 4l-*ol ?iE.
E S+oll^l +-d-Lf +als-dg:doll^1ts +^llzolel E 2QHfloll d|{trJ6'f= \]$nlxl ++!f +fl
E 

=€6f0{ 
+41 6'lFel 3^lEl E=+== 3JH?16'l4l E4-* + ilfl'=.

olBll BH+l-d +alE-dA-d= HfEJ-g.e EA-d +41 +99 3ifg EE+=ts trJg +r{ 6f

+e.l q=E E"J6-fzl =^lc. f ?lcfE 5r-Eg"J olLlaf :srF 014 7ilel +rllE 6lfloil €.16-l
0l 6ffl€ +al6lr^f -+ q +8|el 7J4E e€61=Ell +e-* qEE g + ?lE.
gHJ4e-tr. +rllts 61Eq +fl HJEloll 4af B+7loll= trr7lrl Sr., 

=+7loll= 
trF7l= +E

+=Eg. EtrJ olLlal 61del 4g a+= "-ilil^l g7l ?16ll el_E4eE 6l'del -8+71 ++lE
+ L+e +olel +Ill= 6faoil €il6l7lE EF. 4al^l +I{ ++loll^l AFe q=ol "J86|.= gh

atoll 4Et E^15. +IJ| sal s+oil^l = 
eltrlE 7lE.

+9oll^l trr-7lrl g= +4loll 4:sf 3^ffl +il6]|4 ^f4l= trf+ 
=r]|6'lrltrJ 

(Koken and

Constantinescu, 2008a; Koken and Constantinescu, 2008b; Kara et a1.,2015; Khosronejad et

a|.,2018). +.l6ll4E 56l| E-71^l g= +41 ++lel 3rlfl 6E E4 
^|-41ts 

Lr^l g=.
E S+oll^l= AtA +4oll 4-ef E+E Sdll +8loll trr.Z 6=0l 'J€g A+ E=ol +r1l=
g+6'lE^l +^{ 61+oll^J +Eq= 6= ghAtol Er-7lrl PJ= +8lel-ts +S61 trfe+ts aE
gol.L}| fl=.

. E 3lr,iloil^1ts s? ^f4l7f Lrrl g= +41 ++lel Erz 6EE aJEdfr f 
=rf= Ei46ffi,trf

= Eoil^l s+ 7||"Joil qelTl-?lE.
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=d617l 
?1610l EE= +d 
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=)ef 
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=-s elfE = 6'lLf?l €Zl?l^f 7,t 885.ts -sh+ +41€41 7lE T|{doll AAg +
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, r 7H"JE *l= d4E= 6]-d€41 7l=el 7|{€ ^l Ug6f01 tr/,| 7l= Tfldoll 7lo1-+ + ?l=.
. E +alE +E6lE +)l)l$ol 

^|.ts6|-fl 
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7le= gE6'fE 4trf€41-e ?l-Lf aI{ +g= HJrlg| 7letr 7lE+lE.

o 7l=4 
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^sE+ 

^||_trE 
ts+q Eflal+g= 4l^16l.fl=.

. 6'lflel 6=0l r-l|x'll6f-rt ?,t= HJ:std "! $+ollLlrlel fs?eEel ataq8oil eld]| gd6'f=
rl-clel 

=E 
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. +qZ#EJ 7l€3f 3iffl +ildfiA 7lH€ 
=-cF6.f0{ 
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^]|allHJ^l-d ^lE.-fE€4171=el =AE trlaJ+=tril

olE 7|.5-cr-.

. E E+ql^1 ^fEE Eoil trf7l^l g= +rllel a+, E+Eel a7l7l * ult:r2a a€ +?l
-cF + ilE. ol 

=3lE 
ufEJoe. t+81 E-l ^l +^11 7J4E 4 rlt:L2tr_ -Lt-trf"J +r1l 7||+

4Hl r{HJ HE +7J€ =q AE4.J +41 E^l7t TlE"= 7lA.

o a4q .ttg4 
=E. -cr'al4oll af-+4'J €AlTlEE TlHJo-e. E+4lUeE "J-Lf r'llHJel ?A 'J trfzl- HJrl6.f01,

444 'J e'J El6|| ;rlfEf-+ + ?lE 4eE qlArEr-.

. €+-el trA|)lHE =Jt61.0{ +^{lel !f€4lE HJ^l6fol €41 BIE€er.J +7lqltt E#-* +
ol_9AE.

. trl4ql= 7|.5-d €4lE 5d1l ++ ?rl .rJalol E"ldaf €F7l4o-= Arll4 olqE 
= + ?l

o
E.

. aF7l4o_=. +4|€aloil 4-d rfqf4?l 7l== q46'loi dl|el^laFoil^l ?+l= E-sF + ?t=.
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ril6s. E+ rl8oil^l +E^d 6|{el alqTl€ €e.

O +41 Zololl 4-Lf A4l Tlol= (ol4)
trl+L]|++ (Department of the Interior)oll,tJ 20151J "JzJ-d 6'lE^llgt Hs. trAl7lE (Bank

Stabilization Desisn Guidlines, Report No. SRH-2015-25)oll ttf =8, +41 zJolTl €Xl 6f+el
3-30%oJ +r1l9 d84fl -d6lA-l 

^la{7|. 
Hrqg[cf (Lasasse et al ., 2009). ol= HfEJoE E

s+oll^1 ^fEE +r{q 6l+ 4Hl +rJl zJolTl -datl4lgq^lE d=.4o-tr €il 7f=EF= +?l
-$ f ?Iflcf .

o ++E+q EJsd

Kara et al . (2015)E 
^lr+ +8lel Hlt-d -dAFE += -tr.4= ^lC +Eoll €il6fr. Larse Eddy

Simulation (LES)= olE6'l0l r.4 +flel ^;il BE fi+EEq t-1+6=Es= E46l9.cf. Kara

et al. (2015)el E+= Zol+Ctll (Lln)7|. 2.630la- Fr:0.33oJ 6E; 
=Aoll^l +-dqgeq,

^ffi+EHJefTl 
nql +fl +E Hl++el ?+';'J+ =d$sofl 

trlil= ggrE +trJ6}7l +16||

Rigid-Lidel Level-Set HJHE olE6'ffi.cf. Risid-Lid= a.= L]| 
^f++EH1El7l +^l:gEE-=. +

cfz 7[8.-l0l EE 4 +EHJal-= Zalalrl 9JE a||A "JHol-L Levet-Set HJHE 3^|.fl 6=HJal
oll el-et 

^|?+EHJEIE 
zltt6'|-0{ 6= L|l +EHJaE r.a16l= dl|{ HJHoltrf. 6l|4e4, 

^f?+
EHEIE 146f= Levet-Set oJEel 4", Bllol=-=ie14 'J+ollLlrle.l a2l .l E-+.zl
Risid-Lid HJH= ol8-sr' rllef= +861 trf= ghAt= Hol= 4= g f ?I*rf . Khosronejad et

al. (2018)E Kara et al. (2015)el S+= +5t61-01 ^l++EHJefTl 
14 +?l Hf++el 

^lzJEil
fr+lf LJ+EEE-S.oll trlil= ggr= gofEittrf. Khosronejad et at. (2018)ts Kara et at.
(2015)el s+oll^1 E+ +e ailolts=+= 4= E= =zoil^J sH|l = eol +48 4= +Eef
-il4E olE6f0i LESE +-"J619,trf. Khosronejad et al. (2018)ts Kara et al . (2015)el E+oll^l
sl 5galfll Levet-Set HJHI| Rigid-Lid HJEo-tr 

^l++'JE dll46fg,r, Bllolts=+= Illel-d
trfE q= 4Z= Kara et al . (2015)ol E+oll^lel-?^l-Lf Zt= LIEIL||?lcl(tlu:z.So,
fi":0.36). 3^ffl +ild||A e4, 

^f?+EHJ6fel 
-re1 oi+oil rEl.af u+E=Er.ef ^lzEil?+Erul +^l-+ + fr,= EEel ilol= LfEf4= a= g + ?lfltrf.

7|l+86= (open channet f tow)qlrl Froude itl Et16Joll E4af 
^lfi+EHJalTf ZI!trf= ^fdE -I.elafE Kara et al . (2015)el Khosronejad et al. (2018)"1 +il6'1|q =!lE Jeon et al .

(zote)el +alstra-d elfsl atuE€ g + ?lcf. Jeon et al . (2018)= LIH:1.40oJ qE =
Aoil^l F 7f^l Froude i (n:0.10, Fh:0.19)oil 4dfo{ +alE-dA-d= f:dal?oo{, Froude

+7f +r1l .-l+ 3rffl 6E+=ql olilts gEtol 3^l gtrl= 
=E€ 

uHH.cf. 4al^1 E ts+Ile

^f?+EHJElTl +I{ 6f+e.l 6==dQl olil= g-sFoll r+l6fl 
^l_tr 

trfE TJ6llTl ?Itrfts ^ld= 
g+

ul8 
= +E-d 6|{q af+71= €H= 56l| +?l6lfietrl, oloil 4-d E+7|- EJe6ftrf= 

^ld= 
g

4t qfl+.
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1. ol 4=Hz^1= +En5+oll^l ^l:d-Lf +EI57l€4IlE+^fg"l S+EIllflulcf .

2. ol El=-Ez^l L|]E€ "Jea;;4loll= HJE^I +Er5+oll^l ^l:.J:d ^lgel 
g+7H"Jdulg=

5+-Cot EFL|trf.

3. +71-afqr-71€ 7l"J ?^loil EJe-d L||E= 4q4o=. HJ_E Ets 
=!7|l6l0l^J= 

$ Eq+.


