W EEUE ATNUAY HRIXE[EX] 6 MA] <HE 2018.11.28.>

Ko

iKi
ke =
7l S
= 9
~ H .
- z 3 >
r . r ol
o : _ N Kk
5 = K 3 =
— ~— S __o_—_._._lr —_—
oV o ~— __2_._._ o
o — OO0 <l K _|_
~N = = I K = _
= K K - <
Y 2020 Wo3r E3 <z
A FE T ol me 0H OH T om
e R 1| 0ol of of K K - 0od
T S g 3 100 3
ml. RWIEH o g Al g
=z N R 3I RI K KU M oK oK OF OH & M K RI
X o T = 0 30 M I a
o_:,_.x.o“_._/..o._/._ _uEx.E:ﬁ.oOoﬁEi KK &
BN < - N M S OO~ © I._.Au._ =



PN

(Fd) (2HH)
18CTAP= ok DA ), Luk DE( )/ BV ), HIBIH( )HASEHSE()
0132929~ ENSIIEETAY AEE0M
02
| R’D / 18CTAP-(132929-02 |
]
st —_—l =2 =
. H Sl Sl M=
%I‘ - ] L]
= siAl 3X|& =Xx|2°
2i& 3 FR|E22
M
= 1 I
: FSEHIM
Ak
3
;} 2019. 06. 07.
1
2 FHATI|Z [ ANHET AstE
£
g
]
)
M
(A
14p)
2019
2
E
]
z 3
1) =
il T ELN S H
£ TENSIeI|sdlsA
B

™
ki
A0 rdo ook Aoy N

-
~
ke




Hee

2.

H & &

—
o]

:2017. 06. 30 ~ 2019. 03. 30) 2|

(A0 7|24

TR 2o’

#

‘HOsHE St M= #4 3kt

o 2ZEIM 1085 MEC.

3
4

2019. 06, 07.

.
Q
s |
vy
o

]
2

S
AL

ST}
|85

i
X0

K

ol

=

@

1 -

el
Kt

HAM Ao

=
=

G M29=of wa2p |

| gt ct.

ol

LHo




HOA 20k

ol

o4

r

or ofl ol of of! | ol oF ofl ofl of
BORE R R R R R R R
o o | O o
o o | O o
N <. Sl e
N Ry -8 L
— _/._ o _1_._| — | ™ 7._ ol _.Iu (ep]
Lol EF LT E L ol
FORIT I ORDE o
K0 K0 30 o
) 0|
_ - . 00
i | = — I . =
rt+ _ i i+ K -
= ol &0 F Tl ol | &
i o = 3 T o=
| —! T9) __A._o _.._l K
K il N
< 3 _
i oF S o_m
b T
= S i 70 B0 B0 x| @
SCT Pl ™ - — o ™ ™o o 10
nv. 9 < Ao .. e ol 1o
~ g In ! Ko o- 1+ Ko oF 1+ =
S & 3. T o T o +
« M._ Hﬂé o
K
< ~ (I LH — <k n <+ m_.._
o ~ 3 o N o N o0
N _._._._o _._.__H |__|_|._ _:T _.._l _.,_l .__w._ Tl
0 E i A3 3l B il o
ﬂoﬂ .@J _._._._ o] 1o m_l _x._o ml @”_H —_
it z K Kl Rr i
< =
N
W m | B g B E] —
e - = O o o
! | OH_ — 23 — - lo
e = < = £l X0 = o
S8 & D T = :
S K| T o 53 -
® X < 3l i
o = ¥ |ol _
£ g 0 £ m” L mﬁT " 7y ok
P 3 ol o0 X o X0
oF > = T IR W3 il qu s
1 T T~ - ~ MO | uwr Z o=
3 o L o =z T H
= o)

Ko
H

<

of

w0
I

NTIS
=

K =
— 1o
ol hal

T &

2@
ol Kl

ofl

B
gl
;3
1
H
o
=3 A
Ki a0
Ko i
0 <
M Tl
ol or
T ol
= .ﬁ T
oK .r7 i_.._._“_
e ) o ™
w2 = o 20
E] - k2
H o K KO
g Mo__ool uodr._
T Ko E;J_ =
A )
EUEONEEAT_B
oF K OF M o o ue
o K W = o o o
M=o 3 oo T -
- o o © RO 0
S o — o= M
__oo __oo O“_O — & . O_
D._D.___LO_EOHAZI.%
= Ir o < W <F =
T3 onw — .3
TS 0 o [ U
Eozom._ %NI.M:F
ok oF T o — N
ol n___:.___mlye
woop L e &
_Lxlﬂ__% <00 ol of
oo F+o R HH
gooooogoog




oM

o
i

=W MW = 4o ol W oR ol o<k
|r WK HH WT® AW T L_ur 5 = ol
T T o = W s R 0 KR K o= A0 oy Ry _ X
O ot H & ®W X o 3 R OF® T R0 Eo e o _z__d%ummeglo_ax%AITO_ D
—< H i 0 K | - = T T ol o_._ | _._.__H — +n 100 =< 30 0 KV 1 - - __o._o il o__._._ —
o} om & ™ 1 < T o o 6 T N 3000531 T R — KO
D WygyoH et C g Wwow® L KT b Ty W o
BT R L= T R > 2 KT oo D o X T X RO gy ol = M0
s U__W _A_o _”_I 0 . K R —_ o__._._ K o HT_ __A._ _x_ﬂ I . o - __o._o S A_l A_l N:._ o] :.___._ M w
7R _ PR wR Pwl oA =z Pl s M mﬁo_;_mwuel%m__%pe 0 _ Nz <k
EuemuooN%A_.mo A T mue%o_mz A_.ﬂ_u_._m%omm_x_ﬁmemool__pam_xﬁo,__po___
KrdmawI T LI T = T 5 WMER o R Wz &z Mo
N oo 3 20 Ko | 3 o - = X N o W e 16 " K = K — < 4o
= = ol R X0 3wl oy o = 8 o = O = U K = < - PIARTR = =
o K = o X o I o ) 2 o 2o = M= = _ < ol ol n i ™ T S
NI of of —¢ 1o ol ol oV = IC M 0 = L M S = 70 T S % _“___Al._m__ule_._lemA =
= - - o o ™ % S o = Bl S . X oal 1o Nl RIZE o = T O <
0 2w o o2 4 oF o = B oH a o= g o L o2 oF
F:IEE__OEmE =t ke g FowoE R ST TR H%A_.E_E%.r.%x T T Ko 3T
Eom N e _ k™ Togton oo WO ooy, ﬂovmgmm_a%wMATATwawa___oO_Eo_
s T gpa ﬂ.ﬂﬂ%%%ﬂ B Ew_mom_ AT;_EUHEEWMO&
ol &l H o o ! 2 B0 I W = gy N T o KR of s bRl R
= | f oo 17 — K] o - =L
L Tl U N L g Eoo”_quo_nEE%.ﬁxm_om__ ol RO |
Evﬂwﬁﬂmo_eaﬂ " wEw T o BT o= O_ENME__O__oou_o__%o_n__om_q,__o_ﬂol_u_. o
o H = T T S oy © B 3 1 _|O_|H_| — = =1 I = T _ !
B3 S Mr g 20 U Muelwﬂﬂ_u.__o EM:EH __A__.o_al__om_me._m__gao_a o._m__u__bﬂo_eu._o_ ~
ﬁ_gwﬁ|lldrj o =E T M H T3 1K I 0l0 ol
Wy o K E < oF e - Io =5 SR R T S T
P TR e O T LN I IR o © %
A__o_.lﬁpomﬁﬂ ol <0 W Ty ol B g T OF HPEE_I__L&IEH s w =% m
E_._E_uﬂu._w____.m_vmw_u.ﬁ_ﬁ__”__u_ﬁu _.__ﬁ._._._l.__.u__”_._o_ELu.l_“r._ Wﬂﬂmﬁ_: uA_lyWe__oo__.goﬁuM_wﬂ._Mj.mq_/_ﬂmquEu il
5 06 o o Mo w0 M © ouo T R N R g L i S 5T W =
spyofmy " T 0o ok OF T B O E@%O_E%_m_ woﬂoO_E__%ol_zwmmo_eawam Rl
o H W T g3 T o — o o H il e %o 0 ._Aro 1 g1 Y S X mom < G+ o KO i
X 1o = = = KIr lH OF o >3 V< = Hm 31 - 9 [= e a1 ERNG
s - K S 1k — ol - < = = < 3 Tof  OH o rEES
M NN ) mw_ <k H = ﬁ o~ g o = |_n.v| Lu.MoT o OF T X :|_u._ T 10l ._”_r._ o| "o =) Kl a=_”__ i I A_._.M_._
T L - T U SRR il lpmme__gﬂu_1zwmplr_
Alel__%_._._‘E_nAe_u.rr_l 0 H o O g5 W R I ul__ﬁn_/nlr_ﬂﬂ_ <k oxgH_u_x .QOAT ol ol
< © o o = 70 Tl oK H_._ o o o S~ o Ml__M_ﬂ o O o W N 3 KIr W o] ___ﬁm o T _._m._._w i = K
- 10 I = = —_ = L = _— iy — -
m._ mru or o H My 750 % Mm __nn_v.ﬁ_u om J X0 Ximmo oI .A_.o Lou_ NI ﬁnl_ - _._O._._._ S o _.Tt*lA 3 %:._ ~N 0F o H
R S Sl B = BRRMT PR W By, T Wi T T H Dy g 5
o ~ = T —_ L + = Y o o ~ & =
ﬁ%@%ﬁu%%ﬁ.@ ﬂmewﬁg7o__xﬁm.uHE%nqu/Ao7w5:_._mw_=_H___%ﬁ_iﬁ7oﬁuo___low
© gy s mWEe T o ®ET m =g S O RO M- o%__glr_ﬂ_lﬂpl___WﬂmHA?_z
s 9 88 g0 - oz oot om ol — B olBl W W A W KO F R
T ol W0 N _ ol T OO ol W W SlB
- . O W =k = K g8 ot 4 = .
REUTRENBT EIT - a =
g Bowr S 2
0f0 0 0= i e
a3 zil oy = S
I = o ©
5 _ L
3l Ly L
Kl T. o
or




02
Fo

Ao

< SUMMARY >

Purpose &
Contents

Construction of hydraulic structures crossing the stream channel interrupts
sediment supply in the downstream reach of the structure. It was reported that
the 16 weirs, which were constructed during the 4 Major River Project in Korea,
have caused scour problems in the downstream reach of the weirs. This problem
increased concerns over the function and safety of the weirs. As increasing
concerns over the stream environment and the function and safety of the weirs,
an engineering tool, which is possible to simulate scours and to establish the
management strategy, was required. The objective of this project is to develop a
3D numerical model that is able to simulate local scour at the downstream reach
of the weir. The specific objectives include the development of a 3D flow model
for simulating the turbulent flow and local scour and a technique for assessing
the stream channel stability using developed models.

In the first year, an appropriate turbulence model for computing local scour
downstream of the weir is suggested. An algorithm for the hydrodynamic
simulation is devised, and the numerical model is developed. The developed
numerical model is applied to the field-scale case for the verification. In the
second year, the integrated model is presented by combining the flow model with
the scour prediction model. Using the integrated model, local scour downstream
of the weir is predicted, and a methodology for evaluating the safety of the
weir and stream channel stability is presented. The stability of the stream
channel downstream of the weir is investigated for the various discharges, and
structural and non-structural measures are suggested for the safety of the weir
and the stability of the downstream channel.

Results

Main outcomes from the present research project include the development of the
3D numerical model which is able to predict local scour downstream of the weir
and the suggestion of a methodology which is able to evaluate channel stability
using the developed numerical model. The integrated model, which is a
combination of a 3D flow model and a sediment transport model, can predict local
scour in the downstream of the weir precisely. Using the developed model, local
scour downstream of the weir is predicted for the various discharges and an
evaluation methodology for the stability of the downstream channel s
established.

Expected
Contribution

Using the integrated model, local scour downstream of the weir can be predicted
for the various discharges and the impact of scour on the channel stability in
the downstream reach of the weir can be examined. The results from numerical
simulations can be wused to establish the management direction for the
maintenance of the function of the weir. The numerical model can also be used
before the construction stage to establish a plan for reducing the impact of
hydraulic installations. |t can be also used to find out the degree of impacts
on the stream channel stability. In addition, the flood control ability can be
improved and efficient sediment management is expected using the precise
prediction of the sediment discharge and local scour in the downstream reach of
the weir.

In the technological aspect, the integrated model is expected to provide an
advanced technique for predicting local scour downstream of the weir. The safety
of the weir from flash floods would be enhanced, and the maintenance strategy of
the weir would be upgraded. In the aspects of economy and industry, damages from
the flood disaster can be decreased, while benefits from the operation of
hydraulic installations can be increased. Moreover, the damages from flash
floods due to the climate change can be reduced. In the social aspect, improved
safety of hydraulic installations can also contribute to the maintenance of the
amenity values of the stream and the improvement of negative opinion for the
river works.

Keywords

sediment large eddy

weir local scour climate change ) .
transport simulation
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ou;
oz, (2.1)
ou ou ap i (2.9)

o17|M w= x, HE2ZO =ZF HE  (instantaneous velocity), pe T2 &3 (instantaneous
of Udx | y= 2o SH™AM A (kinematic viscosity), g= 9| », & H20|Ct.
STUYAD AZUYAS Mtz 7|HoZE AlZE HHAIZl Blols= WHAIZ 0|835t= RANS

(Reynolds-averaged Navier-Stokes) 28, Zdza 1M glo|l 2 siMst= ZYFEXIZL| (DNS, direct
numerical simulation), 22|12 2o 2o w2l RANS 283t Zo] EAM HZS ShHL, DNSeF Zo| &
A sHAMsts 2HHE o|83l= 2 9 $£=XI 22| (LES, large eddy simulation) 28 50| Uct, =2 AFoM

slgonf, 5 slf M2

oy
tm

= 2 StF 582 @25 =22/5t7] fI5to] RANS & 2 2F x[Z2o| wHS

ek 2ol E flHME ME4H0| 0[eh RANS 2d S HESHC.

2.1.1 RANS 2%

RANS Zalo| Xuf™EAl2 2o Al(2.1)zf A(2.2)E AlZtE T (temporal averaging) & 20|

o o T

=
=
Pg = Act. Al TS Sl =H XujE AN 752 HE 22

(Reynolds decomposition) &}o0f

MA=D g HZof et A2 52t 20| LtEHtCt

O U;
o) (2.3)
ox;
— 2
8< /> 8<uj> op 9 <’U,,> 8T/J
Pt Cui) or, oz, o BT ox (2.4)
J 2 J J J
of7|M D& elol HZol theth A2t FaE g2 ololstH, & AlZh EdstHAM ddE eols= 89

(Reynolds stress) 2=, Boussinesq 2t&AM 70d (eddy-viscosity concept)= O|&3t0 ChS2f Zo] =S

Ei =

’ ’ 2
Tij — —pu'u j>:PVt<5z‘j>_§5z (2.5)
7| vy =R E4AF  (turbulent viscosity), (S, & AlZt HTZ F£Ho HEE HA
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(time-averaged strain rate tensor), ke HFE2SOILHXl (turbulent kinetic energy), 4,;= Kronecker

deltaolCt. LHHHo=z RANS 22 tF@dAT v, € FHSIH 2ols= SHE Atsts wHol| et A

old, ZBtHE| (mixing length) 28, EF k—e 28, HME (non-linear) k—e 28, k—w 29,
k—w SST 23 =o| Qlct.
(1) E= k—¢ 28
k2
&
ok ok d |Vt ok
-k HEA =z Ok _ 0 |t OF _ 0 7
k ot T Wi 5y 8xi(ak axz)-ﬁ-Pk e (2.7)
oe e 0 t 0 e
o HFX Al ¢ N R 3
E oo ot < L>a ; axi(o_s a$2 + k_(CglPk q28> (28)
- 2y A
Cu Cer Ceo O O,
0.09 1.44 1.92 1.00 1.30

(2) E—w SST =2&
E—w SST 282 k—e 28I} [—w 2SS Zes 2™HO|CE, k—w SST 282 2t eo ZME 0|E5)
o 8 2 S50 tallMeE k—w 82 &3st, 8 ZAAHAM Ho{Zx AR S5 (free shear

flowolME k—e 22 &3etct.

ak

- R BT = max(aw B (2:9)
1% £2
- Al +(u > 0 (o—kyt ok )+Pk 3 kw (2.10)
1 ok o
S W U AL ‘Z—‘;+ <ui>%: 8‘;(0 yta TS fu? £ 21 R)o, om0 (2.11)

k—w SST 8ol 28 A= Ch32} ZC} (Menter, 1993).
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. ou; [ ou; j X
P, =min|lv,— , 108 kw
ax]- 3x(7- i
4
F = tanh( min max( \*/E , 50201/ )
B wd dw
— 2
Fy,= tanh((max(2,>/k s 5020]/)) )
O wd dw
_ L ok dw —920
CD,, = max(2paw2 w oz, 0z, 10 )
¢=Fi¢;+ (1= F)p,
a; ﬂ* Q; B Ok
0.31 0.09 5/9 0.075 0.85
Ow1 Qg By Ok2 O w2
0.65 0.44 0.0828 1.00 0.856
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2.1.2 LES =¥

(spatial averaging) ==

|

(2.12)

(2.13)

o

i

—

24

k=2
o 1

3}

=

—

(2.1)2 (2.2)

|

—

A

X} 37w} xte

mjo

0l0

rr

(== — o = o = o
S0 B2 HE ME0| MY RE WHAS 0|2 RS0l M XujuEAlel Al
=2 st =W ct3at 22 LESe| X[ujebdAlg HE 5 UCt.
ou;
BJ;Z-_
8; _ ou ap 9
p—t pu == Py (7 r50)
ot T oz gz,  ox; U U
o7|M ()& 2o 2ol et S2H €& we Qolste, 7,(=pvou,/ox;) E BT B
5 BIM, 2= pluu, —uu,))S 04 23 EIAM (subgrid-scale stress tensor)olch. Zof
Ze 37| o|stel 22 2ol LR 2SS LEN, B SEM dEFol| tSHo] Boussinesq A JHES

0|35t ctzxt

SGS __

—— — 1 ng
p(uiuj - Ui“j>: 2p1, 5+ g‘siﬂik%

(2.14)

A (filtered strain rate tensor)O|Ct. RANS 2 &I} ORI IX|=2

0{7IM (§;)= o{E w&2f HYEYE H
LES 282 1, & st LHZ2 St , Smagorinsky 28 (Smagronsky, 1963), dynamic Smagor insky

23 (Germano et al., 1991), WALE =&

(1) WALE =% (LES)

Nicoud and Ducros (1999)= OiZtEl F%o| At (g, =ou,/ox;)E 0S50
HEZ2 HMeotstien, O A2 ctZat &t
a)]6/2
y —(C —)2 |<Gz'j)
t w — = _5/2 o 5/2
(5,8, (@5)
o7|M C,= WALE 28 AlfE=2 2 ojolME 0.3255 ALR5IYCH

(=1/2(gagr; + 9;091:)) & traceless partO|Ct.
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(1) SIMPLE &112|&

T 2.1. SIMPLE &X12|& (Patankar and Spalding, 1972)

FH

SIMPLE &12|E (2X} oflA])
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7JuzJ Eanbub (p 1.J p[J)AiA,JJ'—bz}J
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= gt di.](pllf 1,J P,L J)
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p p
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[4THA ] 2aZ2l gF AL ¢
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(2) PISO €12|&

¥ 2.2. PISO &€112|EF (Versteeg and Malalasekera, 2007)

PISO ZT2|E (2&Hal ofAl)

[=of AIZF] =718t 74 p*, w*, o*, ¢o* (2ZE})

M

[1EtA] ol &hstEl 232 YEA Atk u*, v
Q;, Juz J = E%b%b"‘ (pl—l J_p[,J)A[,J+ bz:,j

a]; ij Eanbvnb+<pz J—1 pI,J>A1,J+b1,j

[2CHAI] A i 7 g ALk pf

_ ’ ’ ’ ’ ’
aI,Jp ri=0r P gt a Pt Py tar P o b LJ

il

[3THA] A | H-FF AL p*, o*, o*
p],J:p[,J+p’LJ
= gt di,](pllf 1,J p,], J)

Vrj— ”j,j +dp 0 =01

*
p p
u*=u
v¥=w

[4THA] = oo S8 aia Adk:

r’ _ r’ r’ r’ ’
ar P 7= 0r-1P [71<J+a[+1,Jp [+1¢J+aLJ71p Li-1Ta 1P g1 T0

[5CHA] T el Q2d-FZs H Ak phxk | gpfxk  xoksk

i

* % %

Pry = pLJ+p,[,J+p’/LJ

* % * ’ ’ Za’ (u**_u* ) ” ”
Uiy = ui.J+dz'.J<p 1P )t = anb] = +di.J(p -1,J- P [,J)
1,

*
* 3k ok * ’ ’ Ea’nb( Unp — nb)

Vp,j :vLj+d[7j(p].J71_p LJ) a,
"]

+ d[, j(p”L J-1" P”L J)

[6CHAI] 2Z2t gt ALt ¢
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ou;

ox;
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JIX 2
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(d) rigid lid (Case B)
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T 29 Ald =4 2 =2 HA (Guan et al. 2014)
Yy P h b Uy, U Re Fr d50 U,
(m) (m) (m) (m) (m/s) | (m/s) (uph/v) (u/gh) (mm) (m/s)
0.15 0.04 0.15 0.44 0.296 0.014 4.44 x 10* 0.24 0.85 0.021
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-mediate -mediate
& AKX F (x 10°) 1.7 10.7 25.8 1.8 1.4 27.2
Axb 37| A S EN 5 2.5 0.625 5 2.5 0.625
(x 10° m) | i 10 5 5 10 5 5
A" (near wall) 18 9 4 20 11 4
At (x 107 s) 5 2.5 0.625 5 2.5 0.625
Dol A|Zt Eli= 13 11 8 12 10 9
(tc = h/u.) 2 35 30 26 50 42 25

—T,— - o o
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.'; z = — Exp. {Guan et al., 2014)
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streamwise distance (m)
a8 2.1, HoRs Yy 2x (BHHH)

_36_



7

©-
=

Al
=

37Xl LES At ZEIE
2o M7l AXtel A2 21.1%, S AXte| 42 16.4

iM 8 2.112] 1#H~15H 77X 2]

o

=

(=

b7l 2

Het=t

&tols

0

2 x}

AlSEACE.

Het=ot HEstA FHEAEX

0

At

2
74
At

U W ol o

EIS L L=
ao, « ot
w_m w o F T m " s 1z
m X WM S ]
B0 KO =~ = - < in AT Ty
1 T v 8 .m u 1=
00 .n_.u_.ﬂ ﬂ W_m m a._._ = ._...._ _ @
o - Fooome .
Mo R 3 caag N
—_ _I__Al —— s
(1 B il 41z -
<H _ £ e e & 4z
W = 5 © ..
= Do Mo = 12
ol == o B * : ; j -
N lo = i o
m N oo m 1=
[ = A I 1@
M S " o H i j i
W o
U oo Y 1= iz i
g3 o 8 H 14 g y o
o 3 = ] 1
|_.Muﬂ m . O_ o .I . = )
< nj ol 100 % el | 1=
H_I __o_ AI m_m_.o (@] | - o
W 7 T o @ @) | _ _ _ 1 _
0o oo <0k
i w0 K J
H__l ._o_._._ i
ol X B xlI H 1=
= = E A =
1= M ol i 1 o
N " @
_.._._._._ Mm 1 1 L i i
H O z M %
M o < o 4z g
— o =
K H 2 2 . .
N ol =) _,_.=._ 1=
W Z " H B3
- O ] i
oo - 0oJ
R w_ Wz S - : _ : \ , .
J— [ . 110 - o L= — oA =3 - == - e \ o o wil
R - 3 s 3§ 35 % s 3
W H A __pow (L) 2ouRIS|p [EINIaA
. o
K & O — 3
| > S
_I/_l lo o< mw ._On_
ol o < o W

streamwise velocity (m/s)
— 37 —



25

o M7\

of o

fof A gt

15
k)

015 02 025 03 035 04 045 05
ol

2=

005 0.1

1

streamwise distance (m)

-0.15 -0.1 -005 0

0.5

(u) (m/s)

-0.5

(w) asuejsip |e21J1aA

J——
110

—
1o

od

ol

<+
0l

21
%

A=, M=ol LdstH

It M=ol

w) (m/s)

(

25

0

-0.01 -0.005

-0.02 -0.015

5

-0.025
1

-0.03

-0.045 -0.04 -0.035

05

25

1 1.5

streamwise distance (m)

0.5

I

0
o
7 o° - O w
o o 0.

(w) asuejsip |e2143A

o[ A%,

-0.5

el & Zdolch,

=
=

TS5 E9 olHXx|

o
o

2.15¢

FA
440|

Al

ol 4 x| 2|

=
S

ol 2Act. MlZo0l

o
[

b

prul
i}

&

O:
= =
E

40t

A
(=]

H

Al
LAK|oll A CHA

x| 2]

o7

M=z

5| E=et

==

oM
jifd|

<0
LHo

bt

.I

Hafoll A &

P

o2 2Ef HolX|/ Z22 20 X

—

ag 2.17

=] 3=

=
L

s

HH O

=

b 5tod

tod, M=ol

°

U

—_—
1o

2= ALt

b

=2
=

Hoz A

[

[

o LtEH-t

_38_

z

=

A
(=}

1

o:
)

Al LtEH-tDf of2f gt



vertical distance (m)

vertical distance (m)
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=
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time fraction

time fraction

(a) (b)
sweep ejection| |ejection sweep
() >0 (uy< 0
Q2 Q @ v Q
(ejection) Fa B HS 2 (ejection)
_~\\\ 1/’—_ u -N\\\ /’,‘_ 'L_l’
CERY ¥ CERY P!
(sweep) (sweep)

O3 2.22. S 2eko mME uw AHEHE T|Re] BAE:

HS=0 - - - -HS=1 &—+—HS=2 ----- HS=5
— = HS=10  -----eeee- HS=20 +—+—+HS=30 HS=100
5 ejection sweep
a
¥ 2h=0.1 - 2h=0.1
041 -
03
02
01
0
7h=0.01
041 -
L f\/\———\/\_/\
0.3 TN N T T _—~
L \ / o i~
02  Mir o T et e | P ozadan st st il TS
;‘/’:t;\ "_/’,VW/NM
0'1’//_.~_ ~ _‘\‘_/;"\ ~ o //. _»\_‘\'\ \.\}
0 P2 s & O OO B o b Wrad i e B B e .{-Jé%;ﬁu;.lT; P Ry S
0 05 1 15 2 250 05 1 15 2 25
streamwise distance (m)
ejection sweep
(b) 7 =
r T
7zh=0.1 zh=0.1

0.4

7/h=0.01
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T KR skt Zztel MEEXIFOAM, HIEHZH Q|

=
= =

Ao

7104st= HlE&2 TAISIUCE. 7I252| hole size 7F 2|0|5t= Hi= et sido] o 2olz=

M EEXHoM 2&8 4ol Hloll £7|340] o Bo| 2ols= S0l 7|0dstH, M=z Ld5Hate

2o ECH
+—+——sgjection ©---o---eputward interaction —— total
a——a——a gweep e— o— e¢inward interaction
b
> (a) 1 (b)
© C x=03m x=10m
-§ e
o
2
5
)
=
s
<
O
1 e \ i | | | | ; | | | | | | |
0O 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
hole size
=X

O 2.24. HE ZHolM =X F=2 20
L.

l== 83 7|48
(a) "EtSte; (b) MZ2dstet

She
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3. M=z £ S8 28 75

3.1 0| 55 2¥ (two-phase flow model) 2| X|uj HtE Al

il
a

AAFt FAof 2EH X EHA2 Cl2 22 ASUHA D

HIAlOZ LA

o o o

rlo

=2
S o

Ho

p) dau;
T, (3.1)
9B, IR
Tf+ — = (3.2)
doau; o' auiuf ap ap’ oty » 0a
+ e e RNl By —ut)— .
= oz, @ oz, af; oz z, ao’g;+ aBK(ul —ut)— Sy BEV —— oz, (3.3)
90"Bu; 90" Buju] ? 7 ?
=g a£+ﬂf+ ]+,[>’pgz—a/[5’K(u —uf) = Sys BEVIS (3.4)

J J

o

0{7|M o A MAHHE|, g (=1—a)c 7A AMAHE|, t= M2, z,E 91X (i =1,2,3), ujc ;&

[

1(_J'I_-
|0
HU
lo
0
i
1o
I
Hn
_O’Q
—OQ*
rir
_|\I
N
IIO
A
o
40
i)
lo

o=z ARte] &£Z, wlE 4 , fE Q™ g

Z | p¢, e ZtZF AXtol| Tk R|= £=222 (normal stress)if MEb22 (shear stress)OlCh K= &
2 o et ofS, S, (=1/0)E Schmidtel = Ve RAlel R HEAAS (turbulent

viscosity), r; (=) +Rl)E A2 Jtsixle S¥oz 2 37|9 2ols= SHn YA 37|9| SHO

)2 X} ol o|stod

T LRel 2 ASEES LIEHACE olF M Hml= At AL MoiEHEo osh wMs= &
22 oo|stn, F M 2 |fA Hm 258 (fluid turbulent suspension)2 2lo|stct. shadof| 2bst

o 7H ¥ 5== Schiller and Naumann (1933)0| M A|&+ C}S2| A8 0|23510 AM B},

b
K= o7scdd— I o — o Il g~ " (3.5)
eff

o{7IM C,= &HAT (drag coefficient), d,, (syd)= Al 77 =& (effective particle
diameter) 22 z&te| 2t J7|2M AHMECEH 047|M y= A S (shape factor), d= LAt 2F
olct. g "= dbsjl B4 (hindrance function)®@ QUAtS| & Mu|7} Zotof wa stade| Z7t2 Lbepdct
gtsif &tel AF g, = LA 20lE= % (particle Reynolds number)oll 2l Z&™ECt (Di Felice,

1994) . LMoz 2. 658 AtEStn, At 2ol== 7} 30020t AAL 120t 22 d2 20| 7t &

o
Rl
0k
_?ﬂ
Il

ol
1
X
4>
O
_l'—l_
0jo
1o
1>
o

0|35t &hy

rot

FC} .
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2—4(1+o.15Re2-687), Re, = 1000
C,=1{ Re, (3.6)

0.44, Re, > 1000

b o

oA7|M Re, (=Bl u’—u"lla,/v")E LAt &lolE= %= (particle Reynolds number)olct. »'=

|
4
S
o
ofn

YA =olct.

3.1.1 Al M=t=23 (fluid phase shear stress)

Aol Tt S22 Hoofl ofsh =€t AX FT|el # 2 (grain-scale)dlA UXR-FH 2 ASEEZ0
ol wMshk= FIt S8S EEste{, F T2 (large-scale)?l alols= 3 (RY, Reynolds stress)zt

ACt.

EHl
il
ok
4>

QX 2ol 28 (4, grain-scale stress)el 22 cCig2nb 20|

ij
Rbt-l-r = o’Bl2v4 2lfc‘&] (3.7)
Eff 3 i :

7| Wy, (=i 4+vm) & FH MAAS (fluid effective viscosity)OICh ViE |Ael HF HA
v 28 MAAS (mixture viscosity) 2 Atel MAMulof wE FH HMAH o #HeE vrhsict S

£ #Hlol HYE HAMol HE TR Ch33 Zo| HEE 5 glct
gh= L (i My 1M (3.8)

o{7|M o,& Kronecker deltaOlCt. zlols= 83 ®AM Rt MM S HAM /& AFNINLHo 2|5tof

22} chE=t 20| LiEfd 5= ot

2
Rl'= o'B[2)S] — E/eesi].] (3.9)
— ZPbBVmixSZ'bj (3 10)
(1) =28 d48A+ 29
=2 HYAFT= LR A Ao w2t ® 313 22 walez MEE £ Act
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3.1. Aol A

kel

Hulof| wE =

o

= LAY A H| L
pure fluid ;=1
vV
very dilute (¢ <0.01) Y —=1+2.50 Einstein (1906)
V
L= (1—- =), |
very dense v @ max Krieger and Dougherty (1959)
N = 20y«
. Boyer et al. (2011)
low to high concentration Vb :1+2.5a(1—aa )1 = Einstein’ s model + Krieger and
v
e Dugherty’ model
(2) k—e HFEH
wAo WF HAMAS JSE k—e SHREHO| 25l ch2n 2ol A st
kz
b
utfcﬂ? (3.11)
o{7|M C, (=0.09)= & &=0l1, HFBSHUHX 2t HFRISNHXIS &ME 2 242 ChS2| 42
ZEE AHA=ICH
bt b b
ok . , 0ok  Rij ou; 95 . Vi 0k
= tujo = +—)——1- 12
2K(1*l‘mf)a/k SUS b Jda p
o b Vior. <_bil>gf
0 B Tdx; o
bt f b 2
0 0 Rij ou; 9 Vi, 0
L= S ) S (3.13)
ot ox; k dx;  dx; 0. dx; k
2K(1—t,,/)ak da , o
5 mf E pda ,p
-Cy Sys—vi—(——1)g;
3 A pb 4 Uskﬁ ta ; b 9;
k—e B8Ol A= E 3.201 AAM5| HelstFct. fo Ao, fHe| | Hu &2 UXF sh2dof o sk
T M =l= =0E oo|stn ofx|ak &2 ARt MEF oFt R AM EIE LiEtY = golch 2Rt
g g LEHE oM ¢, £ FALA JA Aol HESEZE AZAHAFTE oHIH ZEM, AETA
(Stokes) == stoll 2lsl cisxf Zo] Z2™E == Uct
l‘mf:€73. St (314)
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OlAM B dY =01, &

EIA £ XY HREEZ 4, (o/(BK)2H 2 (eddy)ol SHAIZE
(=£k/(6e)2 HIZ CtS3} 20| Meo|=ct.
tﬁ
St=-" (3.15)
t
F 3.2 k—e 2O AF
7:” ﬁl\_ C;z CIE CZE C3<’:‘ C4E O Oc SUS K tmf B
Tk 0.09 1.44 1.92 1.2 |0E=1 1.0 1.3 1.0 | 2l(8.5) | 2l(312) | 0.2~0.3
(3) b—w HFZH
k—e DI RASH S H4F HMAS JSE k-0 SHRZHEO 26 cl2nb Zol AXMECH r—o
FEEHM AlEStE 28 AlF= E 3.30 Hz2|sict.
="t (3.16)
@
ok , ok Rbf8u?+ a[(b+vf)ak] (3.17)
o oz, oz, 9z, o, oz, '
ZK(lftmf)a'k SUS aa pa
— C ko — — = (E—1)g,
plt@ o g v ax]-(pb )9,
o oz, TR oz, oz, e, oz, 2 ‘
2K(1—tmf)aa)_ o tﬂ(@ _1)
3w pb 4 USkBVbaxj b gj
E 3.3. k—o 2Ho A
H == C, Cio Gy, G, Cho O O Sus K Lons B
ok 0.09 | 0.556 | 0.075 | 0.35 | Q=1 2.0 2.0 1.0 | 2l(3.5) | 2l(3.12) | 0.2~0.3

_48_



BlMel ciztsEel eixt 3 (p,)2t vlchztZ ol X} HME

TAECE AR e UX Z=of ost &¢42 (p*, collisional pressure)t

oz TEs0] ctgel AR Zo| Lepd 4 gk

p ="+ (3.19)

2 YAgol MHu|7F BItstd H&Es5) 2ESHA =W gtol S7tsted, = HE

o

e 7

o2

2o

]

(maxinum packing limit) AFEH7} € o) ZTigiol Elct. miapa ixiabel MAu|7} Sotares FA| ol
olstof xtatel SEMo| ZAstol =M (quasi-static) AEIZ} Ech. xte| dpFx|E S ch2ol

Aloz HALEIC

0, a <ot
ff — a/_a/Fr.ic 70 ' )
b e (@—apy) ez (3.20)

(a/max —a )71

I

TR LHE ALtst=nl ALEe A= E 3.40 LIERAACEH Moz T Aol oishAM = H A
Hl= 0.57, Z[0iAAMbE|= 0.6352 YA oo, MHd|o wE JFHYXALH2 I8 3.1z Zo| 7|st=

FMoZ ZItsHA =o{, o|2 2lsto] Rl RESAM0| ZATHCt.

E 3.4, AF™X|UAH| A
ES al’i Amax Fric 7o n
X 0.57 0.635 0.05 3 5
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(]

~

e

10" &

0.6

0.4

0.2

37 HA L

Hlo whE

)
A

d

Z

19 3.1.

i

He2 37 27HX|2 o

o

=13=5]

t=

[e]

M
A

——
1o

o

(rheological

tol wALel ol&S Al

o =
= ©°

g2 o

S+
==

H

4

AT DHHOM=E &7

=

{0[Cf,

characteristics)& O|&35l= 4t

t (dense granular flow rheology)

S
=

o o
RS R

(2) =

<.

o

o
olo
o<

<+
oll
Ir

——
1o

o

H A et= A 20

[

7S FHe2 GDRmidi (2004)01 2

2t

A% (dynamic friction

#0| SoiE

n

FA oA 7]

QIR Fuel

=

ol

ol

coefficient) 704

(3.21)

tod, Xt

tol A Lks

o =
= ©

=2 0|

(3.19)

= Al
=

(grain inertia

QIR By H

1 (viscous regime) 2t

regime) ol A
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F 3.5, MM A Xt BN FHo Mol SOFEA S MY A
e HY oo IR WY oo
Viscous and
inertia number, L=l vl v/ (5% I= I vl a/o"/ 5"
I, and 7
Dynamic friction n o L Ty N Lo _ [t
o T 77 = ull) = pg v w75
coefficient, u O L/L+1 SL/I+1
Volume fraction
. a/max (Zmax
of particle all)=—+7 a(l)= —2—
g U1+ ByI? ) 1+ Byl
phase, «
Collisional Bgya . Bya
p=(—2— )| s = (—2— )22 || s ||
pressure, p°¢ Amax — Umax —
1
03—
n2— |- =-=-=--= neutrally buoyant bead (Boyeretal ., 2011)
- — — galss beads in the air (Jop et al., 2006}
01 — — — pipeline scour (Lee stal., 2016)
0 | IIIIIII| | IIIIIII| | IIIIIII| | L 1L 1Ill
10% 107 10° 10" 102
a8 3.2, =HQIXto w2 FolEAH
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o)

0.7

06

05

04

0.3

0.2

0.1

Ll L TR

0y = 0.61, By =031
————— Oppae = 0.61, By, = 0.66
— — a,, =0.61,B,=10

e = 0.60, By =031
- o, = 0.60, B, = 0.66

— — @&y, =0.60,B,=1.0

0 2
10

10"

10°
I

=~

10 10°

CIXtof| whE A AH| 3t
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w
N
K
0k
1o
il
ol

a
oy
0l

= YALSOl °fsto] S 7

< =95t 2R ol F2 27Xl ct
-

Al ==, olz elsto] MAH|7t

Particle size Size range
Case Aggregate name
d (mm) (mm)
A 0.1 0.0625 ~ 0.125 very fine sand
B 0.2 0.125 ~ 0.25 fine sand
C 0.4 0.25 ~ 0.5 medium sand
D 0.8 0.5~1.0 coarse sand
E 1.6 1.0~ 2.0 very coarse sand
Az=0125x 103 m
015
(Ei) & z(m) g
a1
b S
015
&£ z(m) g
(b)
A | poatficle phase velume fraction
1} 0.1 0.2 0.3 0.4 0s 0

O 3.4. 2o = (a) AXt 74, (b) =7[=A
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(2) mo|l Zu}

4>

AlZhol wE HMHu| REE Hel| Z7lols eixtel Aol FSHXCh MA SHAlE HS Helg 5+ U
choole Riabel HAB|IF EolE4E w wE Bobstol AUATIL oix|7| mEolch xjAkel i
Hulof nj2 &Eo| MBls 17 3.500A EHeld 4 lch o ZUs mal AA (Case A)S| Alzto| e
Mo 2m WS 08 3.60] TAISIACH dRolM 1= A2 ¥ EMo| X3 B mel AlZkS U
EMHCH AFES S (2 >0 n oMol AlZhol me AAu| 2447} sels| e, ;=0 n 2N &

AEEIL =35t Ag &eld & ot

—— —— particle phase velocity |u,|

volume fraction

0.8 —— 0.008
206 —10.006
2
2]
g il
3 =
g =
204 —0.004 £
& W
: il
E
S02- / —0.002

e
i / il
ol—+ 11 | 0

-0.1 -0.05 0 0.05 0.1 0.15

vertical distance (m)

12 3.5, YRtArel MBI SEo| 9N Bx

s
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0.15
S t=0
M —  —  t=02t
0.1~ — — =04
: — — — — t=06t
) i _\\ ———————— t=0.38t
g 005 AN —t=t,
Z o
2L _ _ N\ X
= F---- - - -
g 0 BN
g \ \\\\‘—\1
' v
R
-0.05 - N \_
I W
N
01 | I |
0 0.2 0.4 0.6 0.8 1

volume fraction of particle

T8 3.6. AlZtol w2 HEH-| 2x B35} (Case A)

Az 2 SN sao] AAMES FHSY| 9stol MHu(L o FHe 3t (

o

-

(6
(a=0.61)2 AlZt dislol w2 dxlutst 2|x|& 18 3.7z 20| FHIIFCE &, o =0.01 &4 7IX=
E

Iz 22 XL FHZE /IRKIE K5HH, o =0.61 &S 7HKE Al EAH sdo| A== XE 2
o|gtct. A 2700 wE FE X ENo| REs AIEE E 3.71 18 3.80 LERHACE H|RE 2ol

As B £E (free fall velocity) &M LIERNRA 20, ol= 2|(3.22)2 Ea HASHCE.

v = /_SC,Z p (3.22)

0.15

0.1

0.05

o

vertical distance (m)

-0.05 —

|
0 20 40 60 80

time (s)
a7 3.7 At mE A7 2 EHA (Case A)
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¥ 3.7. AAF A7)0 w2 Ae AR £ 2 §5AH A7 2o Ay}
Case v, (m/s) t, (s)
A 0.0079 64 .3
B 0.0247 17.0
C 0.0612 55
D 0.1259 2.6
E 0.2346 1.4

0.25

0.2 -

015 —

v; (m/s)

01—

0.05—

0 0.4 0.8 1.2 1.6
d (mm)

2% 3.8, QA Avlel WE Af A7 SEoh 54 Azke] W
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3.2.2 31| (colapse)

= FoME LAE 4otz = SIS LS 2XHH

80| O|RO{X|= Al™oIM QA ™X|5to] =X X Atel (quasi-static state)7} ECh 2ol CHae
Lajeunesse et al. (2005)2 A&oz2 #F 3.82 MZEZS 7K1 Us YAE ALSSIQct dXE I8 3.9
of Zio| A |HA Yoz =2 HH %olFl Sl == NS EESICH S Mo CHa A Xhat
o =olet Zo| ctE M JIX| 29 (E 3.9 &=X)oll tishM Z2olE F&SIUCH. 1 TpEHAM XA
HEIF JtE WE A™E2 7.2 ™elstl, t= 057, T

A5 gl | ee et al. (2015)2 2o ZIet H|WStD 28 S HAZSIYCH.

3.8. At 24X

FH

Case Py d 0, 0, 0, 0

w

Lajeunesse et

2500 kg/m’ 1.15 mm 22+0.5° 27.4+£0.5° 24.8+0.2° 11+£0.3°
al. (2005)

|
L |
ST . o
3 A ‘lume
Granular . %
;
column
H, "
X3 /
8 3.9, =7 =A 2 OAM HA
¥ 3.9 2o =A
Case H (m) L ()
A 0.0612 0102
B 0.1344 0 055
C 0.1650 0010

_57_



(2) mo|l Zu}

a3 3.9 ~ 3.112 AlZb Zoof 2 AXtael HAHd|el £ & TAISE Zolck 2t a3el (a)2k (b)=
Lee et al.ol Z<o| Z3o|f, (c)= Lajeunesse et al.o] AE Zalolct, &2 Aol zo| ZAIt= (d)2f
(e)ofl LIEHACE. T8l J1E S 22 Z7|MEfE 2lolsta, oliZ2 W2EdsE o7t M= A

LiEpHCE DX chAOM = X7t 2t =1 Ats &8N Ao o|27 Ect Zeo| ZIE Lee et
al.ol 2o| Z1}2} Lajeunesse et al.2| A& Az} H|wsI¥S

olzze m oraz

o

HAES| Zoste AE &elstict.

omn

(@) (b)

=
&
Veloclty

Ju] (misec)

Volume fraction of particie

1.0

a
I ™ *\ i :
i e
f N &
l\-..%“ %'—.n -
0.15
x, 010
M) 505 _“N
0.00 |“h%==-§- L = -
0 01 0.2 03

Xy (M)

% 3.9. Case A (H, = 0.0612 m, L, = 0.102 m): (a) M ZH| (Lee et al., 2015); (b) YA =

-
al., 2015); (c) ZHAISFAE (Lajeunesse et al., 2005); (d) AXE| (£ 47); (e) YA &= (2 o17)

Velocity

o
e
Volume fraction of particle

| ) S

:-H%\ Saltating front

II [ ;

0.15
X5 0.10
[m}005 ,/%M s
0.00 1 =] = ——
0 0.1 0.2 0.3
Xy (m)

% 3.10. Case B (A, = 0.1650 m, L, = 0.010 m): (a) AAH| (Lee et al., 2015); (b) YAt &= (Lee et
q

al., 2015); (c) 7HAl=HalEl (Lajeunesse et al., 2005); (d) #ZXH] (&2 oAF); (e) YA &E (& o4F)
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(b)
| 3
2 B
g
B
]
n 8
‘ lu| (misec)| (&8 i
e 1.0 é
| 0.8 S
E | 0.6
™ " 4
N . A : L2
0.15 ‘
0.10 |
Xz ‘
(M gos L
- |
0.00 —
0 01 02 03

al., 2015); (c) 7N ZEHME (Lajeunesse et al., 2005); (d) #&H| (2 AF); (o) YA ST (2 ¢1F)
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3.2.3 &

st =M= (local scour)

il
N
=2
Ao
2
_o'ﬂ
3n
m
2
=
M
o
mII
0=
_o't
rir
0y

i
o

=2M 28 Z2ostl 2Ee|
T2 (sluice gate) €2|H HIEHHM MEFII &
olct, I8 3.122 & stF =AM Zol g 7HEo0|H,

Ol Run 428 22l ME ooz MHESFUSH,

fo

288 dEsSUCt.

O M

N
Hu

Mel 2 MY =H2 cbs ¥ 3.107 &t
A
VA Sluice gate
v Tailwater level .
\ A
h,
N,
A
dy
a8 3.12. & slE =28 MZ I % (Dey and Sarkar, 2008)
® 3.10. =2 MY H A =A
, Issuing ) Jet
Apron Sluice , Tailwater | Submergen Scour
) jet Froude
length opening ) ce factor depth
Case velocity number
L (m) b (mm) U (m/s) h, (m) K} F d. (m)
Dey and
Sarkar (2008) 0.5 12.5 1.435 1.12 4.09 0.062
- Run 4a

¥ 3.11. stad=ze MK

Particle size

Specific weight

Repose angle

Standard deviation

Critical shear

) stress
d5o (M) % ¢ () % 7, (Pa)
0.8 2.65 30 4.09 0.4
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Mot F2std2 S8 geks F7| M2 S Me o MAEsS| Te{sfjol stct. =2tz
Sl M Ead and Rajaratnam (2002)7F M A|E ClS2| A8 ALSSHECH
7=1y,/b, (3.23)
=—J0* —2l(g—1)/79) F? (3.24)
8:8“;/[70 (325)
o17|M b= FE =0|, y,= sHRE T4, ne= =2 =0[2 st FAe| H|, 4= F=ZolAe stzy]|,

Fy, (G/Jgby)= ME ZRE Folct. $2lstzdel #Helet zt#E etel Zo| (L,)= Ead and Rajaratnam

(2002)0fl 2faf ct2el AlL=2FE Adte = ACt.

”f:%\/1+2F(;ZCOS(¢/3) (3.26)

JA+ 2 — 26 F2? /271 — (2R

=tan ( ) (3.27)
’ ~2F)
L,
3= 6n 40 =) (3.28)
?lol AEE2REEH ANME k2 FE 3.120| LIEHHAJCEH, =25t 0.018 m7t LESI¥ L, O Hel= o=

0.61 m7kX[O|Ct. O|F 18 3.142F Z0| A&t AXHato| 12 StAcCt.

e (b)

Eddy Length (Lg)

a2 3.13. 2tel Zol|et =2 stdoll thet 7HLE (Ead and Rajaratnam, 2002)
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#* 3.12 =& H5tRoIM 2 2 5t&

0 8, 7 L,
Case 7 ¢ € f
(m) (m)
Dey and
Sarkar (2008) 11.28 1.45 0.0181 1.385 0 1.94 0.61
- Run 4a

ALk ded 2 AXE 38 31400 LHERHRACH AL AXbE St S0| o dE= KoM =St A
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I 4.3 2 JHe A2 20 mE

|l

= A+ ¢

- =<

Z M 24 2o An}

s I R I I T I 7 S I I I B o e

(m) | (mm) | (m/s) | (m) | (m) (m) | (m)

4a 0.5 12.5 11.435 | 0.141 | 0.066 | 1.12 | 4.10 | 11.28 | 1.45 | 0.0181 | 1.385 1.94 | 0.61 | 0.028
(Case A) 20| 0] 0.3 ~ 0.7 m

AO3 0.3 12.5 |1 1.435 | 0.141 | 0.066 | 1.12 | 4.10 | 11.28 | 1.45 | 0.0181 | 1.385 1.94 | 0.61 | 0.056

AO4 0.4 | 12.5 [ 1.435|0.141 | 0.066 | 1.12 | 4.10 | 11.28 | 1.45 | 0.0181 | 1.385 1.94 | 0.61 | 0.037

AO6 0.6 12.5 1 1.435 | 0.141 | 0.066 | 1.12 | 4.10 | 11.28 | 1.45 | 0.0181 | 1.385 1.94 | 0.61 | 0.025

AO7 0.7 12.5 1 1.435 | 0.141 | 0.066 | 1.12 | 4.10 | 11.28 | 1.45 | 0.0181 | 1.385 1.94 | 0.61 | 0.020

(Case B) =& Mt HE 7.5 ~ 17.5 mm

B75 0.5 7.5 | 1.435|0.141 | 0.052 | 1.69 | 5.29 | 18.80 | 1.47 | 0.0110 | 1.539 2.60 | 0.60 | 0.021

B100 0.5 10.0 | 1.435 | 0.141 | 0.060 | 1.35 | 4.58 | 14.10 | 1.46 | 0.0146 | 1.489 2.19 | 0.61 | 0.026

B150 0.5 15.0 | 1.435 | 0.141 | 0.072 | 0.95 | 3.74 | 9.40 | 1.44 | 0.0216 | 1.16 1.79 | 0.62 | 0.032

B175 | 0.5 | 17.5 | 1.435| 0.141 | 0.077 | 0.82 | 3.46 | 8.06 | 1.43 | 0.0250 | 0.671 1.73 | 0.62 | 0.034
(Case U) &7 ®=% 0.8 ~ 2.0 m/s

uos 0.5 12.5 | 0.8 [0.141 | 0.035 | 3.07 | 2.28 | 11.28 | 0.43 | 0.00%4 | 1.568 4.46 | 0.68 | 0.017

Ut 0.5 12.5 1.1 10.141 | 0.050 | 1.84 | 3.14 | 11.28 | 0.83 | 0.0103 | 1.548 2.80 | 0.63 | 0.024

utz 0.5 12.5 1.7 |1 0.141 1 0.080 | 0.77 | 4.85 | 11.28 | 2.10 | 0.0262 | 0.322 1.69 | 0.61 | 0.035

u20 0.5 12.5 ] 2.0 [0.141 | 0.095| 0.49 | 5.71 | 11.28 | 3.05 | 0.0381 | -0.89 1.34 | 0.60 | 0.045
(Case H) otF =4 0.10 ~ 0.18 m

H10 0.5 12.5 1.4 | 0.100 | 0.066 | 1.12 | 4.10 | 8.00 | 2.12 | 0.066 | 1.384 1.94 | 0.45 | 0.02%4

H12 0.5 12.5 1.4 10.120 | 0.066 | 1.12 | 4.10 | 9.60 | 1.72 | 0.0215 | 1.384 1.94 | 0.53 | 0.023

H16 0.5 12.5 1.4 |1 0.160 | 0.066 | 1.12 | 4.10 | 12.80 | 1.27 | 0.01%9 | 1.384 1.94 | 0.69 | 0.030

H18 0.5 12.5 1.4 10.180 | 0.066 | 1.12 | 4.10 | 14.40 | 1.13 | 0.0141 | 1.384 1.94 | 0.77 | 0.031
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(1)

LES 2 7|8 23 AF

Smagor isnky =& (Smagorinsky, 1963)

Dynamic Smagorinsky 28 (Germano et al., 1991; Lilly, 1992)
Wall-Adapting Local Eddy-visocisy (WALE) =& (Nicoud and Ducros, 1999)
Scale-Similarity Model (SSM) (Bardina et al., 1980)

Dynamic Mixed Model (DMM) (Zang et al., 1993)

LES 7|HE X et & Fof A+

ok
Ho

ALz 2o ME, WA R 2AM o7 (Shi et al., 1999; Broglia et al.,
2003; Hinterberger et al., 2008; Sterling et al., 2008)

StH Ji2o Mg, 2458 ¥ R M 47 (Thomas and Williams, 1995a; Cater and
Williams, 2008; Kara et al., 2012; Xie et al., 2013)

Atct2| E StH V20 M, H73sE 2 SR 24 o7 (Thomas and Williams, 1995b)

=
=

HEl statel bR 7= S5 A (Stoesser et al., 2003; Bomminayuni and Stoesser, 2011)
ot & E4 A+ (van Balen et al., 2010a & 2010b; Constantinescu et al., 2011a &
2012a)

EHaAdE =2 55 &M A7 (Cui and Neary, 2008; Okamoto and Nezu, 2010)

Aoid stroAM nsHAT LES 7| ME 2 5§ §4 A7 (Kang et al., 2011)

st ol FFolM LUMStE 5§ 54 47 (Constantinescu et al., 2011b & 2012b)

w2E 5§ M AT (Kirkil et al., 2006; Kirkil, 2007; Kirkil and Constantinescu, 2009)
o 1 F=x[Z2] A7 (Larocque et al., 2013)

ol&sEsiME o8 RAIOIS A7

7F XA E3of o|x|= ¥EE (Rondon et al., 2011)

Pipeline M2 &4 29| A7 (Lee et al., 2016)

SEHER 52 U MB ol e MH A7

TZHER 2 gto| = StR M2 AE (Dey and Sarkar, 2006; Dey and Sarkar, 2008)
T=ZHERH 2 2 o7 (Ead and Rajaratnam, 2002)
TEHMERFRe 2% 2H AT (Mahmoudi and Fleck, 2017)
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