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{ SUMMARY

Purpose &
Contents

Even though river crossing structures have been designed according to the river
design codes (KWRA, 2009), the apron and bed protection have been seriously
damaged, and the main structure has became under the threat of collapse. Although
the codes reflects the hydraulic characteristics of the upstream of structures, the
turbulent fluctuations of the flow velocity and pressure in the downstream are not
considered so far. In the recent literature, such significant effects on the
structure have been studied, and it is presumed that damages in domestic cases are
highly related to these characteristics. Therefore, this research aims to
contribute to the enhancement of safety in river crossing structures with
quantitatively analyzing the effect of turbulence, especially pressure
fluctuations, on apron and bed protection. In order to analyze the effect of
pressure fluctuation on the stilling basin and the bed protection structure, the
research contents are classified into three major categories. The first is that
when a momentary adversed pressure gradient occurs due to a pressure
fluctuation, rip-rap and block of the bed protection structure are destroyed. By
measur ing the pressure fluctuation through a precise pressure measuring device,
we will derive the cause of fail and limit condition of small dam structure. The
second is that the pressure fluctuation causes the vibration of the stilling
basin and affects the ground supporting it. In this case, in order to ensure the
stability of the structure, a design standard for suppressing the vibration. In
this study, structural analysis is carried out using the measured pressure
fluctuation and the minimum thickness without vibration is presented. The third
is that the vibration of the stilling basin caused by the pressure fluctuation
leads to material failure. We will quantitatively analyze the cause of the
fracture through hydraulic experiments and present the limit conditions. This
study conducts various flow characteristics occurring in domestic small dam
structure by hydraulic experiment which can measure pressure of small dam
structure by changing flow rate and water level condition. In addition, the
results from experiments will be applied to the prototype scale considering the
scale effect through 3D numerical analysis to improve the utilization and
applicability for various cases.

Results

In this study, the quantitative critical conditions will be provided. To
maximize the applicability in practice, we will develop the convenient
calculation method after 3D numerical simulations for diverse cases. The
detailed critical condition for the separation or failure of the bed protection
will be presented according to the characteristics of flow, namely the upstream
hydraulic characteristics and conditions. And critical conditions against the
vibration destruction on apron will be provided using its minimum thickness.
These three critical conditions will highly contribute to the improvement of
economic benefit and safety.

Expected
Contribution

Using the technical guidelines for scientifically proven apron and bed protection,
the construction and design companies of river facilities can be more likely to
march into the global market when they will be reflected in the government-certified
river design standards or sub-technical guidelines. |t will not only improve overall
flood safety, but will also partially enable preemptive response to flood-related
disasters. This is expected to help reduce social anxiety about disasters and
invokes an intimate river environments. Since this research is the first trial in
the world, it has a preemption effect in related field and it can be applied to many
studies on various hydraulic structures.

Keywords

pressure bed . .
. apron ) turbulence vibration
fluctuation protection
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O st Eottx=s(E, UYxts §)2 Mx| g 2 A=
- 2 S ECEEE(E, DRE S)2 20094 7|FE 2F 20,0007H7F MR =0 Y2 (ZEH UL,
2009)
- 2013WRE Al Zol T4t 2 =7F & X5k MH|AE ) oA 2F 1000{712| &t =xE
2 AElo| &E

of ciet old & JHE

O st et x=(2, YRt3 5) ulh
- A0 Z AEl7| Aol M MX|E chP|sEe 9, &3 olF ot HIHESE M=o
&= US (2013, ZAMMZAL 2014, Z 2524 AHZAIL =AIE IS §)
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- I St AFXEES SWolsn HEHESS Ao A0 FE=o oM =HEE 2o = o
AZ|Z(USBR, USACE &)2 ¢85t Al7t o oo, siE MdA7|E E£oh 22HolE 1

HSHA| S

p A i Periodic fluctuation

O AlZtoll w2 ade| HsE ANHEN O8 131f Zo| FIIMo=z Hslshs & (periodic pressure
fluctuation)Z} o] =S w2t HSksiX|ot BHiEM0o| 2 & (Pressure dynamic fluctuation) 22
TEE = AUS. 2 dFoME o F JIX| ¢He| HEMHMES ¢U2HB0|(Pressure fluctuation)2h

—= T AM=.
o| k=3
- O

S

- A s HEHESIZS Mstn Us A E= S50 AHHole| StTtH(adverse
pressure gradient, == Ff, M5t oste| &=)rt 228 A, I} iwse| ES
g =lof, o|2 ¢QIst o|Eto| UME JisMol US

- 5 = HEo|rt Suo|3ol 2B 2R, e S0l Tx=e| s FUSH =
0{, O|= CH| EE0|3 2 XHstD U= X|Hte] ZS22Z o|{M X|ete| ZSI| wLMEr =
AUAS. Z= 2ol X|EE Alolofl S7Hgap)ol MM =o{, o] SZt2=Z sl sHo|ls XIS
2 29| sHES X|dho] gHX| 27| mfZol| Suo|zol 2 & wEo| (A =Hof, o|2 lst




B mtr JtsMol US.
- M #HH= 2HHO|E Fx20| ZSotl, XHHo|n YHUE o|M2=2 ZFlSehotH I 29
olsh METI B+ US.

L, ATolel HeM

O #=2 sHRZ 2l SME2 S&06 vrdstn JYX[ g2 HdA 7[&o| e ™ML

O A4 ol(pressure fluctuation)E 0l&%FH AAXl MA QUK HA|

O stettx2 sHRSF ool sl 2 A7t A =Ag20], ctekst delo] HA[E.

O z|2oll= Hstste =d(olat &4=2H#0|, pressure fluctuations)?t == eH Mol o 25 A
g2 St= HWe=R LUiEtE . (Sanchez et al.(1973), Bowers & Tsai(1969), Bowers &
Toso(1988))

O o2 A|AHel oMM g 95 ChAel #xH 0| =T A0, o|= ¢lsi HiEof| %-EZ5t
£ oredel ZAE LMAIZL 4 UXITH UAWOIZ lf AAHel S4ote HIHBET So S
Zulgt 5= of "y ?"ol UAS(Fiorotto & Rinaldo, 2010).

@ experimental ponts for Fr=8.0 (maximum pressure
R # |average pressure)
o] | minemum pressure)
0:33 ]
. 0.3ﬂ:| —miazimum positive fluctuations
E
g 0.27 ! N,
i / \\
2 024+ | + PR
" I AR o F Ny
0.21 4 | I v 2g oy
I o
0.189 : BVETAgE PrESSUTE \ T
0.15 i e e
0 i y /
12 h o ’ Al / 2‘-—
0.08 - I/ . } maxEmum ¥z
1 f negative
0.08 ,’ — iy fluctuations
0.03 Ay e 2
0.00 el 1] 5 ." '
E L T 1T % T J ] [ | Is
\
o o Te] slabs ""—"Ix
o]
r T 1 T T T T Eo
0 10 20 30 40 50 80 0 %
— _ ‘ = 1
| L
mul-jp’*’dp— mar Ap-
O9 3. OIMECRAEZE GIRE TS AMAl LMEls SEH0 EX %, Fr=8.0
AEHOIY, HiS(slab)ol 2 S0l XNEzHoz =ZSHCH  (Fiorotto &
Rinaldo, 2010
O O3 32} Zo| sttt x= SHRFOAM YHBOo|T} XEX 2 XE5HY| ufZoll, HIE2 0|A|sHK|
ot X|EXHe 2 ZFste, o|Z2elet RS2 w271 FX 0o 2 o|loE + US
O ot ¢AHHo|Z Qlstod Fx=0| TlSsty, o] Zs2 X|Ehe| S22 0|0jM, Sgrol3at X[HEA
olel ZZHgap)ol LMet JtsMo| UF. o S22 FHo|3n £o| stE2=2 Udsi= E2 =4
ol30| & =HA mty| Jts4ol ol £+ US.
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AL A 9w
(Negative Pressure)

) }‘(‘]
A FAEE EAlel Ak o (S v W3

(Buoyancy Pressure)
2 AT
(Negative Pressure)

Vibration due to pressure fuciuation

. g A
Ny [ |
| hydranlic impact by Jet | | 3 Fatigue load | | (@ Wafer + apron weight | | Adverse pressure gradient |
X ¥ ¥
| | Already presented in design criteriz | ) | {3} Fatigue filire ‘ | @ bending filure | | 3) breakaway riprap ‘

D

Bed Protection

T a7

 Initial behavior

1 @ bending fall

Gap due to vibration of apron
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a9 6. PIV ™ 22| (www.photonics.com)
- PIve| 7|2 f2|E I8 622 LIEE £ o, MY 2o FHe H|&5n A3Sste =M
AF (tracer particle)® F=Ql5to] 20| 2 (laser sheet)S Z=AlSHH, FXHXIE0| &S gto}
HEEO| A =0 ofmf ¥AF AZHAMX|(EHE, CCD, HIC|L FiHZHE o|&st0] dMo=Z Hist
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o MEUAM =2 MOl=
AdA0IEZ &2 =&
E jl. 8'. Linoarith - Inh-;r-'n
=XM1 ~ 6 Sl =& (S20.10%,
o aoTl KPa -
_ o Z 20| ZEHO0l A0
SIS | UHE: &4 15 Pa
AtE8t 010l U] 8l
A ok 60 CHR/H _
ZEe SHYRAO 01
A0 ALZ3dEI| Hgtst
NoZ g
> MPE ASHAZI(7|e MM "It ¥ XEX2| &8 Wt st HE

o B ATl ALSE URASIIE AT AT AWOIE SHEHEL ALSE olHol As HA F

o =2 -7

H|2l. (JOSE M. CARRILLO AND LUIS G. CASTILLO, 2014; Dimi

tris Stagonas et al., 2014; Shayan

Barjastehmaleki, 2016; Arturo S. Leon and Ali Alnahit, 2016)

o QtE{ o] erduiels J|ZEo| WiTE Sl A0 A

CEL A2 -1 ~ 6 KPa, 2E @l

HEE 15 pa2 M
o B FHE MAIZHCOlE EED US WILL 52 USE X
Stxt BHE CIOIE{§ SHRE FE7R w2 FUH 5 US

— 11—
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glol 58 sty FAEN ALz XM sk E.
|

[
d
HJII
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°

2| SH2 7|2H22 HolHo| =0 - agtE 2M5tH Mz 2FolM d7|= Alzh E

=
o =AM E B0l HloIHE= FSI2F 22 T ciA S Sof YU=MES S 2 oE

stof =2o|S(Apron)oll =&3t= 2t={Ho[(P

ressure fluctuation)&A U EMS

o 2dho|Zo| my|glelg FHEY| Qo 2 HAFoME SHto|2o| XHE5tE Qg AF =5
e k] NIPN LS

> MY 2 725

o 2gto|Zol| AEStE U HESMHE SHSHY| Q6 st=EAMI| s T diEel SHHAE S| A
A= oA VRO AEHE 3

o AEFREE AAZLE £Z2ZF Z0| 10m, = 0.3 m, =0| 0.45 mo|o, YH=H™ FZHolTE)E A
o5t FZiollM ZEX EXMo| JtsotEE 2o YWD} HEHH S LstRe| 2 MEHE

o ME$RE TEA S22 HEol IS 0.0063 n’/s &

o SIMECITZEEQ ACH|EZHA(SZM) E(Weir)7l &7 RUFEZFE 2.5 m st AXI=0o U
S (ACh2|Z8 S8 0.05 m, AICIE[Z of2fid: 0.35 m, ACIE|ZE =O[(H): 0.3 m, ™M™ HA}
1:1). (22 18 &=xX)

o UHHEN EHS :

Ho
=Ol|__l
H
_o'ﬂ
o o
-
0

cm 2H4e =2, 1074 5.0

ol XIE 5 ma7[el ¥y 7Y & 30ME 5 £ A==
o=z

cm 2+H4 Maeh (a8 18 &=x)
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Case Ay ¥F =4 Y]
A2 Gl A Atk Aol wel 7
L 29 £%: 10T (p = 999.7 kg/m®) | £°1 HE FARRE FHAE WE
el 574 F71: 1000 Hz of ¥ 54 (1% 19 F=)
I A f5F: No Filter AA AFEzA 7|20 H= 59
2 TH7H4E(R): 9.81 m/s* 7H4 ZRE F9 WE SAA: 87, B

(19 20 #=x)

i lmre

TulDe

Freéssue tromnsmltter

(=T -

openSclose

waln Canimeer

ol O
O Ok i O

a8 19 A=) AAAY MeE (Case 1)

——Uarmam Bvetion (Bem)

—— Standard Eleofion (Som)

epe NI Elwalion (26m)

By gy
0
Expariment Flume (5S¢ view)
H— —
) il !
af & |
| b ke e B 10 Wi 3 e
| &5 o i@ '
; EI.'El h::llil |
| o | " i
I . L oyt
N - I-
]

B

a9 20 A7) AAAE Nex (Case 2)
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Measured Pressure (kpa)

Thaaraetical value (kpa)

.5

— 111 Curve
O Theomical vs Measamed
aa
a5
14
15 L L L
1.5 1.0 0.5 a8 05
Theoretical Pressure (kpa)
a9 21 4=EA AAHZA 1d) 1 24 (Case 1)
04
—— Regrassion
g3 b @ Measured Data (Pressure)
7
-
02t ol
-
__/’
01t /ﬂ% y= Sy - 00118
y & =09
0ot o8
0.1 F /m}/
02} /
{/
a3t {’/
04 i I i | i i i
L4 L3 {2 4.1 0o 0.1 b2 03 04

Measured Data (kpa)

a9 22 4EA AAAT 19 1 274 (Case 2-A)
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04

—— Regression
g3k| @ Measued Data (Prassura)
02 F
'g Fa
g = LINEMGx 4 (LIs5H
= 01}
g B = g
m
2 a0t
]
o
3 s
g 01}
1]
E
|:|2 B
03 o
_|:||1 i i i i i i i
0.4 43 42 41 0.4 01 02 0.3 04
Measured Data (kpa)
a9 23 43EA AAZAS 19 1 =74 (Case 2-B)
2) HZ RIA
o HIE FHAHOAM SHE= FF AT AMIU HDE S50 BHEZ FFAH A2 .
o “Hydraulics of Broad-Crested Weirs with Varying Side Slopes” , Sargison et al.(2009) ASCE
ol M MAISH Weir 24l 751%3}01 2l F 0 (0vertopping height)oll 2 R gt =&8.
o Case 1 % Case 20l Ci3tod 72 =XMZIS A Agtt g|mer Zop = 2XH( Maximum Error)ZF 10%
O|LH 2 grAyst
o RHAS2 Sold, HE FA &Z gtel M= E HEE
X 14 4% =21 B2 §24)
224 m — 1.00 = —+— 100 @M — ° 7]—Xé /\]—3(;— : -‘@E %%‘17:”; -é—
A9 5% g Bgez B
| 04\‘;%@@2 95m2
T e ® 5 el st 59
030wt - | MEEge FAY
Choarmel o S BF ZA
1) 0.0056 m®/s
,l.mﬂj’ 2) 0.0042 m%/s
— Stop watch 3) 0.0028 m?/s
Stondord L 4) 0.0014 m%/s
5) 0.0006 m®*/s
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Case Y]
) 2FAAE ol&dte], 2o F97F 1 cm FU/FeteH A8HE ARME 543 F, R
TGS o] gkl 77 A
Weir 3215 A-838te] 97 3(Overtopping height)dl W& S 243
o Weir &2
Q= Cpby/2gH;
2

(where, Cp(=0.43+0.06sin[r(e—0.55)]—0.03960 +0.0029) : discharge coefficient, g :

acceleration due to gravity, H, : upstream overflow total energy head, b : width of

weir e (= H,/(H, +w)) ' relative crest length, w @ weir length)

g

o Case 1 A& AL}

16 Case 1 Al ZHm}

HE F5A T A 9 AZF B QA

)
X
2
Ho
ot

Q (0}
(m?/s) (m) (sec) (sec) (m?/s) LA (%)

43.98
45.23

5.56 X 10™ 0.01 38.02 40.14 5.47 X 10 1.57

40.84
41.56

17.59
18.51

1.39 X 107 0.01 15.69 15.23 1.44 X< 107 3.72

14.4
15.62

14.34
13.36

2.78 X 107 0.02 18.15 17.31 2.54 X 107° 8.70

17.35
16.43

24.14
23.43

4.17 X 107° 0.04 19.56 21.10 4.16 X 107 0.14

21.01
20.41

17.95
17.32

5.56 X 107 0.04 15.78 15.56 5.64 X 1078 1.59

15.2
15.69




o Case 2 AE Z1}

X 17 Case 2 A3 23

HE A dFa A Weir 2448 F%
A (Cp L2t (%)
(m*/s) (m) e (m”/s) ’
5.56 < 107 0.012 0.3178 5.55 X 107 0.08
1.39 X 107 0.023 0.3303 1.53 X 107 9.15
2.78 X 107° 0.034 0.3442 2.87 X 107 3.25
4.17 X 107 0.043 0.3543 4.19 < 107 0.78
5.56 X 107 0.051 0.3622 5.54 X 107 0.21
0006 0.006
O Measured Discharge B
O Theoretical Discahrge d
0005 L | —— Regression (Measured Discharge) lonos
' —— Regression (Theoretical Discharge) '
5 , @
”E 0.004 F Theoretical Discharge : v =09871x+8.BE-05 10004 E
Q) R® = 0,999 " &
o m
g &
@ 0003 {0003 @
0 O
e, ™
2 ; o
5 : _ ]
@ 0002 Measured Discharge : y = 1.012x— 58E—05 10002 35
@ @
=
2 R* = 00981 —
0.001 F 4 0.001
0.000 - = - - - 0.000
0.000 0.001 0.002 0.003 0004 0.005 0.006

Pump Discharge (m’/s)

a9 24 FHA 3AA3 val (Casel & Case2)

Ay =

o IMHE St wo|ze 58§ E & SE4S HAESH| flal & 20 JHX|Q| chdet SEx740| &
EE

o ZASHH Eol 0| MA(FIIsHHAIM FXl2| SRHHEEAIAY 75, I ENSF, 2010)= &
5t01 Froude AMAl(similarity)S M-Est0 A= E252E A& ScaleZ Scale downg T StH =
H MFFAH)2 2 04~0.6m

o = HFOME HERTA M 7T Al AFTA(H)S 0.355 n2 A= S MYSte A
Ho| Exfstt, ctYet TS ESME LUSIES RS VX Lo AexdE MdEe. (E
20 &=x)

o & 47HX| RE¥x0| AEFHU2H

-
0.464 m Atolofl A SR SHREH al(hy) 2 =EEH.

o Froude =2 ®Hel= Fr = 52} Fr = 9 AlO|2 Z==(hydraulic jump) SEf= ©oFH Z===(stable




ol
= .

jump)

¥ The Hydraulics of Open Channel Flow (Chanson, 1999)0l 2|5t™ Froude AtAl= CiS3t 2 3.
— AEL=29| Ho| Zo|e MA =L5HH 2ol £0[2o ZOo|(Length)H| ME
¥ 18 Froude AAF WA
Scale ratio with
Parameter Unit Froude |aw?
Froude |aw? ,
(distorted model)
Geometric properties
Length m L, X, . Z
Area m? L? _
Kinematic properties
Velocity m/s v L, N4
Discharge m/s L°? AL
Time s VL, X, /\Z,
Dynamic properties
Force N p, L} -
Pressure Pa oL, A
Density kg/m® Py o,
% EASHH 2ol =o| MY (VAL £H M)
— o 2 =0| g2 0|35t A2 =2+ Al =42 Scale Down stH AF{FFAI(H,)ES 2F 0.47 m
%19 T4 2ol Ad (HAEE FAD
B o 5 5% A 54
Gk TxET A g Al
(m) (m)
Akt R 1.0 2.4
Eai| EiR=REN 2.0 2.2
S B 2.0 2.0
o] A 1. 1.5 3.0
AFH AlE k. 2.2 2.8
oo H 1.2 2.4
Ab 1.5 3.0
< ESREIR=] 1.0 3.0
2] 8 =]
o 7 1.6 2.5
A7 H 2.4 2.4
3t 1.65 2.57
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%20 A¥xd (dEHsA)
Case AFEE =4(hy) StRT =4 (hy) 7 (n’/s) Froude %=
1 0.0900 m
2 0.0893 m
3 0.355 m 0.0871 m 6.3 X 10°® 8.6
4 0.0863 m
5 0.0851 m
6 0.0766 m
7 0.0754 m
8 0.347 m 0.0739 m 4.7 X 107 7.3
9 0.0730 m
10 0.0714 m
11 0.0604 m
12 0.0587 m
13 0.338 m 0.0569 m 3.5 X107 6.6
14 0.0534 m
15 0.0524 m
16 0.0384 m
17 0.0355 m
18 0.327 m 0.0351 m 1.9 X 107 5.2
19 0.0327 m
20 0.0308 m
‘ Pmﬁamy | Tail gate

s

Flow meter

1 & vlT Hydraulic Jump

Upstream
Water Depth (Hy)

Downstream
‘Water Depth (Hy)

I\

=

Low

water tank
Pump
a9 25 gENEd HE YA s
> SElAy S
- MRRYS RYSH WSS A0l THHUSH B MM ZIE HolXE BEI MR
T (H)S 58
- HE RS 22 2o MuHF ZAE wat wEAH W2t stRolM 2 Haaal(y) 2t Zet
HEws(vwy)el 252 20[1 o|F stRE $4(H) =dol waf =2 (X7} Hatgt.
o SHREH M E SIRTEZ2ZFE 1.0 n &F0AM ZAE JHO|X|E &E35t] S
- 2 oToIME B Boi) biSte AEoR MMl 242 U
> orE 5 Y
- B SlRe 552 2AHCeE JHHStL 2o Sa2 w2t AHs FHE.
o A= AHAA A A=A (Model: P03 series) 2t M #HAl 24| (Model: UNIK 5000) 27X
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ERE AlE2E
XA Aol A= 0~40 MPa Hele| £H0| Jtsstd, M=tE== £0.075% 0|04, XQF "hal
QI2i7 = -2-5 KPa 9ISl SHO| JhsEtl, MEEE £0.04% 2
2t A2t =2HEH| MBI E FH2 olAEFEE 0[35t0] AZ=EUS.
O8 262 5 7HX|e] YHAE EHAESH A EZADIO|0], M dFAlol oted A 7} HIEA Hof| =F
5= 0|4t ¢EHEZES O HusSHH EH™s=E Aoz EoHE
Aeyzme 4550 HE5| oHEstE olF EE 10080 HSER HolHE FHSsR20 200
=72t 548 g
# —a— Maximum Positive Pressure {UNIKS300) —e— Average Pressure (UNIKSD!
—a— Maximum Negas T ESUre —&— Maximum Postive Pre:
—&— Aversge Pressure (PG = —&— Maximum Negaive Presure
1.5
1
g 0.5
B
-0.5
1
T:5 L
0.0 0.2 0.4 0.6 0.8 1.0
X/L
a9 26 A4E dHAS AGF dEA Mz E ¥l
E 21 AY dEAS %Y dAA wgE 24 A
o127 Maximum Positive Pressure Maximum Negative Pressure
H 1 . . . .
Standard Deviation (kPa) Standard Deviation (kPa)
241
) 0.13 0.15
(P603 Series)
KR!
0.25 0.29
(UNIK 5000)
AE HHME L A 24
EAgn Zo| Hadol 2 MY Al ASZSHME 8ot SYE AAY Xze| R O|akX|
(Outlier)7} gr st = US .

Cietet Ol &tx|(Outlier) AEYWHE2 E 220 MAIIR 20 = AFolM= =72 HHH S ALESE

oA A x%uhg AA v

I

o HE=AlRTl HHeEE Oo|ECke JHYSill gaat

HFEHAE 08310 &ex|el sletx|E AlLkstod
C

Grubbs and Beck™' (1972) o AbSkx| Blskx| HAk
Xy =a + kxS,
X, =x — kyS,
o7IM, =, 5, £ 22 E2XARS| "rinh BEHAL
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o, k2 223

Beckol| 2l =01

7|2} sela==0i w2} Grubbs and

Interagency Advisory Committee on Water Data
i (TACWD,1982)

- BENRS YRCATE AISol0] Olix A8E

oSt , PFTASIE 0.42CE 3H To|Akx|of
Oist 2™, -0.45ct 2™ Xo|Mxlof st ZH

Aol gtg #Zed F I dEE

07|M, n2
2o HIo|EE

o7IM,

S, = 424 E=AEe| gont ZEHAL
o, Ky2 #E=9| %ol e gleAs

T4 z-score W (1968)

o FEAIRS| Hont FFEHAIER EFSIE -4t Ol
g3l Ak 31 BHAME Ewste e slsis
welom FoUZr MHAS ol8t

0{7IM, MAD=

£ EMeks AtR= olet

(o] 343
tIA

nx

dCHERIO[0], |2
X|(outlier) 2 ZHE

01)1

° MAD:

07|, z, & S,

Box-plot ¥

o M| KBS 25%Tr AHEYIZ TESHE whHoz N
Hel XIZ2ALE Zort 2|zt oz FEst

ok

F04 o

ol

o AEL|=HL|(Interquartile Ranges) & Ol&
TSI UF) o SHSIESEHLF) & A-Et

UF= Qy+1.5IQR
LF= Q,— 1.5IQR

o7|1M, @2 YLARERIT, @, AARERIFO|H,
IQR (= Q; — Q) & ARSI,

Confidence interval ' (2001)

o ATz HpEmef

deviation, )& O|23501 E&

EZFHAK standard

{Sk,
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o & AFAME= ME[FZE 9.7%(pt30)E MES MHZYHS SHM 2 5%2 XIRE O|AXR|
(Outlier)2 EEhslod HMH = L=OolEHel M2 3.
o QtEbole] Ex 3 BExo el nletsty| £|5H0] o) = (skewness) 2t A= (kutrosis)/HES X8t

iz
o HolE|e] MAEE {FE mchst7| 25101 Anderson-Dar | ing Equation(1954) 2! Kolmogorov-Smirnov

Equation(1933) & &&%t.
o Anderson-Dar |l ing Equation (AD)

,n,li(gifl)[mF(Xi)-!-ln(l*F(Xn—iH))] (4)

i=1

KolImogorov-Smirnov Equation :

o

i—1 1
P—value = max|F(X;)— - 7E—F(Xi) (5)
o7IM, n2 & E27, X,& 2 HolE, FlX)E 1 =22 FHEEYFE 2olsin, ADE
Ao SAH2E ADgol w2t P-valueE &HESHE A2 CfS B2t €3

Anderson-Dar ling =%

3 23 AD #kol W& P-value

Range P-value
0.6<AD<13 exp(1.2937— 5.7094 D+ 0.0186 4D
0.34 < AD<0.6 exp(0.9177 — 4.279AD— 1.38AD?)
0.2<AD<0.34 1— exp(—8.318 +42.796 AD— 59.938 A.D?)
AD<0.2 1—exp(—13.436+ 101.144D— 223.734 D)

> HHole A &4
o Holel MHME|E ATt LHOOIEHS 2x X SHS HESH| flsto], = LY M, =5, &

= B4 F FZ2Io2 Lb50of EZEHAH(Standard Deviation), @0 =(Skewness), A Z=(Kurtosis)2t
=

Kolmogorov-Smirnov 412 0|85t M AYS &g

T E O

m
a2
0
=
#o

Anderson-Dar ling &

S F) heielele SR A

¥ 24 FUHEAES WY A, B, w5 )
) o Skewness Kurtosis Normal ist Test
Section Standard Deviation
(Range) (Range) (P-value)
Ante- >0 >0 A 0.005
, 0.01 ~0.04
Hydraulic Jump (0-0.3) (0.4-0.7) KS™ 0.010
>0 <0 AD 0.005
Hydraulic Jump 0.08 ~ 0.30
(0-0.1) (-0.2-0) KS 0.010
Post- <0 >0 AD 0.005
, 0.01 ~0.02
Hydraulic Jump (-0.3-0) (0.1-0.5) KS 0.010

*AD : Anderson-Dar | ing EH Zk(A?) S 0| &3t0{ AFA S P-value

*x KS : Kolmogorov-Smirnov =412 0|&35}01 A SH P-value
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o Ml 7+ 25 P-valueZt 0.05 DIDFOE X*F#—-—ig CEX &2 WAooz 2ol

o = FZHAM = EF AV 2 FZbof Hlstod 31 HME Zo| S 42 JHRcleE HWEg S5t
0 gHHSMHO| Act= AdS =elet

® Agddn 2 2N

> E EM BN

o &b . 5HF Fald|of w2l WM E = Cietst T EMZ =olE

o THENE Froude 57} 5.20lA 8.622 9P Z==(Stable Jump)Olod, Case B T SHMQX| 2 Z=Z
o|& HAEE

o EZlolE =1 FiH 2K Model : Phantom Lab110 12G Mono Camera, 1028x1024 SHAME |, =&
500 Hz) 2 EY= o|o|X|E o|&sto] M™er, (a8 27 &=x)

o E HWMRIX|= ZXNHE JHH2IZ HAE O[o|XE 23St V|E TuMdex MEYHES ME
sto] MA e,

Hydraulic jump length
Oy 27 o] A Id =

> E= &M 2| X| (location of hydraulic jump)

o EHHHMRIXIE MASH| félMe 7 ¥ FHES 21 Jofol sioteE MA=EAHO| US
(Handbook of Hydraulics, Brater et al., 1976).

o 2D} ZHo| BULA (4, b, ¢ )Tt SHEFA HEMO| WAISHE A2 ZHEM QX2 MAE

o A - SHRFAU|[I} BINETE F=E ZXOM ETF gMstE HJE Eels. (O3 28 E#Hx)

o H FxE BrooZBEH THUMXIAENXIL H2lE FZ= =O0|(Hw = 0.3 m constant) 2 FXH&
3 gt

Intersection
Hydraulic Jump
Oceurrence

Line of downstream
water surface

<1

_40_



20
O Experiment Results (Fr=5.6)
< Experiment Results (Fr=7.3}
& Experiment Results {Fr=6.6)
& Experiment Results (Fr=5.2)
1.5 F o < 0O
A o
<&
o I AN
-} @] <
—F i} o)
A o O
Q5 F
M 9] <O
0.0 : !
0 0.1 0.2 0.3
Ha/H,

> E== Z0|(hydraulic jump length)

o Malodqt E=Zio] MY Al 2 MEo=z MYSH EHZ0ls HluA UX|st=E AS =elgt

o Froude =7} &7tgtolwtel, =20l MEx oz SIlsts AWE Folst

o HIH = ZQ Froude UM Aot FAlH|I} SItetsEE T20ls MyMoz A4S HWE &
ol&t,

o Ol T WMo Z oI5t of| {X| &4l (Energy Loss)2 Froude =7} &7t&hol| w2t 5715 PD4 =<
Froude =OllA= & - stF =AlH|7} S7tgtol| w2} oL X| &40 ZHAasHy| m20|2tn EhehE .

2.5
B Experiment Results (Fr=8.6)
# Experiment results (Fr=7.3)
® Experiment Results (Fr=6.6) e
20 || & Experiment Results (Fr=5.2) ‘
» Peterka Jump Length (1957) &
+USBR Jump Length(1958) :
15 | | < Silverster Jump Length (1964) %
k. Sadasivan Jump Length(1977) Kl
% © Hager Jump Length (1992) gg
10 z
et o
et j
o wom o ey
0.5 B Sadosivan (13771 ;‘l::rsu-'r. -1
Silverster (1954) - L' —=975(Fr, —1)'"*
Hanger (1992] : l— —1.2 + 160tan] ._q—';:]
0.0 t t
0 0.1 0.2 0.3

Hd/Hu

% 30 AalR Al wE PARsE 4ol W




+E LtEH.

q,'(: —)E URSTE SE4E2 PALS A7 YA, X/L2 PEE BEk o) 22
g

B HelE =[5 ¢ SH Hel2 FXpst AlZI AiZo|E 2lolstny, P1, P2, P3= ZH2t Tuke|

x|, #Zof S (maximum negative pressure) A x|, Z|CHFRf2d(maximum positive pressure) =i

. (28 31 ~ 50 &x)

Ab - otR =ald] 2 Froude F=7F S7tgtoll w2t =of ektad 2 x[cf S¢tEel 37|71 Solstke

HE EolstgFon], HHZM(P) AAl SIt5}

Froude =7+ &7k w2l, Fxielst 2 =of ket

CI7F Froude &= 7.3 O|MOIM T 2HM AJZR|X|E
k=2
=

gemie T4l 2w XFM FEE S

=

_‘

ox

Casel

040

0.20

0.00

-0.20

-0.40

08 1 82 63 04 o 06 OF 08 09 1.0
X/L
I3 31 Case 1 Adl™E <d#HAS v

(P1: =2 91%], P20 Hd =49, P3: Al F4=)

N

0.60

P3 Case?2

040

0.20

0.00

-0.20

-0.40

¥ 32 Case 2 AZE 4HAS H]
ool

(Pl: =2A9 A, P2 F

{‘.:

_42_



Case3

P3

0.a0

0.oo

-0.20 ¢

-0.40

X/L

al

]

H

274

ok
H

19 33 Case 3 A94

Cased

050

0.oo r

-0.20 |

-0.40

L

f

i

X

1% 34 Case 4 7d
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0.60
000
-0.40

L
2 kA

X/

al

]

H

13 35 Case 5 7

-0.40

X/L

19 36 Case 6 7
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0.60
000

20 F

.

o ]
-0.40

0.9

0.3

X/L

37 Case 7 A= €714 v

a9

Cased

0.00
-0.20 |
-0.40

X/L

38 Case 8 AT

a9
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-0.40

X/L

% 39 Case 9 AgE HAS H]

=
% =
e e
&
.,
_
_ i
\
e il 1 1 1
=) = =) =) = =)
I} B &1 = 1 -+
(=1 = = (=1 = (=1

L

!

!

X

19 40 Case 10 A¥

ESu9A),

(P1:
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Case 11

" Ey
]

0.2

X/L

2 41 Case 11 A

a1

Case 12

20 F

1
=] =)
1 =1 3] -+
=1 =] = =]
d

2] 42 Case 12 A

1
w59,

(P1:
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Case 13

X/L

43 Case 13 Ad

a9

Case 14

0.80

0.60

040

0.20

-
L]

/L

X
7 44 Case 14 AZ¥E IF#HASG A

=

o

pP2:

R EE]

(P1:
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-0.20

-0.40

0.80

a0

0.40

0.20

0.00

(Pl: =

0.1 0.2 0.3 04 0.5 .G 0.7 0.8 0.9 1
X/L

5 Case 15 A4 & A4 vl

4
A9IA, P2 Hu =94, P3: A 4=

19
T_'I
]:I
T =

120

0.80

0.40

0.00

-0.40

Case 16

X/L

1) 46 Case 16 Az¥ <& A2 vw

(P1: b9l A, P2 Hof &b, P3: Adf k2]
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-0.40

-0.40

Case 17

040 |

0.00

X/L

1% 47 Case 17 AglE = AS vl

(P1: Z=dAIA], P2 Hd 5949, P3: Hol &5k=)

Case 18

0.40

0.00

X/L
19 48 Case 18 Agl¥ <43 A4 vl

(P1: =99 A, P2: Ho S48, P3: HAdl k=)
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Z.00

Case 19
160 h

1.20 -

0.80

040

0.00

-0.40

X/L

1% 49 Case 19 Ag™E =2 A4 v
(P1: =5k 914, p2: ol 59, P3: Aol Fge))

Case 20
1.60

120
0.30

0.40

0.00

-0.40

X/L
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o Froude Number : 8.6(Max Pressure)
+ Froude number : 7.3(Max Pressure)
@ Froude Mumber : 6.6(Max Pressure) |ﬂ
4 Froude Number : 5.2(Max Pressure)
100 Hfa Froude Number : 8.6(Min Pressure) @ |:|_T|
* Froude Number : 7.3(Min Pressure) &
® Froude Mumber : 6.6{Min Pressure)
+ Froude Number : 5.2{Min Pressure) (5p
0.50
—_
g &
= é&
@
-
2 &
w
£ oo b
& ;
v
A L
L 0 o ™
‘=
*
-0.50 »
4.00 | L | | 1
0.00 0.03 0,10 0.15 0.20 0.25 0.30
Hd/Hu
=] o= = > o
a9 51 SR AN mE AW Fas Ay ooy

1.20
@ w Max Pressure o Min Pressure
2 X
% 100 t
o
L
2 ~ 0.80 + 0
5
(1 -
B
e g.60 |
0O ™~
E= E ><
S 2
T 2 gt
g - o
G o X X
= o2} 0 0
9
W
C
Ll
E gﬂﬂ I J I
O 5 ] 7 g
Froude Number
% 52 Froude 7ol ME FHulgd=E 2 A= SAA9A
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MARIAL =&

> So|3 &

1) Fluctuation Ratio

o Fluctuation Ratio= T U=doll CHEE #of ke 2 zof S/ HIZ 286 & = Aonq,
Ab - SR =AlH|7} S715H =™ Fluctuation Ratio® &7tst= HS &eolg,
o 8 532 At 5tF =4l dH|o| wWZ Fluctuation RatioE LIEH-}D], & - 5lF =4 H|E &dH T
72U 27 o] Y MIts &4 gts TEE £ US
oAb BHR SAlBI7F0.252 Of EOf Qe I o 1080l SHTEE HOE Sold
o & AFZIE Sol0{ Ctg ®253f Z0| 2 - 5tF A dlof| o2} A SH|e| HAE X ASIH
on{, 0|& &5l &F o] FHAAE Al HAHCUXZ &S8E = US H2ZE AIRE
¥ 25 Maximum Positive/Negative Fluctuation Ratio ¥ A
Fluctuation Ratio
]{d/l{u
Maximum Positive Maximum Negative
Range : 0.1 ~ 0.25 05 ~ 9.0 0.5 ~ 6.5
10"
7 || Maximum positive fluctuation ratio I
A Maximum negative fluctuation ratioc Wk
» |
=
ﬂ -
=
=
=
‘E i
= 10° =
&t 118
=]
= I
= i
10—1 - | | [ B B | .
10 10°
19 53 A

2) Fluctuation Width Ratio

o Fluctuation Width Ratio= =LMoo=z QIgh 2o HE XS HIYHE L= H|E 2lo|st
o4, Froude =7t S7I5HA =™ Fluctuation Width RatioE &7lst= AE =kelsgt.

o 18 542 Froude =0l 2 Fluctuation Width RatioS LIEtLID], X T AMEfE Eold
AUCH | Hoetad ofd] =of 2 nt =0 S Atole]l HE F2 2eld = 20 chx 46
o} Zro| 2|7 =M (Regression Curve)2 T&35I9HS.




CFI’VR = 0«0026><F7‘3'85 (6)

o ToYElE YHMS Fo| H|E E 262 20| MAISIU L, &% AHHT Eo| H|E 1lEEt =
go| MARIXIE =& & F US U= mohE.
18
8
N — (3 Fhuctuation Width Ratio oy W

Fluctuation Width Ratio

10

Froude Number

1% 54 Froude F° W& Fluctuation Width Ratio (Pressure)

% 26 =5 FE W& Fluctuation Width Ratio(Cpryyp)
Type of Hydraulic Jump Fluctuation Width Ratio
Undular Jump (1< Fr < 1.7) 0.003 < Cryr < 0.02
Weak Jump (1.7 < Fr < 2.5) 0.02 < Cryr < 0.09
Oscillating Jump (2.5 < Fr < 4.5) 0.09 < Cryr < 0.86
Stable Jump (4.5 < Fr < 9) 0.86 < Crpyp < 124
Strong Jump (Fr > 9) Cowr > 124
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Case Discharge (m®/s) Downstream Water Depth (m)

1 0.004 0.017

2 0.009 0.027

3 0.021 0.043

4 0.031 0.049

5 0.052 0.068

> FElAE =

ARRHE RHEZY WEE AE5H0] =EERYen HIEHESE AHFA ZQAE HOIXE &
st IS 5.
StRE A= SIRFTE2ZREH 1.0 m &HF0A ZQIE JHO|X|E &Zsl0{ et
SESZ Qs AMof| 23St 2EHE2 FH @2 0|31 HIEHESZo| HEFe
1xHe 2AL JAHAIZ= = 10070 FSER 12027+ A4S SIS

2|24 (Drag Force)oll CHet E=H

3.8
Standard deviation (o): 0.07 ~ 0.09
3.7 1 Skewness (§):-0.31~0.11
Kurtosis (K):0.26~0.74
3.6
35
g
@ 34
o
= 33
3.2
31 F

0 20 40 60 80 100 120

Time (sec)

19 56 AltellwE €19 (Drag Force) 54 HolH

Case ¥ z[2~, z|CH 2|2 (Drag Force)S AESH 23, LHFZIIIX|
Mol 2gsle e SUtsh, dX™Tziol X[LbHE 2o I
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Hotst7| Qs Case 1, 6, 11, 160 CHslif =5l
I

M
1

=2
=

sz "@Iilsk| 2l Case 1, 2, 3, 4, 50 CHaH

Measurement and Interpolation for time
history of pressure

Finite element modeling of structure

=}

User subreuine

Applying the time history of pressure ,

Transient structural analysis 1

F 29 MY e
Case & (m*/h) StHRT2 (mm) E7 2¥ 2% (mm)
1 22.8 900 125
2 22.8 893 216
3 22.8 871 279
4 22.8 863 350
5 22.8 851 433
6 17.0 766 125
7 17.0 754 214
8 17.0 730 365
9 17.0 714 464
10 17.0 739 280
11 12.7 604 125
12 12.7 587 233
13 12.7 569 280
14 12.7 534 391
15 12.7 524 467
16 6.84 384 125
17 6.84 355 210
18 6.84 351 239
19 6.84 327 300
20 6.84 308 403

3'\_
?_
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ESt| flall ste2let R3S =HsI0] & 20 cases =0l Oisto] F=2|AlE 2 F=al&
47Ix|19| RBEHI SHRCH 22 Z=HSGI0 5T THEM AEX|F (x)0] =HEASD],
Zb ExEAoict Turd AIZER| X = F st LR stEF gt

Aol E5E0| fE Frae 0~1000 of &5t¥ 20 o|uf ReynoldsZ=E 0<Re<02| = 2|oflAf
Also| paE

HAEHI|HE 228 T=AES™H(W)2 case 1~100] CHSI] EXHE THE.

REH =¥ T5TZ0IAM BIVIIH(B)S &85101 case 1~10, 7| ZH P2 Mg TZIoME
PIVZ|H(P) =S &-&35t0] case 1~200 CHSIOY EHEZ F&st¥ 20|, & 320 (MY =A =
=X colefo thEt HtS HAIE.

& 32 FEAddE =1 (PIV & BIV)

case discharge d; d, d; u, - Re - ) Measurement

(m3/s) (m) (m) (m) | (m/s) W | P |B

1 0.0900 0.125 o o o
2 0.0893 0.216 o o o
3 0.0063 0.01 0.0871 | 0.355 1.95 6.00 21,000 0.279 o o o
4 0.0863 0.350 o o o
5 0.0851 0433 o o o
6 0.0766 0.125 o 0 o
7 0.0754 0.214 o o o
8 0.0047 0.009 | 0.0739 | 0.347 1.65 541 15,667 0.280 o o 0
9 0.0730 0.365 o 0 0
10 0.0714 0.434 o o 0
11 0.0835 0.125 X o X
12 0.0815 0.215 X o X
13 0.0056 0.01 0.0805 | 0.351 | 1.838 5.82 18,667 0.280 X o X
14 0.0790 0.365 X o X
15 0.0775 0.433 X o X
16 0.0705 0.125 X o X
17 0.0675 0.215 X o X
18 0.0041 0.009 | 0.0635 | 0.342 | 1.515 5.09 13,667 0.280 X o X
19 0.0615 0.365 X o X
20 0.0600 0.433 X 0 X

Upstream
X
Downstream Hydraulic Jump ds
1 == H, &= Flow
§ -
; S Pressure m?ﬂ;er_eme_n_' section: - I, . |
K oo D SR 3

a9 84 A3 Mex (PIV & BIV)
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- = o ) D:EN"goz
ACI tﬂ‘jﬂ* max?Pmin” g 5 =
S fe « NPD
—c .. /f") m n
NPD logN, = 12.5 < max - ¢ D=S""L<1,
08 (1_Omin/amax) ;1]\/;_ ’
ZIagE a-v_../V)
DNV N, = C) X — 28 T e Vr: AAXAGIE
At loghy = G X =3 777y o A
o Zt M FT|e stEofl 2ld wMSt 3o ois mZ&aA: L&A (Cumulative damage
rule)” o]l
* XA (Miner, 1945): 27| 2 F7|29| ot& ME=0| olst mZ2 £& J|{E =¢&st
s o aaAdAgo| =M™ nZuln b g MSictd £
T K T K n (0-)
D= d;; = - > (16)
i,;j; ! i;j;Nij(U)
n;(o) ) )
07N, TRAME d,= . ny= 2 o] LMsls ssolni, N of 2o wa}
Ni(o)
o 2ot 7t dofLbE Sfolct neE &AAgeE HE ¥ 2| 2Md w2t 22X
ol & &=
¥ 34 EAAZ el A
44 2 e 27 A 79 H) A 5= Lo
0.33 0.5 1.0
o ERRIAIZE Sot ME of2 (el RESHol od PxBol YT HRAMES (rHoR
gtoto] & TRAME DS AE

_99_
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=
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=0

[=]
L

Estlen ol

st
=

2 LIEon

o

ol

A

7

7o
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o
=

1

ol

Ho
0

0

<
oK

€L
100
-

o
__o_

P She

°

& A

T

Hol1 o

=8 ey

10.0011 A =

(x=x1) /d4

Al Lt &

I[e}
ofl
Lo

ol

3

100

Chrx=E M2 Al etgd "ot 80| Tt

0
xl

N
110

1

E

il
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Lt
| e R

EAl LHE
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ol 7t
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o
[un}
1
T
fo
OH

(CH) Task 3: HHO|Z 2l SIHECFEE sl =220lS

H 7/
MACIXL A& =233 JHE

@ sx2o MHe
o SIMEGTEEZ 9 7K, sk RX 9 =XE JHX|1 MAX[FHL YXE IR DRE59
SES wyAZ
St olsf stMECctTx=&Eo| stFolAM= AbR(supercritical flow)7F &HF(subcritical

rit
of4x|e| YRE AHHSH 7} HFE S £Es5tk= AR =

-
x
d
K]
l
30
rr

flow) 2
#—(hydraulic jump) 7+ 2HYE
o Fiorotto and Rinaldo (1992)0f 2|5t £ HHollA 2ttm} §0F0| X &xo2 &gag Ot
o (o]

o
#o| m2oll Fx==0| u2E JtsHol UZS

o osh
=2+ 0

o B odTolME 02|38t 23 SETS MYMOR 2, SL0|BI v 5Zo X3
£ Qe TYs| 25k 3R SxBolS MASAS

o FE|FESOM == 3RHEA 5%% T 2ols7| flsiMe 3xHY FX|2E0| 0| &= 0]
of FLOW-3D, FLUENT, FIDAP, STAR-CD S0l UZ.

o O] 301|A1 FLOW-3D 2% IF%EE‘._(free surface) 2 7KKl 588 7t& & Zol5ts Aoz
2y A2, JUHEAAM B H oz S| FElF =0l thet A& A7 of Ex
o MEtM SHHEHFE=0AM ZEE 580 AgxHE VR Jiez 282 S 1250
FLOW-3D =2 & MERHE 35 &=x).
35 3X}9l CFD T2I3 M3
suy w3 exdly DO RS oR ey Mgy M
MLM,
FLOW-3D | ol | FOM VOF FaOR | StANMATORTEL oy gas g O
RNG k-,
LES
Standard k-¢,
FLUENT | o= FWM VOF | F3HIE | RNG k-€, O
RSM
Standard k-¢€ , | AH-F==2|
FIDAP o|= FEM VOF | 9822 RNG k-¢, EM mots 9IE | A
RSM g-7H 7=
Standard k-¢,
STAR-CD | 1ol= FWM VOF | ®8HIX | RSM, A
ARSM

> SAZE o2 u

1. FLOW-3D 2=7H
o FLOW-3D 282 o|=2 FHAIZF(New Mexico) 2EAUZIEA(Los Alamos)oll = Flow Science, Inc.
=] ir

oflM Jietst HE FAlAPs =2 3 (CFD, Computational Fluid Dynamics)
o BAYUIIRA J[PAFAS X FHAS AFHMAM F. Harlow, B. Nichols ¥ T. Hirt &
of 2o|sf 7Het=l MAC (Marker And Cell) grHZ} SOLA-VOF Al Z7|x==2 3o, Dr. Hirt7t

2A
=]
=
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2. X|df

19800l Flow Science, Inc.AME AMESI0 AL Zz2IHMs wWMA|ZH2D], 1985 FEH
FLOW-3D 282 ™ MiAoof sz Et.
FLOW-3D 282 AtmEH Zoof UM o H=tst siE MIsted, 2ol HHE2 J|2H2
2 H|HA $5 AbEfl(unsteady flow condition) 2 22|5t0, oi& =4l 3xtel 252 gt
g4 3 olHx] g™A 52 HES.
wAe =R Zolof sl
(turbulent energy) =&, Two-equation (k-g&) =%, RNG (Reormalized Group) =&,
Two-equation (k-w) 28, LES (Large Eddy Simulation) 28 S Ms £ Aon, XIRE
M HolE 2[5t0{ VOF (Volume of Fluid) &+ o|8st, AXE Mde i FxE9 4t
< HMEtstAl E84s5H7| 25 FAVOR (Fractional Area/Volume Ratio) 71¥HE Z+ ghxAlof
&2 (Flow Science, 2015).

J

M

rr

&% Zol(Prandt! mixing length) =&, One-equation
(

0

22 o

&g, $BY P44 0
ool WSS BAF FAZ o FoIAE Alsystem)] AFRE WA, 7H 25
A2H=, E98 AIHAS AL&FgozHn Frg.
o Thg2 3 FAEF| AEH 55 #AE 7 x BANES JuFAnA(r, y, 2)l
detel 273
(1) =5 gy Al
p 8 ) 8 pud,
Vit —(pud, )+ R—(pwA )+ ——(pwA,)+¢ = Ryt Roop (16)
ot o Yy 0z
o7|M, Ve ALHEXIe HMA F 77t AX|shk= HwE, A4,, Ay, A, = ALHAXE 2t ghakol 7|7t
SE & U= WA HRE, p= wHMe 2E, Ryv R SHNE, Ry B MME
(2) 2T ™4
ou 1 ou ou ou 4 1 op SOR
—+ —uAd —+vAd R—+wA,— — - — 4G —b — u—u, —ou
ot VF{ T oz Y z foF p ox o Tl b VF( w S>
ov 1 ov ov ov 1 0 SOR
——1——{ A,—+vA R—+wAZ—}—|—§ Y _— —(R—p)—i-G +f —b — (v—vw—évs)
ot Vg ox oy 0z xVp oy R Vi
ow 1 ow ow ow 10 SOR
—+—{ A,—+vA R—+ AZ—}————erGZ fo—=b.— (w—w, —6w,) (17)
ot Vi T v oy 9z p 0z pVe : ‘
o17IM, (G, Gy, G)= AH JtsE, (f,, fy, f)= 84 75, (b, by, b.)= Cct34 ofz
(medium)ollM S & £&Alst
(3) VOF &=
o =1 37|19 dAHC ArrxHES ZEstY| st VOF &2l Mz, y, z, t)E Helstod
o|st=dl, &2 gtol 12l d== AL A (control volume)ol 20| 7H5 A AZ AEfE
eolo|st, 02l A= Hl =7+2 2lo|gt.
o olmf ¥l Zztolz} &2 FYst o] 25t ®AIF gle SU4S YUWol, FEIH2Z 0|
Stoll= U 2R JSEE JIILE I ™ UAX|H, Oo|F JtALl LETF Aol dsH
FAE = A2 MEZ ZY| I 2ol AP MEHO|A WA HATHe AF= AX™or o] =
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oF
oF, 1
at 'V,

0
T

S5}

o{7|M, F= At

9 9 FA u
(FAu)+ Low (FA )+ ——(FA Wl & |= Fppt Fyop

(18)

(4) 37 =29

o LhRE= H|™HAS| EAZEISII RFEME 2S2E ol =7ls5H7| M 20 Hetst S E AAES
M e e SAS =0 Adsjok &

o 2L} HR= H|™EFM(nonnormality), &lelM(randomness)el E&E 7K1 U= X &
Ato|ct, o] mfEof HF EXol tHe Z2™EXN FIZ0| 020 olHe 42 SHAE o
o|&=stA FH .

o X 36 ¥ T 1202 HRE AHistsE g S LIERH Zdoloi, ofell 2 ZE A Ltel F5hUt
=
/1 a

E 36 HRe| x| HLARH(ESEKXR, 1999)
2rM s 2o FTS Full Turbulence Simulation
AH 2o DNS Direct Numerical Simulation
e 2fe 29 LES Large-Eddy Simulation
Ha 559 29 RANS Reynolds-Averaged Numerical Simulation
- Anjection
i ~af energy : Diissiparion of
{ % ¥ ) iy ERErgY
| 'j. d J __*3
B 3 Dissiparing
Large-scale Fiux of energy eddies
l eddies :
Resolved \
-.I
af).'\r'i
Resolved Modeled
T -—
Ases
Resolved Modeled
—__I. ......................................... -
&R:ﬂ\-ﬁ
9 120 el x| H A

o J|EMo=R ZEe AR ATt =X MEE MAESH =T =AT A =29 T|dholAM S
& 71= 2™ A (Navier-Stokes HEAN S Al&tstH HRel MAHIF FHE 5 US.

o THEozE SEFES AXE BEestn xpEHo|Lt AHEZ | ols] Zt HAXol|Ae fE
U AMA AL Z FeiTted . o|H S 2bF s HHR 2| (FTS, Full Turbulence Simulation)2t
I gk

o HHRO BE W2 AXst| A= AN ddo| SEFe OE ME LEcCt X 2oH
otxln AKXt E2 z[ao Mz HE pECci MLUsSHX| 2o obFE .

o HHRII 2EMo=z XY §Ael MES IastH, Hest Hdo BEERH(AHAg)E HOE
(L/n)* = Re*2| Avloln{, B|mA 22 Reynolds 591 10°0l Z ol FTSOl 3t ZAX}
£+= 1,000%] = .
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fl\_
cAtol == Z[7|uF Xted 1fstof e LURE2 MW =2 Reynolds (I8 121 &t=x)
o # oofuzt, S&tst A gato| El= ARIF ®7| w20, FTSol Zesh HA 222 &
o gt
o AlZF SHATZLE AlZHEO| oM SHAIE m2{5hH | H|™AF A2k AlZF BHAFE ZAXI2o| 37|

|

7b 50f Wt ZHA AHZAEEES 0| 2T FTSE H|EHAIMY

ROl EIN =Zo|(DNS, Direct Numerical Simulation)= S& 7|x gidAlof| Boi7f =2tg 7

x| g2 #x| AMO|L} ARSE RS2 MEE 4 s HS S20lM, HUsHE FTSED o
olo % 5

ALt FTSQt DIEIEX| 2 Wi sh AlMt 2

(a) %2 Reynolds & (b) =& Reynolds &

a9 121 EAFFol A Reynolds ¢ 9 3 (Tennekes, H. & Lumley, J.L., 1972)

o Ao RSt A2 ZE LR 252 AEes ofHn{, 2 S89| AEel Zo| tiREEo(|n{ A
5 AtAl g o|2Hel XAleZ2M, 2 o= SEF dA il dEs ZshA wx|oH EE2
el= HH™ S (isotropic), 22 (dissipation)

o JEHQl FHOZMO R AMoAM= HEHEl S50l ZstAl #HEHE Z 2K (vortex) el 7
S2 Tote Aol e

o 0|2 QsiME =T A=K 2= HEo 12 ZLetel HAISE UHAS x| A Aksfof
stof, o HHAIR2 Rodg AMst=otol| w2l ch2X| 2k Navier-Stokes A Alo ofEH ZF

|

|{e)
=4
=1
o
B
ikl
rlo
_O'L
Ir
N
2
1o
:oé
5
Hn
o

x
T
2
o
et
[oh
ou T
i
I
P
o
1]
2
i
3n
el
o
10
=l
é
i
al
il
P
M
Hi
rr
Jn
o
02t
for
d
3]

oo fo
g oz o2
[l

o O|mf Navier-Stokes & Alol= Reynolds HWd0| A= 0§, Reynolds HoZ&e| Hit2
Reynolds BT Navier-Stokes H&A! L= 1o %[ 222t St= 2[ao|=2 RANS (Reynolds
Averaged Numerical Simulation)2t £&.

o ROl HIA Z FXE AF ALe tHM2 =2 St11, JZAoA o|ME HESTtE 2 Este
AdE Z2F 2O(LES, Large-Eddy Simulation)2t &,

o LES WMAISZ A= Navier-Stokes & Alo] ZZHMo= iAol MEE Ee2lst7] f8 2H
£ S5t Ho| o| =0 X AHpolMeE HX HEX| e $ U7 2o, ‘2 E A

x

~
At M olate| o2 HolstH JiE FE|IJF HZ.
4

S

o O|Z 2o|ojoflM LESHIA{2] ZE{= Reynolds ol UM AKX} a2 22l 495 U=
(RBEXR, 1999).
(5) 7 3 wn4
r, 1 { A A P akT} P+ Gyt Di (19)
— = = iffe— 19
ot VFuﬁ”ax ey T, vt Grt Diffy, —er
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2,4(

+24 (R—+§ ) +2Az(a—“’)2
0z

v
+(£+Ra—y_’5x)[‘4 Lra (R——g—

oy T

0 o} 1o} 0

+(_u+_w)(Az_u+Ax_w)
0z ox 0z ox

|

Py= CSPRO(—

PVE

0 0 0 0
; _uR_w)(A L R_w)
9z Y £ 0z v oy

6 0 op 0o op 0o
:_CRHO( ) op p RQ_p_m_p_p)
oxr ox oy 0y 0z 0z

) 1 9 ok, ( ok, ) 9 ( 6k‘T) UkAka}
_lefkr— VF{%(UkAx Py +R— ’UkA R— 52 UkAz 52 +£ T
¢r= CNU** ki
r TLEN
71N, A, A, , ,

o AEHMEZE MolE wWHAlS HFEE 0|85t0] Zeolsty| flsiiA= ol2| o|itEH(discretization)
71 235t o|Atslste ghHe A FSEAY(FEM, Finite Element Method), F8haZH
(FWM, Finite Volume Method FDM, Finite Difference Method) 22 L& F+ US
(8 122 &=).

=]
9
Ral
s
IS

I
ulx, y)=f (uy, uz, uz, ug)

(b) &A=

29 122 olikske] AN =R L, 1999)

o XH) WHAIZ RIXEHES 08501 O[ABIE| D, FAVR WS O|SHOZM FeHINEe
=]

= ¢ =

o UHIMOZ X|2O|E s =M EoPHgE AKX} 22l= Chel &2 HYo=z L 7, 4
At CHRl2 Aol O|ROX[A =[of, ZF AXiof| FO{R S AlzZbo| CiSH QR A ahH
(explicit method) 22 CtZ AlZbo|Me| HEE AHtbslnd, 0] £EE 0[&510 Zols WA
(Poison equation) HEfC| f=d HHH Al sE Fet Chs CHAl & WH™stL, O 2o Aw

2

o | =
mool 2oy} 27 OlE VOF BHE BolLle S AIBSID 28,

o 13 1232 FLOW-3D Z¥olAM ALESHE =2lEe s




2ol £ 3 SHESS 2 AR BolA HOFD, Ci2 WSS AR FAolM HelsT

39
Ojo

Z W :
\ * Pressure, Temperature, Fluid
l fraction, body force, ...
0
rd
) — Normal, Tangential Stress

7 Y

U

X Control Volume

9 123 FLOW-3D R3] AXA

(2) VOF 2

o H|AH mEF G HE S3f 22 SEst AREH 252 7|e2 S0l ARE AEsStE 2o
ZX| oK Lagrangian) SHHECH 18 22{2|2HEulerian) Y S AlEsSt= VOF 2 S 03510
Hop Zicks| o|RoiE £ US.

o FLOW-3D Z&of O|2=1 AUes VOF HH2 8= U= VOF eI Zal, MEst bz 2
2SN AA =HE Ao| AAH(sharp interface)oll M35t A20{, o|Akst & mf Alo|&
HHe| SHZE (smearing) S LXISH| fla SE TXXEHE ol8L=2N F FA(HAM 2t 7|

7

HY 42c 28 AREHRER JH™e) Alole] 252

12401 VOF 2ol ZHiHoll sl LtEHY .

- Pressure = constant
{or PVT = constant)
e 1 F=0 (Void Cell)
[
[ T = (<F<1 {Surface Cell}
* F=1 (Fluid Cell)

19 124 VOF9] M=

(3) FAVOR 4i&Hd
o FAVOR= =W &efol AKXt
670 MA == AdFIE EQ
o IBEZR shte| AFHA A
ol=lo{, O AX} otoflAe| Snf HA I
SN MES Sol Lt E4 FoIe 730l st GEs 7issp =
o m2tM ZAH L= ZEAH (BFC, Body Fitted Coordinate) 22| Z

— % LS
2 Al8E of 71 2 2 B stiel AT Aol st Aufel MET X3k 2

2
rr mn
i)
30
rir
o
=
g o
0z
o Mo
N
>
_ol
rir
OII
i
|0
HU
il
Ho
rl:l
i
N
A
1o

T8 12501 FAVOR 2HHo| JHiHol| CHall LHEHY .
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Open Volume . Open Area

VF = ‘ A%  Arca
Volume of Cell Cell Edge Arca
l'q]::hs'l
l'ﬁ"Fru;h.l:
IJI"'FII.'I'I
Obstacles AF yonom

1% 125 FAVORY /MY x

(4) QA=A
o FLOW-3D Z&ollM X|@lsts AAIZ=2 ofehet ol 107117t AL, 2+ Mo Mol Site

dA =0l FoiE.

- Symmetry - Continuative - Specified pressure - Grid overlay - Wave
- Wall - Periodic - Specified velocity - QOutflow - Volume flow rate
6@ Fx=2d XHEg
o YHIMOo=Z SIHMECITZES MAE A HFU(static pressure) AEfE 112isto] MAE st
Aot MAFE YoM FxEZ0| nhil== #ao| 55 UM ol 752 HaHED =9
HSHELRE Qo =78z X0 &= oiX|= go| #x==2| utdlof &% @elol &
W2 FHE
o MEIM SIMEIEFTEE olFFo AT st FEEC| oM SUE <ol =HE0| S &8
2 Hzydoz EAMstoAl std, ESE PIV (Particle Image Velocimetry) + BIV (Bubble
Image Velocimetry) 7| 3 =HAE ol Felale Zntet H|Wstod Fx2ole AlzlMdE
et StIA}L B

> HR2E MY 2 Data ZEE

1. FA2e =A

o FLOW-3D 222 ciS2t 20| 67H| HR2EYE 0|8 + US.
s R

o
o HHRDE F RNG RS EZ k-& 2T 22| W2 Reynolds 5 7HK|&= 2Fst 4RSS0 HE
7tsst, 4t Mot SEZS YMAIF|= =510 25 k-¢ 2 ECH Metst siMo] Jtse
o 0|2t EAE JIX| U0| FLOW-3D ZEHE o[t 7|Z& A7 2 AY Al = 20| RNG
ZEE HE8s A2z TAHE.
o LES 22 Navier-Stokes HA™AlIS| AlZF W A AKX Wff S22 HAS AlASt0] ZEE{0fA
EdE = s 77Kl s E2 &A™ AHsln O Hof &2 SER SAHNMCeE XM E.
o IEfA CIE 28| d|a] AMMHQl R Zo7| Jhssit SEE galoA= A LHAZEo|LE &=
MM HEZEE2M
- =%t Zol(Prandt! mixing length) 2% - One—equation (turbulent energy) 28
- Two-equation (k-¢) =2 - Two-equation (k-w) 28
- BNG (Renormalized Group) 2& - LES (Large Eddy Simulation) 2&
o & o] ZXol AUEHH0|E MAES| MY = U= HREEHS MY el ditdiez B
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Ol AFZ=|= RNG Z& 2} Navier-Stokes HEAIS A|ZtE A5tX| 2= LES 282 d|uWgh.
FA 220 ALZE FE(EFE FH 93 XES AMRAY tHo HHER

400 m(= &-F5 Z0| 100 m Z 1m, =0

T8 1232F Zol 12 m =0[2] EFE(EE SHHEtTESE)E dRF.

FxES MBE HEE0| Z3EE FXE0|22 =EA$(roughness coefficient)= 0.0132
Hgol¥ 2o, Ol= Chow (1959) 7} MA|ISH Ctst /2| =20 st =5 & Concrete?|
Normal gt= LtEHH .

FLOW-3D 282 =I1(roughness height)E AFSSIEZ, Christensen (1984)0| HA|EH Al(20) &

0|30 =hAk=l =11 0.0014 mE M2

M

k.= =1o|c}.

o{7|M, n2 ZEASF, g SHIKE, k,

o XM= & 149,760707F AR EIQISN, xE22 0.20 T 0.50 m M, yEe=2 1 n 24 12|11 2
Z£02 0.05 T 0.20 m 2tHHE Ho{gt
o E35| 2 79| Al Cfalel Edbo|lxs 2 HIEHE S Zo| =2st HAXE F0{510] H|wX A X
Fo| 2AE SHAE = JUAEE SIS
o ZAAH=EHE 2Holxs U HIEHESI AAES E = Us AF AHEEFA(E AFE =4
EL.28.42 m), 5t ZEITI(E SIRE 2 EL.19.50 m) =HS HE35%on, ZoA|ZtS =
sh7| {5l A =Hol| sl =& ZT7|x=Hez Foigh
= il e
NS
i | TEATREIN A w'_.';-.-'_
=l !
""|" B R """_:_"..""" R '.‘:-"""“.'_'.I
IR i .. Megsurement Point
_"'-r'.ll;ﬂ.‘ull-l-h '_I. F ; =
Frite "i R 1 1 ns e N b LT,
= - F-
! 1 T o =5

asjut LES 20| AFEoM Hotsts 282 75 A Froude & iAoz o 2| 29

T LES 280l O &2 MEo| HRE siatstll, sHatE I SEF0| IS

=a 7t o B7K6I7] W2 A= o5&

Mol otade 18 1290 AlAE XIR=2 LIERAAS0, 30% ZoF 1Z&of 1003

EMSIYCE Fiorotto and Rinaldo (1992)0f 2|stH E£= AAo|A] 2
~

=S
Aot AGSIR 2L, RNG 282 ol2{g =0l S48 HHEHS

4 0
In

2Tqr
r

& o PN 2 oo
(0]
1o 1l
Yo
2
A
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2 LEHE,
o|e} Z2 ZI}= RNG 2&o| tHE 22| RANS (Reynolds Averaged Numerical Simulation)2} Of
IR 2 HRE S (isotropic) 22 7HH510 AlZto] 2 #HEE ZAAF7|7] &2 A

o2 gEehE.

Pressure (kPa)

gtoof LES 282 AlZF sl w2 EdolE AHoZ H MNEHsts W2 Z LIEH|o
02 FLOW-3D 28 S 7Hest Flow Science, Inc.—= 37FX| ZIH(LES 2&, LES 2&el Zx|
£ AMZF HA, RNG 28)E WS D 1 ZI RNG 28| Zot= LES 28| ZAIE Azt
st Zatet RAls He 2 LiEt (https://www. flow3d.co.kr &H=E) .
ATle] ZIE FTEEIE}S M, Rl HSEM0| LUotAL HisMo| Ust SEF 2o=
LES 282 o|3slof & Ade=z Eotxn| w2l HREHOZ LES 282 MAEE.
820 B0
70 70
&0 ® &0
o
50 = 5
[+ 1]
bt e A B et 5 40
[} ]
30 @ 30
20 &
10 10
0 0
1,500 1,510 1,520 1,530 10,000 10,010 10,020 10,030
Time (sec) Time (sec)
(a) RNG =3 (b) LES =¢¥

a9 127 HREPE o Data (549 E 19 125 =)

0.0 2.6 5.1 7.7 10.3 128 15.4

0.06 0.84 1.62 240 3.18 3.96 4.74
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0.8 3.1 5.4 7.8 10.1 124 14.7

15.7 17.8 19.9 22.0 24.2 26.3 28.4

900. 980. 1060. 1140. 1220. 1300.

(e) &8 EZ%(Pa)
% 128 RNG 28 & 0|83 2o Ay}
0.0 2.2 4.4 6.5 8.7 10.9 13.1
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1.4 3.6 5.8 8.0 10.3 125 14.7

.5—-
125 -

16.7 18.6 20.6 225 24.5 26.4 264

-17273 23017 63306 103596 143886

3. Data HHE

®

>

@

54>

o

o

o 28 1309 (b)ol Fxl2e| Zuk= T8 1292| (b) =S JHM2 Zolof, Azt Hstol| wz}

2t2d DataZt Al ZSste WS &eld = U3

o ol DataZl HF3S 2
M FE|A ol X 2
flal 2& H2x E AMEFZE Y

o oluf d2[7ZH2 99.7% (30) 2 MY

gz SHEHECT S0 et =Xz

%29 MR

Fe|MEH ALZE F=2 ¥ SIHECTEE Hels HIEeR J|EXEE MRS, F2
AEo AHEY X SLS XHoAM SEEL SHE

232 10l 1003]/(100 Hz) ™35I 20, A|A L Data & O|Mx|2 HotEl= 5 ZF A —
EFEEA2EAM AZFZ2E99.7% (30)2 MEe
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| — 68 %
Y & Creuftabee v [t .I |
95 %
- % ThnfulkTer Sarevied I“.
| | — 9.7 %
E-Srore
(a) s AriEx 9 FeAdd 239 454

&0 80

70 70
W &0 —
o &) E &0
=% 50 = 50
w
5 40 g a0
o @
W 3p 30
- o
o oo o 20

10 10

0 4]
10,000 10,010 10,020 10,030 10,000 10,010 10,020 10,030
Time (sec) Time (sec)
(b) Z=xxe - Jejgy A () #2128 - dHy &
% 130 949 Data®] ZHH
x| @o| x=
o FX|Eo| Antel MEME HIlety| flsl Ui ¥ ShEAMT|SHAT UM FRHE sl A
S Hln jaez MEe
o E|AEof ALEE 2= O8 1312 Zo| Zol 10 m, = 0.3 m, =0| 0.4 me| F7|E Z= =e=2
galol, =2 W&oll= 0.3 m 0|2 E(Es SHHEtT=E) 7t HX|=0] US.
o 2 3 FXEC MEEM FTERo| HiEL HHR ZsiRe|, B o2 E MEEIUS.
° EEPEW == 0.0102 HM&351 20, o|= Chow (1959)7} MA|SH CiFsH ==20f CiSt =EH
4

> FLOW-3D Eoﬂ% ZTIOE ARE
0.0003 mE A E¢e

b 4{(20)& 0| &3t0q

BhbEL =

- 112 -




TOR OF SHANKEL RNHT mr|
gl Ee) - =) : i
g |' i Teau BT TR TN
- § I\
2480 - S5
(a) HF2 MFF
&30 r
10300 ||l\i'l-'l'E“’-T.-l-:'-_-E
(b) =2 sHFE
I% 131 FEld g 89 AR 2 F2E AY

o =X|Zolof M= A4 HA2 H olRR(weir crest)E 7|ECE AF(upstream) HEFSZ 1.0 m,
Sl (downstream) 2sfo = 2.3 m #Z2H0|11, ARXI= & 3,508,5967H71 AFRERIen], x & o=z
0.003 ~ 0.005 m 24, y=22Z 0.005 ~ 0.010 m 2+4E Fo{g.

o 55| T4 g2 QA2 xOISH HXIE F045t0{ H| WA A2 HTo| IE sME = JUEE S,
AAZ=AHE 7 372t 20| FE|ME AT SUSHH M ISP 0], ZoAZtS thEsP| 26l dA=
2ol siEst= =& =7 |=H2Z Fofgh

E 37 £xlze| AECH 2 AD @of
pieor AEaAl | sEAAl £=2|x|(m)" T dHollMel 2= (kPa)
Eol 2~a| Al 25 2) X
= (m) (m) T4 TR 22| xto| 201249 2% ot
(a) (b) (a)-(b)
Case 1 0.3550 0.0900 0.13 0.01 0.12 - -0.01
Case 2 0.3550 0.0893 0.22 0.03 0.19 - -0.01
Case 3 0.3550 0.0871 0.28 0.25 0.03 0.50 0.00
Case 4 0.3550 0.0863 0.35 0.28 0.07 0.56 -0.01
Case 5 0.3550 0.0851 0.43 0.37 0.06 0.51 0.04
Case 8 0.3470 0.0730 0.37 0.14 0.23 0.46 0.00
Case 13 0.3380 0.0569 0.28 0.23 0.05 0.38 -0.01
Case 18 0.3270 0.0351 0.24 0.41 -0.17 - 0.05
T ERRxlE 2 BcH(a)ollM 1:1 ZAL B 5 SWo|S AIY)22RE| A2 LIEH
? X 2olg 0|88 THRIXlE SESM0| $EE F 80F SeH10E ZHH)el ZHits Eod
9zt gho| J|Eo] UK L2 HECH THof o|FF PEke motsly| ofz{e HECHS LiEfY
@ F=x=z2e Zu
o FER|AE HAZAHQ FE 379 MEHETAS MESH F=XZoE AMAGINCN, X2 Ail=
a2 134 7 O 1411 2.
o (a) T (c)= BE0| 23| £=H(convergence)E FTo| SEENM ZIE LIEND, (d)= EE0|
+EHE = 5% o 1%F0] 1002/(100 Hz) E™ = 2t AMAE XI2E HIEez2 He|=l Jef=& o}
EtAoY, (e)= (d)2t St X0 SHE Fe|Ad ZuE LIER
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Flow direction = , :
» . :
_\\\ !
Ll 5,9
A W,
Upstream - i
Water Depth (H,) o \

Dewnstream
Water Depth (H)

w
e

Apron Hed protection
Spacing 2.5om (20 EAY  Spacing « 5.0 em C1I0EXR)
19 132 s FA91A(30 EA)

o RE AECH] SEE 2F 0.3 m =0[|e URE olslf 2F 2 m/se| 7H0| W=, EE0|F
Lfoll Froude == 3 =~ 7 Hele =7t &hMet (Froude = 2.5 7 4.5 W9 == FSESF
(oscillating jump), 4.5 ~ 9.0 Hle| =& HAZS(steady jump)S LIERH)

o g9 olMe AE s HHRel bRV gMEO S80| XD e oflHX|e] LRI Al E|
HA =27t etetstA| ASEULD, SEO| sHFRE TIdstHA =271 otdst == dEs 2

o FXEZO ZIE FE|AY Zitet "H|Wel¥e of, WY Ef(Xlel de F AECHCase 1,
Case 2, Case 8 2! Case 18)0| 0.10 m O|&te| 2 X|0|E EHQI(F 35 &=x)

o E|X|e| Xto|7} AXL SHAEIE F= PERIX|e| o1FE HEtsHY| 25 Case 12| =722 QI
T(sensitivity) 242 AMAISH(OE 133 &=x)

o MZIZXHcoarse mesh) 2t Z=LZAXHfine mesh)E HM-Sst0{ Zo|E ZItE H|WsIUS M, =2
X= Hel RAteE A2 LEGen, ol & HAECHe| AKX} siaz=It F235 7] el A2
=

(el 037 T 1.09 .45 181 24T .00 .35 o o5 149 178 FAL
E ' - | . = 0 0 |
0.4 g .4 =
o0 ‘.-._ 00 [ Rl i ]
(a) AVAA (=TS AA k4 0.003 m) (b) A =F99 A= 117 0.002 m)
19 133 Case 19 oigk Ax wizte #4

o Aol Fe oy, A ¥ FAAHOZ FESIO] JfZ2 LIEHS

o W2 Zt X|Fo| AHEsts HYn RASIHSH, B BHe| AdREE ML g LHHX| Fdof
M =22t Hel sdst 2XE E

o ZFOf B AU Ao HEMHES LIEHND, =5 9o 2 HSHES Zolcht 5tRZE
Olse&+5 Zox|l= de2 2.

o ol Zt AEctel O (e)2t ZO| 2|y LS 2 4SS LiEtles AE =ele = US.

o Lt FR|2O ZI & TF AYoA ZSHE Y HsHESl 7|7t MAHHEZE ofF =
H A

o O|= FLOW-3D7} 2t M 2 o= ALEsh= Smargorinsky 28 0| &AF ol MM ZtS 7HX|7|
2o 22 MTolAM 2 MEZ = Zot2= olHiX[of S = g7 & Hdez EohE .

o [ZIM LES 280l HE 22 MEE AH Adte = JAEF 20|33 dHiE FHe| AKX} 244 =
o Sof tist AL Heg Aoz EetE .
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(7}) Case 1 (MF4Al 0.3550 m, s34 0.0900 m)
0.00 0.37 0.73 1.09 1.45 1.81 217

0.4
0.0 -
9923  99.88 10053 10118  101.83  102.48
(a) 7% EX=(m/s)
0.04 0.54 1.04 1.55 2.05 2.55 3.05
04 1
0.0 -
|- | = 1= - = | == o | =
99.23 99.88 100.53 101.18 101.83 102.48
(b) Froude &+ ®¥%
-556 114 785 1455 2126 2796 3467
0.4
0.0
: | | : : | ; - : 4
99.23 99.88 100.53 101.18 101.83 102.48
(c) 8 =X =(Pa)
Case 1 Case 1
1.50 15D
100 1oh b
g 050 E; 150
§ Q.00 hoa
e | — e Prasdurs a:
o 2.50 I ——Max Prassum as0 b
! — hin Pressure
400 1 L0 al
00 01 02 03 04 05 06 07 08 09 10 & B3 0 ©F &R 8% O 45 o
Distance (m) Distance fram Welr toe (m)
(d) o8 2 EZ(5x 1) (e) &g Y =(el43)

1% 134 Case 19 2854 Ex: ¥ 9=




(L) Case 2 (&-F=4 0.3550 m, StF=4& 0.0893 m)

1.45 1.81 2.18

0.4
0.0
9923 9988 10053 10118 101.83  102.48
(a) & EEXE(m/s)
0.04 0.59 1.14 1.69 2.24 2.79 334
0.4
0.0
9923 9988 10053 10118  101.83 10248
(b) Froude &+ ®¥%
-563 109 781 1452 2124 2795 3467
04 +
00 -
| f 4 } } | } | | | u!
99.23 99.88 100.53 101.18 101.83 102.48
(c) 48 +Ex%E(Pa)
Case 2
1.50
|
100 ol o
7 £
% 0.50 ‘: 151 b
g &
E z
@ 000 g oam b
E | — AvErage Pressurs £
050 I Max Prossurm G50 k
| — i Prassure
1.00 1 L 68 i Al P | i i i i
0o 01 02 03 04 06 DA OF7 OB 08 10 1l 03 [ 0 0.4 05 fid 07
Distance {m) Distanes fratm Weir tos {m)
(d) 4= T E(FA ) (e) 49 2o =(g4d3)

179 135 Case 29 554 Fxx 9 =




(ch) Case 3 (AF=4 0.3550 m, SHF=2 0.0871 m)
0.00 0.36 0.72 1.08 1.45 1.81 217
0.4 -+
0.0
10118  101.83 10248
(a) 7% X =(m/s)
0.04 1.03 2.02 3.01 4.00 499 5.98
0.4
0.0
9923  99.88 10053  101.18 101.83 102.48
(b) Froude &+ ¥ %=
-556 115 785 1456 2126 2797 3467
0.4
0.0
9923  99.88 10053  101.18 101.83 102.48
(c) ¥ FEXZ(Pa)
Case 3 Case 3
150 =
1.00 oo
g‘ 0.50 l: LLE
g 3
=] #
" o000 __ 000
nI.m- } ——Avifage Prosiurs =
.50 | e Wy, PrUFESLIME
i —in Fresswe
1.00 H . L
00 D1 02 D3 04 05 06 DY OB 08 10 i | - o A
Distance (m) Distance from Weir toe {m)
(d) 438 el (AR (o) &g Y Z(5 )

1% 136 Case 39 2854 Exe 2




(2}) Case 4 (&HF=4 0.3550 m, StF=4 0.0863 m)

0.00 0.36 0.72 1.08 1.44 1.80 2.16

0.4 *|

101.18 101.83 102.48

0.04 0.97 1.9 2.85 3.78 4.72 5.66

9923 9988 10053 10118 10183 10248

(b) Froude &+ ¥ %=

-559 112 783 1454 2125 2796 3467

0.4
0.0
| - | | | - | T t -
99.23 99.88 100.53 101.18 101.83 102.48
(c) &9 EEXE(Pa)
Case 4
500
oo
= '.E
=% o
= = 500
g =
= H A
H & : i s
E:!.. E: Average Pressurs e
0.50 — W Prossum oS00
| —Min Pressure
1 nﬂ i 1.000 s : " - il i
00 01 02 03 04 05 06 0T Q8 D9 10 o 0.2 03 .z (] 1] a
Distance {m) Distance from Weir toe (m)
(d) 8 (A ) () o el =(5eds)
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(OF) Case 5 (&HF=4& 0.3550 m, StF=4 0.0851 m)

0.00 0.37 0.73 1.09 1.45 1.82 2,18
0.4
0.0
9923 9988 10053 10118  101.83  102.48
(a) & EFX=(m/s)
0.04 0.95 1.85 2.76 3.67 4.57 5.48
0.4
0.0
99.23 9988 10053 10118 101.83 10248
(b) Froude & X%
-558 113 784 1455 2125 2796 3467
T | 2 B
04 T
0.0
9923 9988 10053 10118  101.83  102.48
(c) &8 EX%(Pa)
Case 5 Case s
150 e
1.00 = el -
% 050 é 250
E 0.00 §; i
o — Average Pressura s
A
050 —— Max Pressure 150
——Win Praseune
1.0 103
G0 D1 02 03 04 05 06 07 08 08 10 : , T 3
Distance (m) Distance from Welr toe (m)
(d) &8 2 EZ(FA ) (e) &8 2= (y43d)

1% 138 Case 59 3554 Fxx 9 =




(H) Case 8 (&HF==4! 0.3470 m, stF=4! 0.0730 m)
0.00 0.35 0.69 1.04 1.38 1.73 2.08

0.4
0.0
9923 998 10053 10118  101.83  102.48
(a) & EEX%(m/s)
0.03 1.00 1.96 2.93 3.90 4.87 5.83
F | i | : s + “t - | .
99.23 99.88 100.53 101.18 101.83 102.48
(b) Froude & %%
457 184 825 1466 2107 2748 3389

nid T
'ﬂ;n =
= f -t f= - f= f =4 f= i |
99.23 99.88 100.53 101.18 101.83 102.48
(c) &8 #+Ex=(Pa)
Case 8 Case 8§
150 i
L.0¢
o =
o By o
= S 98
g -
a @
iy 2 oo
E— i —— Average Pressuns &
-0.50 * = [inr Pregsune (50
—Min Pressure
1.00 ! Lo & i
040 64 02 03 04 05 06 07 08 09 10 y . 2 0s ]
Distance {m) Distance from Welt toe (m)
(d) = ez (A 5e]) (e) &g U =(el43)

1% 139 Case 89 3554 Fxx 9 =




(Al) Case 13 (A&F=4! 0.3380 m, StF4! 0.0569 m)

0.00 0.32 0.65 0.97 1.29 1.62 1.94

99.23 9988 100.53 101.18 101.83 102.48

0.02 0.98 1.94 2.90 3.85 4.81 577
0.4
0.0
9923 998 10053 10118  101.83  102.48
(b) Froude & £¥%
-339 268 875 1481 2088 2694 3301
0.4 -
0.0 -
| } - } t | | | 1 -
99.23 99.88 100.53 101.18 101.83 102.48
(c) 48 +EX%(Pa)
Case 13 : Case 13
150 1560
100 100
g g |
= (0860 = LT
E . W f N
E | e P T PTEGEUTR o
.50 i = Max Pressure 250
|I —— Wi Premsg e
-4.00 - o -
0D 01 02 03 04 O5 GE O7 DB DO 10 ; ! T i oA o A
Distance {m) Distance frotin Welr tos fm
(d) &8 2 EZ(FA ) (e) &8 2 =(F=43)

19 140 Case 139 3854 2x % 2 17
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(of) Case 18 (&H/=4l 0.3270 m, k{4 0.0351 m)

0.00 0.31 0.61 0.92 1.23 1.53 1.84

0.4 -
0.0 -
: + — P ¥ - + R - -+ -
99.23 99.88 100.53 101.18 101.83 102.48
(a) % FE%=(m/s)
0.01 1.08 215 3.21 4.28 5.34 6.41
0.4
0.0
99.23 99.88 100.53 101.18 101.83 102.48
(b) Froude 4~ ¥ %=
-208 359 926 1493 2059 2626 3193
0.4 -|
0.0 I
I } e } } - } } } — |
99.23 99.88 100.53 101.18 101.83 102.48
(c) &8 EEX=(Pa)
Casa 18
Case 18 -
150 = —
1.00 : i "|I —
£ o050 =
v -
=
®  ooo \———_ﬁ g
E : —— hyerage Pressure 8
-0.50 l ——Max Pressure nsn k '
| ——Min Prassure :
-1.00 ;
00 01 02 03 04 05 06 OF 08 08 1.0 10 s J'_ "4

Distance {m) -
Distance mom Welr toe fm)

(@) 2 2= (A we) (o) ¥ 22| (24 )

17 141 Case 189 2554 £¥: ¥ a9 =




cElMEoR MHE + s ADR SHPUTRE0 MBS 5EEME HEs| s, 4EY
ATEE (Ao SxIZolS MAlR
SxlZo| e 2 BoMel Jh oREEE ME 2 Data ZEY” of 7|2E =T SUF

L= E2FEE MEE oo YRy A Sgolso £EX| 22 s £ Us el AF
HEZ42 EL.28.42 m, SHF 22|39 EL.19.50 nE XI5 o0, X229 ZHil= 18 1422}
=

(a) 7 (c)= &50| &35 FEH= Fof SEEM ZIE LIEMD, (d)°f (¢)& &850 FEE

=
1€ A2 E BIECZ FilE J =g LEHY

. WaE+P EL 28420

2] EL 18 E'U.D_.'..

el Froude & 249 =47} WAg (Froude <+ 1.7 ~ 25 W99 =E ¢

ATFE FARS] A AFTFESE PR B4 9 Wl AE AR B 47t 94
Hol 5Fo] I gl AUAY AR SAHUA 97 getA FEEYT, 5E0| 37
2 ARSHUA 597 g e FFe ngon s g Egom Qs E5 o) 2

geivol st HEH L,

gurolgol Aget el A7) A4 A0 ~ 60 kPa, 4G °F 9 kPa olehx AEH
ABFRe] ARG Fel AP Musge W FAR} GHol Ha FAtE FFL
wg] W] AAE o 2 gvelt 458 Aow =g,

G54 AFnel ANAARIAGENST, 201008 AW o2l @ gFuols} AR welw
A ergrov), s F(EENFY, 200009 FAR Bebol(Bligh F4L ol gskel A
o

grolgel 8ot devols PR A% ¥A, Jzsy B4 ol wAE & Qouw A
FHNA SAARTEE Ao Hddlor T Ao BuY

Agae dele FRAow ARy AYTE FAne] Aol 9 BT AM(EE B 2
Wl 2 Fre] Fagte]l FeaA e Aow ARRCY. AWTE FAYVTRE g 5
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o]y T A5 oF 2 kPaJ t”ﬁi 44 017} %%El‘iiﬂtt], T }_ s
5 )

MBS BEFAH, BAUE BE 5) Aelz 4 ARst wEH] dEe] oleld 4
Wol7k £E99E 4UY 4 e Aow v,
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Navier-Stokes ZH& Al

|

Alztg @ e
Direct Numerical
Simulation (DNS) Reynolds Average Large Eddy
Simulation (RANS) Simulation (LES)
oj £ e

o

0-2EA 2

Prandt! mixing length =&

1-YEA oY

Turbulent energy 28

-4 2
s k-e 2H
ck-w 2¥
* RNG k-¢ 2&

1% 144 FLOW-3Dell A AH87Fs & W7

b
ot
Lo
M
Hu

[Oi7iH 23 A ]

o

FLOW-3D Z &0 At2=E= 2 of7HH=(parameter) @ Z=1(roughness height)2| MA 2 At
st Fo|E 25tn{, CHEX| BEE £=2[2} YX[A[F|7] ISt FHOtez TNE HEIAF|= H2

s ok & (Vanoni, 1975)
Chow (1959)7} cCtekst M Zo Chet =109 ZAF gr2 MAlstn AL, T gfel #He{It WA

S0, duM o2 ALBE= ZEAFe RASE gt2 27] o2

M

o 2}M, Christensen (1984)7F HMA|st =EA et =19 HAHAIES 0|835t04 =TE MHSI=
ol FHE(IIM n ZEAHF, ke =), g SHIEE(n/s?))
k1/6 ,
S 1/6
n=———==0.039k (21)
8.25Vg :
Material k, fi
Brass, copper, lead, glass........... 0.0001-0.0030
Wrought iron, steel................ 0.0002-0.0080
Asphalted cast iron................ 0.0004-0.0070
Galvanized iron................... 0.0005-0.0150
Castiron......................... 0.0008-0.0180
Wood BEE¥RL.cx aon sn s g v s as s 0.0006-0.0030
Cement.........c.oiiiiiiiiiinnn, 0.0013-0.0040
Conecrete.......ovvveenn e, 0.0015-0.0100
DERE 86 s 50n g waes Saa nd s 0.0020-0.0100
Rivetsdiatael .« cos van con wus sem s an s 0.0030-0.0300
Natural river bed. .. . .......... ... 0.1000-3 .0000
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2 otRel A HEIb et
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0.00 0.30 0.61 0.91 1.21 1.52 1.82 0.00 0.32 0.64 0.96 1.28 1.60

(a) y= ZX} 0.100 m 2+ (b) y= Z4X} 0.050 m 2+

0.00 0.35 0.70 1.06 1.41 1.76 211 0.00 0.36 0.71 1.07 1.42 1.78

213

(c) y= A% 0.015 m 244 (d) y& AX 0.010 m 2+

I 146 229 % (x-z plane) X529 A (m/s)
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S 12{s5t0{ M3Z (ex. Escarameia & May, 1992)
Uy
Dy, = Cm < (1+ CDpyp)

o17|M, D,,= Aol &Y &(m), C= HRZEE

of olst AlF (=123 x7T.1—0.2), U= HE |

(m/s), CDpyp(=019F"" 0< Fr<1)E 222 4

= SME Zo| H|E 2o/F. AR
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WE ZETIYE ES HEEN BAfEs JenE0 BY JHH BYY +UH JE HEE L6 dHIUTEE
WA 2203 L dSREs EHURE AUY £ Sls ZROHY

W MTAE 22 2017.06.30 ~ 2018.12.31

import math

WA He 1IsT

h=0.1 29 78 % (Unit : m) Hu=0.347 2 4F T4 (Unit: m)

Hi = 6.073 2 3% T4 (Unit: m) dl = 0.65 Froude = AME 43t B2 =4 (n)
Ub=20 82 %% (n/s) Hs = 0.3 & =0/ (m)

p=0.81 BENEC (n/s*2) rc = 4.3 232AE HYEF (k/m3)

= 0.81 29 HYEZ (M/m) x1 =03 TFZH ADA (m)

U=0.02 YSZE K=3.09 pil=0.01 pi2 = 0.02 s=2.65 (MY HF) , rhos = 2650 A4 T (kg/m3)
W E% o Y HY M

P = r*h

FF = Ub**l/math sqrt(g*dl)

% Cp AN
(p = P/(Wb™*2/(2*g))

Lj_min = (0.037*Fr**1.81)*Hs

$6 E2UZ 20| (2H HAl Hi/Hut| et BE)
(@
Lj_max = (8.85%Fr**1.71)*Hs

wE2UE A
C_FHR = 0.8026%Fr**3.85

%k Toso (1988)
S1 = (Cp¥rw)/(6%g* (rc-rw) )*C_FWR

%k Hajdin (1982)
§2 = 10%%(2.2125*math. log18(U)-3. 0969 *K*pi*pi2*Ub** ¥ ru/ (2*g* (rc-rw))

wHeEEE gal 38
(D_FUR = 0.19%FR¥*0.45
C=123%0U-0.2

D58 = CHUB*¥2/(2%g* (s-1))¥(1+D_FUR)
Il = 3.14/6%rho_s*D50¥*3
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