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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 dAZ|E o M3dTFo w2l MAE SIHECTE=E 5HF HIE F=E
O e 2 23 EM2 25| HHGR| 28 MAZI=E
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 §)
- 0jd BaSHHO| St xE msfAl 7t &
7t 2 "|E2 XXt UF (2017, et=74d
- el stMAHT|E ol MAE sHH
HSZE(bed protection))2| Tlul&= 7|F=of 2




- 1980 “SHHA|MZ|E(SHEH)” MY ols HEo| s®o| X HIEHESZ | FH et Zofol| that 7

- 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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I

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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PIVZ|H2 O|ZHA ZIAEtE RE&E Hat E= staH(ALRIO|ILE HIER §)2Z of
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mirrar
light sheat optics
» firstlight pulse att
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low
direction
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
- O|F A|Zt tollAM &+ &o| AHALS OFED | HIZ F AlZH ¢t t + Atoll &£ SiLbe| FAs ot
=0. 5 YAS StLte| Mo =z 510 EMstr, A BN 7|%(image processing) 2 O| 235}
of 8t X EE= o4 JHel A HA LAl S&lel AHel(Hah H ASC)E AH it
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712 Y71 o2 Jig e A7 22510 20| X ¢S,
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(3)

B[}

CHEZQl 71l PIV(particle image velocimetry)Z|'® B ol2fet Moz ¢lof CAEE
0

JEAPZ|HE 7|gte 2 §F BIVZE Al Al=2Ees 2
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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—

HA
glol 58 sty FAEN ALz XM sk E.
|

[
d
HJII
=
_O'L
Ii
tu
ro
o
°
o
H'
°

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
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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

{‘.:
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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

_54_



A IR} H A

FHISE S Z

E 3
S &

oju

IH
o
K0
K
il

100

o AFM(Riprap)oll Z&35H=

o =
2 85

= |
=

® w24

1
o
I
I

)
%0
KIr
il
RT
ofu
r

Aol 2tZ5t= 2

170l M=

O:
[

=
(==

__A_._l
_:_I
I
<+
ol
21

=20 A

ZHEl 2R

=

0] ZARZt 30=0|0f ol

ol 0.3 m,

=
=3

6.5m, = 0.8m,

ol

A 2|

=2
=

(ot=2&)

3
L

N

?.

22 A
o =0[ 0.2 m

KIr

ol
Kl

oln

to{ ot2E & 0l &3IA

b7l 15

k<)

=2olsS M

o

orl
<H

[
<

w0
2l

2 S5k
S = .

t

1541-1000N-S01) & A

LMC-

44 (Nissho

I[e}
.
__OH_

w0
ol

=
El

o

ol

o

£of

__o_

gt

b

e

o=z

+1000N

2 Ztf

IH

He= 2 2kge

0
e

10 ~ 15 cm 0|04

vde

1.8 ~2.02

Ko

=
o

0.352} 0.68 Ato|Ql.

—
—

(Subcritical ) A2 Froude 2| H <

_55_



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
23 572 Froude &= & AtAof Z25HE 28 HE Z2 W QO LiF H|E 2|o|5|od
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—}— DragForce Fluctuation Width Ratio
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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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(b) Q=17.0m*/h (Case 6)
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(d) Q=6.84m>/h (Case 16)

I 62 S0l et E =2 x| ¥ T2 (o)

_61_



—wn

_x
112.5 mm
-

15

22.8 m*/h (Case 1)
17.0 m*h (Case 6) | 1
12.7 m*h (Case 11)
6.84 m*/h (Case 16)

10

—o-
—o-
—o-
—o-

< N e 5 =
S S < <
[edIAT] ssoms Tediourid wnurxep

. wy
~e S @
2c =8
2 99 9
3833
28442
LLeLy
= ===
GG
%o g
a S a® =
q=d93
| |
SESESES
wy
-
=
= 2. o IS <
=] (=] (=] =3

[edIAT] ssoms rediourd E:Eiw?

Time [sec]

Time [sec]

— x

287.5 mm

787.5 mm

—

. wy
~Aa=3 h
ENC
% 2 33
2 2 2 3
e/ |SSSS
N s ssg
EEEE
€ E E B
=253 s
§cd3
nmon Il
T
%
8
wvy
(=]
<+ o ° a =
< (=] (=] =3

[eqA] ssoms Tediourd :_SEQQ_A

15

(Case 16)

Case 6) |7
(Case 11)

Case 1)

228 m’/h
17.0 m*/h
127 m*h
6.84 m*/h

10

-0
I
-0
)

12

< I~ B I <
< (=} (=} (=3

[edN] ssoms Tediourid &:mem}

Time [sec]

Time [sec]

2d
=)

Ztf =3 (o)) 2l AlZHO|

FIEER

oz

stof e

b

E

o
'IT%

63

a9

olo

ol

o
700
0
1
o

7
Klo

ar
0[0
K-

K

ol

gl
H

o
K1

ol

i

oy
g

mJ
mr
olo
K-

"

oln

15 20 25

O [m’/h]

10

)

/ﬂﬁ( 01, max

()
fran

ol

0l
Ki-

"

_62_



=13
=

of Zt7k2 XIEofl A

PPN
=

Al w&ol 7t

[

3 A}

olo
o<

&

-

oll
o

i
o

|

<

CaseE2 F=29 ¢ 750mmXIH™ olF2 H

!

24

o

ol

ofn
700

| AlZtol2dE LIERH .

o
of

B stof| e
A (2y; =125mm)

7t

o
ok

ol

it

od

ar
0l0
K-
<

K

——y
1o

5d

)

A
T

H

ol
= .

2Us =

tof ool Znt

°

=
S

ol
100

ol wEol &7t

A flx

o2

<
M-

Toll
s

7
Klo

shof| e =2

il

ol

o
700
T
1
)

N
Klo

ar
olo

4

"

or
gl
B
ol

0l0
_xru
ol

ol

Fall

m]
)

@
N
Klo

w0
o

i

1000

1 sec
5 sec
15 sec

t

==t
'

600 800

400

200

, . v 0
84 o a % 9 u =
S S S < 9

[edIA] ssons Tedrourd wnurrury

1000

1 sec
5 sec
15 sec

800

t
=t
‘
600

460
Location [mm]
22.8m*/h (Case 1)

200

[eqn] mmoa“m Eg__uccm EE_EEE

Location [mm]
17.0m*/h (Case 6)

(b) @

(a) Q=

400 600 800 1000

200

- (=]
a4 o o % g x
(=] (=] < (=] (=]

[edIN] mmu&m EQ_CEE E_:_EEE

1000

600 800

400
Location [mm]

12.7m?/h (Case 11)

200

o

2 & <
S <

[edN] mmo‘mm E&o:tm E:w.EEE

Location [mm]
6.84m”/h (Case 16)

(d) @

(c) Q=

_63_



Minimum principal stress [MPa]

Minimum principal stress [MPa]

a% 67 fF Watel e 2 B2 2258l AU (loyl,,,)
> 2 E2He| AXYE 33H(s,,)
o 18 682 7Y Hsto| e $2 WO AXNUE H(s) FEE LIENN FHLFS
o oj e RASE 2EXE 2o
© Ol Sof =2 EHo| g2 AESHo| XujHol2te Ae & = US.

0.

.
12L5 mm

5

—0=228m’h (Case 1)
~—0=17.0 m*h (Case 6)
—Q=127m’h (Case 11)| |
—0=6.84m’h (Case 16)

Time [sec]
(a) 18 A=A
—x

287.5 mm

12

0.5

—0=228m’h (Case 1)
——(0=17.0 m’/h (Case 6)
——Q=127m’h (Case 11)| |
—0=6.84m’h (Case 16)

Time [sec]

(c) 12&H A

19 66 7 #Hato] wE 2

— x
112.5 mm
-

5

0.5

—0=228m’h (Case 1)
——0=17.0m’h (Case 6) |

Minimum principal stress [MPa]
(=}

Time [sec]
(b) 5% =4

— X

787.5 mm

26

—(0=228m’h (Case 1)
——Q=17.0 m*h (Case 6)
——0=127m’h (Case 11)
— =684 m’h (Case 16)

0.5

Minimum principal stress [MPa]
(=}

Time [sec]
(d) 269 A

=5

_

[val

2F3H(oy)2 AlZHOIH

)5

S
“

20 25

_64_



LEERE] .

o

=

| Alzto] &

TR
o H ol
- = ™ 8
< 2 Klo el = 2% 8
S o 282 © 220
K0 Ie) TTT s 9 TTT
oF - o m |
oF ol m.__n il g S m
= A_m = gE M
W RO o I _ ,m Z
R $% g
TRl -2
DR R W g =
=l T w0 I
.__Anbm__.:.__._nr._n.__ﬂo 4.2024.6.81.0@ 9 ° 9 % e x5
ol nd ) Kl 1 s s S s S - S S 9SS
o T C [ean] (“0) ssong =2 [edN] (o) ssong
= 0 N of 1o
2 & Komr o~
£ N S 0l0 _”_.__N
0 = W
S 00
= S 00 2 0l
Iz MR 0
=R ol = 10
& _I_I © __A_._|
— NI T o2y
o
) :
0 0 N WA 338 m = = 833
2 o Ko <+ oo 17 | I P TTY
2o WK 8
1 KO0 F om0 s
ol o _ R ==
T — .- % B sE o
o SO X W _ g g
= W F TOol = w0
oF oo w ., T s
i i
= = =
._.q_.__._.ﬂ.q_ﬁo_._EE 2} JOOV a4 o a %+ 9 x =
o Kq s s e 9 § 5
O_o ——g . 0 v A \w 7z
K- 2 ol R 1+ [ea] (“2) ssong &~ [ea] (“) ssong
Hq ° al Y
M

26'H

K’ M

600 800 1000

400
Location [mm]

200
6.84m°/h (Case 16)

Q

)

(d
- 65 -

800 1000

600
Location [mm]
12.7m’/h (Case 11)

400

200

Q

)

(c




0.5

Stress ( a, Z) [MPa]
(=]

£ 05
=)
o
7
[}
= .05
wn

—0=228m’h (Case 1)
——0=17.0 m*/h (Case 6)

<
—0=127m’h (Case 11)| | £
—0=6.84m’/h (Case 16) =
&
Y
N
N
-
w
v
o
=
)

— x
112.5 mm
5
1
0.5
ol
— =228 m’/h (Case 1)
-0.5 ——Q=17.0 m*h (Case 6)
— Q=127 m’h (Case 11)
— 0 =6.84 m’/h (Case 16)

0 S 10 15
Time [sec] Time [sec]
(a) 181 A=A (b) 521 A
—x —X
287.5 mm 787.5 mm
S
12 | 26
—0=228m’h (Case 1) —0=228m"h (Case 1)
——0=17.0 m*h (Case 6) — ——0=17.0m’h (Case 6)
—0=127m"h (Case 11)| | £ 05 —0=127m’h (Case 11)
—Q=684m’h (Case 16) E — =684 m’/h (Case 16)
R
= -05
R vy rop o . s o ST
-1
0 5 10 15 0 5 10 15
Time [sec] Time [sec]
(c) 12&d A (d) 269 A
a9 69 7 Wt mE AHA X EH AXGE ZH(o,,)el AlZH0[H
1.5 '
1.3 :
—
jav)
% 1.1} y
<
:
~E 09} :
&
)
0.7 y
0.5 '
5 10 15 20 25
3
Q [m/h]
S% 70 w2 Wil ue $2 B odNws Seo| MU
(|Uzz|max)

_66_



il

Hstof o

H

=13
=

L

@

ﬁ(al)

olo

"

ol

T

H
<+

ol

"

=
Ko
= ol
m 20
i 2l
oa =
100 Iy
0 _
e S
S ot
o oo
T X
olo w
K- il
H_L_H o+
R ol
Tr o
<k I
[ MH
S o]
g Pl
= K
K <
oF MH
ol -
5
H K
S
MH il
0| =
| ~
| oF
o
- 0
RO 3
KM
< <k
o W
T
ol T

2 (Caseof H|3l

=

M AXIZF 433mm Y A (Case 5),

=12
=

o
H Kr

o

800 1000

600

[

200 400
Location
(b) x,; =216 mm

=}

[edIA] ssons _m&o_im EE_EVSE

400 600 800 1000

200

[edA] ssons _mn:o:_pm E:.‘_:_xm_r_

]

(Case 2)

mm

1 sec

—==t=5scc ||
=15 sec

t
t

Location [mm]
(a) z,;=125mm (Case 1)

0.25

400 600 800 1000
Location

(d) x,; =350mm

200

o

[edIN] ssons Ea_oq:m E_.:_Exw?

800 1000

600

[

00
(c) x,; =279mm (Case 3)

4
Location

200

S

eJIN] ssoms E&occm EE.E«SS

[mm]
Case 4)

(

]

mm

1000

1 sec
5 sec
t =15 sec

800

t
o ¢
t

600

400
Location [mm]

(e) ),;=433mm (Case 5)

200

R - e
o a9 = < < =2 d
S o © ©o o o o

[edIN] ssons _m&occn__ Ez_(.:?m?

=
| &
[y =

o

42 ARt
— 67 —

o

=0l

Stz il

ol
=

ol 125m’/hE =

3

=1
o

o
T

o




o
%

I
~

=]

s
£

Maximum principal stress [MPa]

o
oo

o
%

o
~

o
S

IS4

Maximum principal stress [MPa]

H N
rir 4y om

o

gl x| HHstel Faigt
20| olRtHtstO 2 EJlstE Q|7 B4 [of 2} CHE.
| oS4 2 9l wsjol mal 290l A7 WMBE YAV} HES ¥ 4 e
125 mm 112.5 mm
1 < 5
a
;= 125 mm (Case 1) =
—— ;=216 mm (Case 2) —
\“J =279 mm (Case 3) | | %
Xh] =350 mm (Case 4) g
X‘“ =433 mm (Case 5) 2
=
SRR | 0 K g
I T [ Tr-. |-r é — \'hJ =125 mm (Case 1)
o, — \'hJ =216 mm (Case 2)
g —— ;=279 mm (Case 3)
é %, =350 mm (Case 4)
g — ;=433 mm (Case 3)
<
. ; o s = 5 10 15
Time [sec] Time [sec]
(a) 14 oraiA| (b) 584 =47
287.5 mm 787.5 mm
—
12 0.8 26
: ;= 125 mm (Case 1)
— \'hJ =216 mm (Case 2)
" — ;=279 mm (Case3) | |
ol

n
x,; =350 mm (Case 4)
x,; =433 mm (Case 5)

-0.4

L
st

(=]

CHAIT T

= 216 mm (Case 2)

—
b
—_—y= 279 mm (Case 3) |
= 350 mm (Case 4)

— =433 mm (Case 5)

Maximum principal stress [MPa]

0 9 10 15
Time [sec] Time [sec]

(c) 12t A (d) 26 2r24A

3= T4 WA IR Hslol IE S2 EHol A F3HS BOE
M SIXIt FRAYOZRE WSS HHFSHo| Yosts BB B,
S WA IXTL YOS YR Al WAsts getel 27|} Holag ool

[MPa]

<
£04f
S
0.3
0.2 :
100 200 300 400 500
X [mm]
O 73 £ WM fx| Hstol| mE 2 ZHel FF
%Eﬁ(ﬂl,max)

_68_



=

==

S

of fA}

—

tet

of
.=
g g =0 —
- g —8 Tl
g8z < g8z I =2 oF
TTT s o il o -
m 9 RS on 30
i i =S i =38 . - I
: 8 g — {18 8§ — o
L._u o = N-gi=h b -
__h s g = g ~ Inw A_I
=] s B = <% E ) N
ol = 18 «© . 152 o 0l0 < _
- - .,,_ - 0 _A__l e}
o_E a o ol
o = _._._ﬁ
RO S & <9 o=
= = = ) 2
< & 5 oo =
= —_— _ N
U o o a % 9 = == a4 o a % e = = E ol Kk <
(=3 S (=] (=] (=3 —_ (=] S (=] (=] (=3 —_ =
re) [edAl] ssoms rediourid wnwrurjy /um [edA] ssons Tedrourid wnuwirurj |(O\ ) i m Eva
~ g H K
: 3 —_
+ g M o K-
I mm = A ®
. AT
lo s £ oF K
= —_
ﬁo g8 om = T ol
K =R = moX
5 g | = 31 =
I & I o} =
. - ]
o = = =
oo ] - oF
=3 =3 o = ﬂ =
Hr T E . s S > S S S < - =
g8z - 8§82 > [edn] ssons [edrourid wnwiury 2 ok =) ._J_Mu
s 1Y s Tttt s - T
X_._._ ! *© % ! i/ * % |.m Euyl ol
) | - " S il B
< _ES SES — %
all gE gE <k A
—_ = = o _
R g% m . m . = od
X Tig Fig N 3
o B SToiTs = S ol &1
= g g s <
% 0 = g S| M F <
-+ ) Bl
_._._ = < _l_ -
? P —— S} 8 =~ o & |_ _|_rA
<F g < 2 3 2 2 - g - 2 3 2 & - Jgoar
(=3 (=] (=] (=] (=3 — —
_._n_ [edA] ssoms rediourid wnwrury /nw [edA] ssons edround wnwrurjy /nw R_/u or |_mm
I WA

=) M <k o

_69_




pS|
s}

O X|uf

o

ol

!

-

A (Case 42} 5), 26H

ol
=

%74 350mm, 433 mm

by

A
T

o

Lt
= -

2 Zoz U

o

SEfoll =EStE 2XI7F T2 Al

b

ol
<k

Hr
F
Pl

| %17+ Hof

o+

=

ofl

<+
Lo

i

FAl

— X

112.5 mm

15

10

w,

(=]
N o0 < S s i ]
— S =3 S &> —

[edIN] ssams _m&ontm E?.EEZ

vy

=]

Ugl

S N P
a4 ® % oS % % A
- o S ©O -

[edN] ssons _m&o:_hm E:mEEv_A

Time [sec]

Time [sec]

— sy

— X

787.5 mm

287.5 mm

wy
caasa
PE I
tizid
geeee
\O| [E E E E E
N |E EE E E
Ge oo o
52223
4588

PR -

wy

=1

N ® % © % % o
- o o S < -

[edIN] ssoms R&u::m EE.EEE

15

10

v. 0
a4 ® % S % x A
— (=} (=] (=3 (=3 -—

[edIN] ssons E&octm EE.EE}

Time [sec]

Time [sec]

30

ol
00
N\

i

500

400

300

200

1.4

100

[mm]

hj

4
"

Tl

Y

=

<
m

rck

= 50|

H

K
o+
|

Tl

<+
LH

Al

!

_70_



1000
1000

1 sec
Ssec |1
15 sec

800
800

t
T
t

600
600
[mm]

400
Location [mm]

400
Location

200
200

a8 77, 78, 79

z,; =350mm (Case 4

) x,;=216mm (Case 2)

ursk Sefol MOHHHZES LiEkd

u._ o3 S a4 = o9 x =0 T a4 o o % g = =
i F feai] (7o) ssong = [ean] (7o) ssong =
~ ol
™ o
Rl o ol
[2 =
T p 0l0
M © ol
W < R
OB E
- ok K 8 g
_._._mﬁ M .M.._ - - - ™ ANNB ssong
~ Ml H g m g m
< . T =
= \ M___._l sES $ES
r A 5 g g E
oo A S gg E g% B
KR 28 oS
10 <4 oo s g
m0 'K s s
U 7 S s sss = 5
B = owmo feai] (7o) ssong — —
3 ALY
oF N o

600 800 1000

400
Location [mm]

) x,; =433mm (Case 5)
- 71

200

e

(




Stress (o) [MPa]

Stress ( O‘ZZ) [MPa]

X~ 125 mm (Case 1)
—} = 216 mm (Case 2)
;=279 mm (Case 3)
= 350 mm (Case 4)

— ;= 433 mm (Case )

0 5 10 15

Time [sec]
(a) 1 2=A

)
287.5 mm

[——
12

%, =125 mm (Case 1)
216 mm (Case 2) | |

;=350 mm (Case 4)
— ;= 433 mm (Case )
0 -

li.J I

Time [sec]
(c) 1284 etaiA

a% 78 T U f|x| gstol| o}

5
1.2
—x, 125 mm (Case 1)
— 08 —— ;=216 mm (Case 2)
& 5, =279 mm (Case 3)
=9 hj
S 04 ;=350 mm (Case 4)
= — ;=433 mm (Case 5)
—_
g0
-
g 04
&
-0.8
-1.2
0 5 10 15
Time [sec]
[e]
(b) 581 a4
— x
787.5 mm
26
1.2
— ;= 125 mm (Case 1)
— 08 —— ;=216 mm (Case 2)
™ —x, =279 mm (Case 3)
=¥ hj
S 04 ;=350 mm (Case 4)
= — 1, =433 mm (Case 5)
P
b“
-
@
%
3]
=]
n

wn
=)
[

Time [sec]

(d) 268 t=4A

1.4

200

400 500

2
M
4>
Hu
FEI
r [m}
re
ikl
0x
0
010
v
1o
[}

_72_



#H(o,) HlL

=2
[=)

T

T

ol

gl

e

"

o™

Cto
=

= THEcCt "

LIEH] .

Top surface
----—Bottom surface

0.6

—Top surface

----—Bottom surface| |

80 100

60

Location [mm

80 100

60

Location [mm]

]

17.0m®/h (Case 6)

(b) @

22.8m*/h (Case 1)

(a) Q=

100

Top surface
--=-—Bottom surface |

100

Top surface
--=-—Bottom surface | |

]

Location [mm
(d) @=6.84m’/h (Case 16)

Location [mm]

12.7m?/h (Case 11)

(c) Q=

x| o} A2t

N K

|
(mm)

nE
]
oy

ol
i
0[0
K-

R

(MPa)

S

oF

23.75 6.04

0.5862

22.8m°/h (Case 1)

Q:

68.00 2.33

0.5194

17.0m*/h (Case 6)

Q:

68.00 15.89

0.4402

12.7m%/h (Case 11)

Q:

62.00 4.61

0.2883

6.84m°/h (Case 16)

Q:

_73_



O% 812 R0l Q=228m’/h2 LS 29, T LY 9x #Hslo| w2 £=2 EHI} o}
SHol ) FS2H(0,)E LIEHY
4 4 Sl 22 AREHoRRE To{ILE +2 BN TS0l Psts Y
g2 Ho[x|gh =2 HIEHHO| XFSH2 T DY fIA[2b 2AISI0] FALE.
72 Hatol e At FASH ZUF3H2 SHol3 EHECH HIEHAM 2F.
Ol SYULE 2t 2lE=o| 20|z FHEC HIEHHOA 22 & 2fo|gt.
E SIS T4 WA 9lx wslol me meolMel HiFean frol AINES JEo= )
TS| x[CHgto] Wdlsts /(x| ¥ AlZHS LIEHY
0.7 :
— Top surface
06— N1 1— Bottom surface |
= 0.5
A
2 04/
z
Eﬁ0.3
© 02
0.1
0

[MPa]

20 40 60
Location [mm)]

(a) ,;=125mm (Case 1)

80 100

0.7 T T
— Top surface
0.6 [ Bottom surface |

100

Location [mm]
(c¢) z,;=279mm (Case 3)

40 60 100

Location [mm)]
(b) x,;=216mm (Case 2)

Location [mm]
(d) z,;=350mm (Case 4)

0.7

0.6

—Top surface
Bottom surface

Location [mm]
(e) zj,;=433mm (Case 5)

stof| e =2

_74_



e

N K

|
(mm)

nE
.
W]

oy

ol

ELd‘
(MPa)

0[0
K-

®

K

ok

=

il

<+
LH

6.04

23.75

0.5862

z,;=125mm (Case 1)

15.19

0.6640 32.50

216mm (Case 2)

L

8.30

38.75

0.5151

z,; =279mm (Case 3)

12.77

0.5547 38.75

350mm (Case 4)

xhj

57.50 .50

0.2672

433mm (Case 5)

xhj

=& £l A

ot

5|

olof w& ZiFSH(s)e HIE &

> =olz 2

45t I AlZ

HEAl
=0

C

| =S Ztol

240
29

0l0

=
™

o

M =

_I

of

|

a
=

Hols

—_a
=4

tofl o2t

o}

uand

H

3

mo
=

a8 82=

0l0

"

-

Tl
2]
0

!

3l
O

tofl cch2t

By 3

4

x|} AlZH E 31

1715tF 20

AL
(=]

tod

ol

o
o
iS¢
14
o

(o]
S

b

S

AL
[=]

17}

tod

S

ol AFoME ot

<]

7ol

ol
ol

1

0l0
=

oy
__oO
s

0
™

]
ol

ol ool 7kt x| 7|

o
g =1

!

P
=

=ERe)
2

0lo

=
T

ch

z

o

ol

o

-
—_— O - -
2288
S < < <
2L e
€ 8 & <
o e o
E'8'8'E
0w O o~
R
N — — O
([ | I |
SESESESY
//////rllllln
o (e = = o )
— N o <t g O
[wwr] qidog

0.2 0.3 0.4 0.5 0.6

0.1
Maximum principal stress [MPa]

K-

R

gl

A

o

(0'1)

olo

_75_



Ra
IFO

A N

m._ I ’

ol
o T
Mv.l = __o_u murH_
_.._o s oK 1e) /.mw ., oK
|r_”_ _._.___u _A_._._._ m __o: ﬂ m.__..__._ - mxm.o M_“_ wl o __”_
S 3Bz U 5 5
.| | _|F il = —_ K K
= T W PR ron o K <
= B LI R0 ol 3 RD
_ ol o 0 IH <1 M o = K< A
_ll— — Kl 0 NI o_H _|_|_ o“_o o o]
) & o= 3 T wo M 3z A 3
Bl T = F 7ol ° > W [ ol
M S ol ) oz 0 00 & H U= <k i
= ® oF N ° < ol 1 = K <
- N O K oS I = o E3
e S o Moy " 2 =T = 7 =
0 i s AR S RS s S ERR TH T
[} H by = = Kl 4r mu <0 h_._w S
m il o LU_|7|o_u. H%ﬂm. Mo
i x = I o © CN Ho3s H i
o) _”__._= = T .omm S Ir PEE] = WH e = M__“ R H
~H — R 0 __o <0 - Ol s ol Ul = ar
T O _._.__H ol K E m“._ ol K0 K ~ < < = Mk il
Faszall 2 0 = =] I W KT R T o & LW T
_ S8eTT ‘s D 10 & T S o E} .ravpoo_ -
& I o 2 2 2 < [a m Y, = _|_|_ A .__| 10d o _ r o < oK
2 ] = SO 1] 0 or ™ o ENIRS _ ol pAl r o Pl
aC@\(( S.MU _”__._._._ < ol T T Jllro_HA_u._ = ml_.
®) (m\ = = m S = il 4l e 20 o = = F ol Ki i ok o ol %
mmmmz 2 Kd 0 ok onm_xJMmﬁ T .rm1o__= 2
2228 o i H 5l uE TR 2 < ol
S8 EL T e - S B0 +o|_|,+7 10 OE Lo
— ﬂ. o | S R O IFL = B o zr o = o__ﬂ Zo o 70 o0 N _._.__l ar i
o == —_ bl ~ = _ —
F g s = o R L ar 4 £3 A )
| = ! N n K RO = S 20 [ - e
+ + | 12878 ol &l _i %.:H_ iy T M Uu__ o M_. o 3 % Pl o__=_ %L ) 5
) _ N q =] _ - (il ]
S x 1o we F o o ol 2 i all iy
NE F = ™ -~ K %Eg_olﬂ - u._IE_nE =
S 2 5 0 S H o Ol 2 & R g TR 2
T ol i o = ul X0 %0 7ol P = 1L
S8 ° S Ll o T U wT ur- K U o ELINC ¥z O
SS ¢ & i ol 0 TR = ol " OF ® o 4 oF = K
M ar — K - S o 30 g oF 1y o HIr T OF < Tt
| o 00 o H = X bR ol g 0 RO i T oo K|
e g A . W %__gﬁmgmym Fr3,,nls g
= © - 10l
| : o 2 3 [ ml K ol Kfo $| ofl U . W o 3 om I T IH F ok — ___u._ ol o M _|o=_ o
= S g %m MNow ol ol ol " g H o oo - dr - i T Mw B0 oF i o o AD
| —_ Tl 1. =N g — °
R S gHEaNu AR K
AN N H_ﬁn _I_I A_l < =+ AT H_._._ o o /\
« R0 H ur 3 o
7 LU . °
A S oA
¥
- S

- 76 -




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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FLUENT | BI= | Fw VOF | REHIE AN k-g e
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FLOW-3D 2=7H

o

FLOW-3D 282 o|= FHAIZF(New Mexico) 2EAUZFEA(Los Alamos)oll A= Flow Science, Inc.
ol M 7St HE FxAst =2 3 (CFD, Computational Fluid Dynamics)

ZAagetz A JEAFTAS| X FH s AFANAM F. Harlow, B. Nichols ¥ T. Hirt &
of 2lalf 7Her=l MAC (Marker And Cell) &b SOLA-VOF ZAlS 7|==Z 504, Dr. Hirt7}
1980 A0 Flow Science, Inc.AtE ARSI AL Z2IME LUHAIFH20{, 19854 FE
FLOW-3D 28 ™ M|Aof diz=zgt.
FLOW-3D Z2& 2 AtFHEM 220 A0M o H=st i E MIstnd, 2ol g J|2XHe
2 YA $5 AtElff(unsteady flow condition) 2 22o|5tH, o WAl 3xtel 27 o
MAl gl o x| SNHAl E2 XML

SFHel F Zoo oHshM= Z& Zol(Prandt! mixing length) =&, One-equation
(turbulent energy) =&, Two-equation (k-g) =&, RBNG (Reormalized Group) =&,
Two-equation (k-w) 28, LES (Large Eddy Simulation) 282 MEE #= A20d, Xx

o 2o|E 29[510] VOF (Volume of Fluid) &=& o0|835t1, AXE YME o 2=
H= HestAl ®8st7| /sl FAVOR (Fractional Area/Volume Ratio) 7|®& 2+
MEZ&H(Flow Science, 2015).
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o{7IM, Ve ARl MM & FA7F XA|st=s HRre, A, A, A, ALAX

= T AAE |_—|—q| I:I—lgl—%, pE ‘I?I'x‘"—ql DEI_Il:_, RD[FE I—l_I'TEr 5—‘||_o, RSOR

2
ﬂ L ﬂ % a_u B gV _ 1 op _ Aor,
(%—1- F{qua +vA, R—+wA, az} foF P +G.+f,—0, oV, (u U, 5us)
ﬁJri{uA +vA R+ A—} gAy l(1% )+G +f YO8 (v — v, —bv,)
A zVp o eV v
R
a_w_|_i{ A, __|_ AR—+ AZ—}:— ! 8p+G +f.—b — SOR(w—ww—5w5> (17)
otV 0z p 0z PV
07|M Gr’ Gy’ GZ)E ME I3 (fL, fy’ fZ)E HM JlsE (bJ, by, bZ)E CtaA of &

(3) VOF &=

o =3 7|9 dAQl AfEHsS RHYSHI| fIsto] VOF &l Az, y, z, t)E ™elsho
o|&st=dl, =2l gtol 12l d<?= AAL MA(control volume)oll 20| 715 MUT Aef S
olojsta, 02 A<= Yl 3ZtS 2lo|g.

o olmf gl Zztolg} 2 FYs 3ol =Estn FH It 81% 37tg st E2/H 22 0]
o= UM ZREH ZSLE Z7(Lt 7| IF AKX AX|EE, O|F 7tAo] YEIF Aol H|sH
FAE = AS FEZ ZY| f 20l HAF M EHoAM °”X4I 7d7=i|”d o MF= dX™st 2ol FH
st U= ¢l ez Ity

FA u
%ﬁi o (PA ) R (FAR) A (FAw) €| = Fypet Fio (18)

o{7|M, FE AtrEHE 236t g o #A7F XAX|5te HRE

o UHRE HIMAS EAESID FEME 2822 o F E7ts5H| 2o MES & AMS
feiMe i SMS 20 AHMsHol &t

o JB{Lt HHRe Hlﬁﬁé(nonnormahty) o[ M(randomness) el S& =S JHX| 12 U= 3Rk B
atolct. o] mwj-Zof R ZHol et Z2HEX ™20l oz ol2f{st A9 SHA gof
o| =57 &

o I 34 % OB 172 HRE Aldtsts HHE LIEHH Zdo|of, ot 2 H+F Ajte| Fsiit
ESE=s

E 34 SRl x| AMH(EEEX, 1999)
2

et et 2o FTS Full Turbulence Simulation
2y 29 DNS Direct Numerical Simulation
e 2ol ze LES Large-Eddy Simulation
B 589 2o RANS Reynolds-Averaged Numerical Simulation
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. Imjection

Dissipation of

s Of energy

eHErgy

Dissipanng
|

eddies

—

Flux of energy

. -5C
Large-scale
l eddies

|
-

Resolved

fhr ANE

; M _(;.dgif'd

S e
"ﬁi.!‘.'-‘.i

sodved

Re

Resolved

Modeled

.__I......................

&R ANE

7
K

7ol

==
1o

1ol

|_I_|.

HyAl) S A

(Navier-Stokes

S
2 7% Wy

izt ZARolIM e o E

[(FTS, Full Turbulence Simulation)&}k

[

LB EHo| o

HolLt

ol

7o

N H

ML LHEct 3%

v
ar

o

t

AX

iy

S

(Z/n)* & Re**2l 37l0|0, H|IA %2 Reynolds $2I 1021 Z<olT FTSol e

£=+= 1,000°0]| = .

I_

qol
Mo

=20l

—
[

F

7|7|Lt Rpod DhtOll A C}

—
—

of &tol =

ot 2}

Toll
=
[}

—_—
10

ol

A7 Fe

Al
—_

7t =lof et F|

H

“HFo| XX ZO|(DNS, Direct Numerical Simulation)

o

2 2z AAbo|Lt AXISE Rz

o}
e

X
[=13
=

AN

x
—

ALt FTSet ot

A
e

Reynolds

KX
=

(b) =

(a) ¥ Reynolds <

17 118 EAFFol A Reynolds 4-2] % % (Tennekes, H. & Lumley, J.L., 1972)

E= oty o,

7 259 %t

LI;|.

HM(isotropic), 228 (dissipation)&.

=13
o

28y, S

o=
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Iaixjol 2xo2Me| WR AMNME BRI S0 L5 BE 2 Hvortex)l A
S2 Fst= ol 2.
olg B AL =

— = -
M Zojof & S OA ol2oll HF OAtO[] BAIE FE A, 2= R Z¥IIL E
Q st
et
g L= Mol vlo CHEtS| etekstAl Heks B|EY S &)EHS E2{1 st ol 2t

Al =0y, Reynolds T ZZEo| H A2
x| Z2eolgtm st= 2|o|Z RANS (Reynolds

o
E=
=
QO
<
@
@
o
=3
D
w
01—
0
>
2
rir
X
D
<
>
=2
o
w
R
=N
o

Reynolds Bt Al IE
Averaged Numerical Simulation)2tl £&.
ChRO WA Z FxRE MY At ez st
ALt Z2F 2O|(LES, Large-Eddy Simulation)2t &,

LES ™Aoo 2 A= Navier-Stokes 2™ Alo| ZZHHo=2 oo MEE Ei|st7|

£ &%t Aol o| =] x| AtoMe AX AE7X| &#e 5+ U7 2o, ‘22 E A
HME olatel o2 HMolstH JtE Fe|7t Mg,

2 ofojollAM LESOIM 2| EHE{= Reynolds ol CHshA X} HAoz 2l E9E US

=l
=
QO
=
@
@
o
o
D
(92
0z
S )l
>
al
I rir
W
1o
4>

aZ0M olM S HETHS 2¥ 55

ok 1{AakT AakT Aak} Pt Gyt Di
W—i_—p o tod, oy ol ) Tt DS e 19
2 2
zA( ) +24 (R—+§ ) +2AZ(‘Z—“’)
4
—+R——§—)[AJ—+A (Rﬂ—gﬂ)]
P.= CSPRO( r oy T ox oy T
PVell 4 8_u+6_w)(AZ@+ Axa_w)
0z O 0z ox
@Jr}za—“’)(AZ@JrA Ra—w)
0z oy 0z v oy

:_CRHO( )ap o Rz@@+@@)

or ox oy 0y 0z 0z
1 [ o ok ( ak:T) 9 ak:T) vaka}
Di = A — |+ A R— |+ —|v, A +
ffkT V, {6ac R gy \vedft oy 02 \ ¥, & x
-
— 3/4
€ CNU TLEN
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3. M2|7[H

o

(1) &

o

I

if

> i

L=

|_

EH = Hol
7+ ERAl Olﬂirérf
(
(

a8 119 &=x) .

FW, Finite Volume Method),

2o|st7| flsliA+= 0|2l o|AtSH(discretization)
AR (FEM, Finite Element Method),
H(FDM, Finite Difference Method)22 Li=

FO

Rt

ol=
=]

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

(a) fretaHEH (b) - &HA 4
% 119 o]Aikskel Ad =ML R K, 1999)
o Xt HHEAE2 REAHEHES 02510 OLtEtE1D, FAVOR S Ol SREMN FEHAIZAE F
= goz molE
o UHIMo =z X225 S =HH ZolPdds HXE E2le chre A2 gdYeE L= 3, A
At ochlZ2 Aol O|FOX[A =of, Z+ ZXiof Fo{E LS AlZio| CHEE MM gb
(explicit method) 22 Clg AlZiolMel £HEE AHMsto{, 0 £ E 0|E510{ Zols W4
(Poison equation) &Efe| 23 M Alo| SjE Fot CFE CHA| £EE WS, O 2o Ax
xHe| 2oyt @FE W= VOF &8 EojLptes wHE AMSst US.
o % 1202 FLOW-3D ZEOIAM AtEst= =zlES 7tk EAISI2n, J8dM Ee= Hiet
2ol £ & 3HE2 2t HA HollM Folx[12, CHE HEE2 A Sl FHelxln U2,
Z A\ .
\ * Press.ure, Temperature, Fluid
fraction, body force, ...
! ;
L/
) — Normal, Tangential Stress
7 Y
U
X Control Volume
13 120 FLOW-3D 2382 Z =17
(2) VOF Zie
o H|AH IE 2 HME S3f e SEc AREH 2852 7|&2 3ol AXE AEsSkeE 2la
ZX|ok(Lagrangian) HHECH DY 22e2{2[eH(Eulerian) RS ALESt= VOF 22 0|&5}0]
2ot Zieks] o|RO0{E = US.
o FLOW-3D Z&oll o|&=1 Y= VOF &H2S 38T U= VOF SHEnt= 2el, debsh o ¢
2SS dA =Hs Ao| A HM(sharp interface)oll MEst JU2nf, o|dkst & mf Ao|H
HHel SHE(smearing) & HA|st7| fls EE FAAEZHE O[SHEMN T FA(HAH <t 7




He 9 28 AREH2E JHHE) AP0l RSS2 Tled  Us Fx|=2e EHolo] O

1210l VOF 2ol ol chalf LiEtd .

- Pressure = constant
{or PVT = constant)

ey s F=l (Void Cell)

""'-_—-'l!-"-"— (O=F=<1 (Surface Cell}

- F=1 (Fluid Cell)
19 121 VOFS MY s
(3) FAVOR 2t
o FAVORE ZSHA sefjo] AKX} ot S0{UE At HALE J|&5HE gHoz ASHAY AHX|Q|
670 MA e AR Qe £ gle Ao 2ol HFHUS = Uty Heolgt

=
asE2 Siefe| =

° AlSHA A Hxo| o
ol=ln{, o AX} ctofMe| st A I i RES Defsh A, 2SS, olHX gEAel F
Sl A MES Soff Lt S T2 ®30 tieh e 7|ssH &.

o 2t AA UEF ZEA(BFC, Body Fitted Coordinate) 22| =i H3ts SHX| 2= FSHAEH
= AREE o 71 2 2 & sttel AT ZXtoll ofst Aatel MEt: KMot 2 E siZ st
T2 12201 FAVOR 22l ZHHol| cHal LHER .

ol Gkt At
AF,
AF

right

=

'J\FII.'H

AF

Botiom

Obstacles

1% 122 FAVORY /MY x

(4) BA=HA

@

o

FLOW-3D 280l X@ste AAZHL ofelet 2ol 107ixI7} 4eod, 2t Mof #={Holl shtel
AAzHo| FoiE.

- Symmetry - Continuative - Specified pressure - Grid overlay - Wave
- Wall - Periodic - Specified velocity - Qutflow - Volume flow rate
FR2E M
o YUMo =R SIMECITEZEZS MAY A Y5 U(static pressure) AEfE 112isto{ MAHE st
ot MAFE YoM 20| ol == a0 &5 Y= ol 75 HaMHED 9|
HESMHECR Qs 8oz FxEo AE=0X[= go| &2 mio Zet dlelo| &
nezg FHE
o MEIM SIME T EZ sHFFol XIS stat FxEE2| oM SHE 2lall o] S S &
2 Hzdoz EAMstoAf std, ESE PIV (Particle Image Velocimetry) + BIV (Bubble




o
T
El
ol
)
4>
Rl
o
1o
1o
=
il
0x
mjo

Image Velocimetry) 7| % UHAE o|3st FE|4d Zo

gwsinxt 2.

o FLOW-3D 282 cl3 Z0| 671X HREEE 0|8 = US.
RN 2 Reynolds =& 7HK|= &6t HRSEO ME

EE k-¢ DYEc B s4f0] It

== & =
o Ol2fgt §F2 7K A0 FLOW-3D 2™ S o[t 7|& A7 & Al Al & tHF=0l RNG
2EE e AR =AE
o LES 2¥2 Navier-Stokes WHA2[ AlZh "Wt CHA AKX} Lf S7F HdE AAISH] EE{ollA
Y o A I7I7HK2] 552 Y AMStE O 2ot X2 552 SANE XMElF
o [M2tM CE 2ol Blsf AMMAQl hF Ho|7t JhsStt SEE dYoME ALAIZIO|LE

HdolM B 28X

2% ZOo[(Prandt! mixing length) =& - One-equation (turbulent energy) =&
Two-equation (k-g) =& - Two-equation (k-w) 28
RNG (Renormalized Group) 2 & - LES (Large Eddy Simulation) 2

I
ou
N
w
=
m
o
o

o r =

Normal ZfS LIE}
o FLOW-3D =82 Z=11(roughness height)E AFZSIEZ, Christensen (1984)0| HMA|EH 41(20) &

0| 5t0 EHAMEl =1 0.0014 nS X%

]{; 1/6
n=————=0.039%° (20)

8.25Vg

o17|M, n& =EAF, g= SYHIEE, k= =1o|c

’ S

o XM= E 149,7607H7F AFREIICD], xE2Z 0.20 T 0.50 m 2t yEo=2 1 g 2+ J2|1 2
£O02 0.05 7 0.20 m 2tH 2 Foist

o E35| 2 oAFel A ikl Bolollm I HIEHE TSI =USH AXIE F0{5t0] H|IH A2 H
To| o5 siAE = UEE SI¥S

o dAZ=HE SE0|3 F HIEHESZ AAES E = Us AR AZEEs(E MAFRFE ¥
EL.28.42 m), ot 22|2(E S5 =9 EL.19.50 m) =HES HESIF o0, BOAZLS B
57| flall AAH=Hol siYshs 21& Z7|=7dez Foigth

- 104 -



Wi R
el o

. M!E?S_L!__!"_Eﬂ‘lﬁhl Point
ol ——

£

o

270r

7t H &76i97] WE2el Aoz of

rhr

iorotto and Rinaldo (1992)0l 2|5t E= 24240 A
S

=S
IR 2L, RNG 282 o|z{g ol S48 HES

Sotste S82 7% F Froude 5 ACHA

-

O3 1260 AAYE XEZ LIERfR S, 30 S¢f
o

2350| tHFE22 RANS (Reynolds Averaged Numerical Simulation)<
[AZ|7] 2

(isotropic) 22 7I45l0{ AlZtof 2 HEE Z2

K
_Ol
52
bl
v
N
B
X
=
[«p]
o
oo
1o
i
B
I
-
m
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o

§, &Rl HSYHo| H5tAHL HSH0| 2

o
motelo ) o2tM HREEoE LES BEH e
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a0 &0

70 70
® 60 ™ 60
a a
X 50 &£ 50
S 00 A Al iy £ 4w
2 2
wn
W "
g 30 g 0
o 20 o o

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 &3

a9 124 GHEEE ¢+ Data (EAYAE 19 125 Fx)

0.0 2.6 5.1 7.7 10.3 12.8 15.4

0.8 31 5.4 7.8 10.1 124 14.7
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15.7 17.8 19.9 220 24.2 26.3 284

1.4 3.6 5.8 8.0 10.3 125 14.7
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16.7 18.6 20.6 225 24.5 26.4 28.4

900. 980. 1060. 1140. 1220. 1300.
(d 49 FELZ(EL m)

-17273 23017 63306 103596 143886

. Data EHEEH
o 7 1279] (b)el =Xx2e

| Z3k= 38 1269 (b) ZJel=E& J7FH2 Z0|0{, A|Zt dislof| ez}
24 DataZt At FlESsh= S

g =HolE & US.
- oluf Datar} HRES0 2|8k 29Ix| ofakl(outlier) 91Xl BEFSI|T} it of&7| mhEof, w2t

M FE|dEoM A to| 5% Data & O|&RZ FH== DataE H7HsH|

=h= =
el BF diex & A7t ride HEF
o ojmf AMZFZH2 99.7% (30)2 M50, I8 1272] (¢)& A=2F2t 2| DataE LIEH
,,'-:_' ) Fittesing -

(a) & Are¥ 2 a2 449 2Hd
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20 a0
T0 70
m B0
a .
= 50 = 50
]
5 40 2 a0
m :
@ 3 w30
[=F}
o [
& 20 a 20
10 10
0 0
10,000 10,010 10,020 10,030 10,000 10,010 10,020 10,030
Time (sec) Time (sec)
(b) x5e] - Iy A (c) FAxe - A"
% 127 49 Data® ZE
@ AEnz stHEetExEE0| sk R =29
@ $x=o e
o FE|A g ALEE ViR Y SHHEHTEE MAS BIERR JEXRE FHSIRSH, F2
Ao UHEH x|t LS XHoM SEEH SH
o e {1%0]| 1003](100 Hz) S™8I 20y, A|H L Data & O|AMX|2 melele =8 Zt MH —
BEEYAEEOAM AZFZE99.7% (30)2 MHE

o A2 ZAnte| MYHE "rle| /sl Sdistn H et dT|sd TR0l sAE (A Z
nl

i
T
El
fin}
0z
|0
fu
x
bl
ol

i
Y
rir
H>
rie
>
Hu

o E|AFo ALBE 2= I8 1282f 2ol Zol 10m, % 0.3 m, =0| 0.4 me| 37
gtalolof, =2 L{Foll= 0.3 m =0[e| E(Es sHHEtTxE) 7t dA=[0] US.

o 2 3 P MEEAM RO HiE} 2, E= o328 E HMZE=EIUZ.

o mp2tM EEAFE= 0.0108 MIsIU20d, Ol= Chow (1959) 7+ HMA|SH Ctfst =20 TSt =EAH 5
% Glass®| Normal gtS LER.

o FLOW-3D 282 =& ARBsIEZ, Christensen (1984)0| HA|SH Al(20)2 oO|&stof EatEl =1

0.0003 mE &g

7
rlo
0
o
0 M

. TOFOF :I-.A.N\EL' NHT mr|
= M ¥ =]
= Fressuse measy remen] zone
= [ i
- [ “J
!
248 o
(a) M= MAFRE
[ 4
10000 WI:TEHE-F_E_
(b) 72 SIRE
a9 128 FEldde A8d MR 2 F2E A
o F=X|2olof MEE AL FHS H 0lER(weir crest)E 7|E2Z AR (upstream) YEOZ 1.0 m,
S+ (downstream) &= 2.3 m FZH0|X, AXH= £ 3,508,596707F AL EHA2H, x & zF52=F
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0.003 ™ 0.005 m ZH4, y=2=& 0.005 ~ 0.010 m ZH4 S Foiet
o 53 T UM o2 zUS AXE Roislof 8|MH e Mol off sjad £ UATE IR,
AAxAS ;369 Zo| F2|dE =AU SYs MBS0, 2oAIZkg THESD| IS AAX
ol siEsts 918 X7|xHo=2 Hoigt
E 35 $xlZo| HEeH I Hn Qo
N PNE SOVRENT SO E21x|(m)" T4 FolM ol k2 (kPa)
Eof 2a|aE | £xmop ;
= (m) (m) TE|AH TR 29| xto| = 7o) g
(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 - 0.056
U ESSIRE B Bh((a)olM 111 ZAF BE E= 2W0IS AW SRRE H2lS HEHY
? #x2olg 0|88 THflXls SE5M0| $EE F 80X SeH10X 7HH)o| Hnts HAE
U zDote grol Jl=of UK pre HEeke ol offt HEks motsty| of2fR HEetS LI

FElAde Az E 3B dEtFTdE MESIH 2ol HAsIen, FX[=22] A=

a3 131 T8 1381 Z3.

=
o (a) T (c)= 20| 5235| $H(convergence)E To| SEEMN ZHIE LIERY (d)= &80l
THE = 5% S2F1x0 1003](100 Hz) & &= AALE A2E vz Me|gE Js=E v
Eliod, (e)= (d)2t STt /IxloM SHE (A 2nE LE
|
Flow direction £=———"
i . % - - -
|- >, Hydraulic Jump
=I|_'|-:'|n_'.'.r|*: ‘ : l"\\ 9 &
Water Depth (H,) = . ; ‘\ _F_-_'.-: ¥
Lo SRS S };‘_ .__,-".__ :_' ot | ! Water Depth (H)
e T
Welr N
APCon Bed protection
Spacing 2.5 om (20 EAY  Spacing @ 50 cm 10 EX

a9 129 4 A A0 EA)

2E dEQHe| 552 25 0.3 m =0[8] IAE 2ol o 2 m/se| REF0| M= on, SHO|S
i | =57 i ez

LHoll Froude = 3 7 Hele b
(oscillating jump), 4.5 ~ 9.0 &H2l9
T 99 oAM= HES R of 77

2t St (Froude = 2.5 4.5 #He B
T HaAlE(steady jump)S LIERH)
F

=0 50| X2 e olfX|o] dFIH EME
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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% 131 Case 19 2854 £x: ¥ 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
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(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
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(b) Froude &+ ¥ %=
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(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 *|
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(OF) Case 5 (&HF=4& 0.3550 m, StF=4 0.0851 m)
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0.4
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9923 9988 10053 10118  101.83  102.48
(a) & EFX=(m/s)
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(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
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(a) & EEX%(m/s)
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(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
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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)
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o7|M, we AMel SZ(kg), p,= AMME ZLE
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[ Python ZEHES S50 MAQIX E& =233 74
o Task 1 514 201 A HMIAIE AA[CIXtof CHSH SHAIZ=ZA 2 HaFMol gh2 T &5H7| 25104 Pythons
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o O 1412 TEE MACIKE ESI0d ZYES $ Python Code OlH, I8 142= ZEE E35104
TEE= ZADte| oA E LIEHA

W MTAE 22 2017.06.30 ~ 2018.12.31

import math

IR I

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 = 8.3 & =0/ (m)

p=0.81 BENEC (n/s*2) rc = 4.3 232AE HYEF (k/m3)
= 9.81 29 HYEF (/) x1 =03 T MMI (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)

™ 35 4Y L A4Y M
P = rw*h
Fr = Ub**2/math.sqrt(g*d1)

% Cp AN
(p = P/(Wb™*2/(2*g))

3 20 (2 A Himu] W2 BF)
(@
(

5§ 220

Lj_min =
Lj_max =

L037¥Fr**1.81)*Hs
0.05%Fr**1.71)*s

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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