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Fig. 2.1 Van Phong PK weir (Vietham) (Frank et al., 2018)
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Table 2.20] Wz} no HIZAE k2 404 8574 o] Lempériére 2}t
Jun (2005)> AA HAE 28] nol 49F 7 Alo]g

) A AAATD 23
g}t Lempériere (2009)%= n=57F} FH A olgtal AgstHA g A% A

&S A3t Barcoudaet al. (2006)2 & n & 62 HudHy
t}. Ouamane¥} Lempériere (2006)= 22 H/P 3o A% =2 n #



(85)01 BaAoAM AT ol5g THA=UE e THssey f 2
H/P #ollA 9 & n 3t B 589 AIs S7FE Hold ot
SHA 7} 9Jt}. Hienet al. (2006)2 n #to] 4, 5 ¥

d& gGrhskg e e 7/P #el Wl n g 70 o
Helel n ghol o E&Aolgtal AEAJNeH o] H
Aol o F H/P kel sl v=e W 288 AT (Lee,
2021).

W/W, e W &g 9IS A= Zo® Rud E o2 A4 A
AANAY Yt Lempériere and Jun (2005)3 Barcouda et al. (2006)<
W/ W,=127} H Al 7hgckal AQsll il Hienet et al. (2006)2 W,/ W,
=1.5%1 Piano key #1o17} HAolgta AEul& At

Ouamene and Lempériere (2006)7} =383t Aol A 067, 1.0 ¥ 15
o g3 W/ W, &2 Al JHel Piano key $1o1E HAEIJ oW &

&4 A7t FUFeHAIRE Frbske ddld O A2 wEshoh
Ouamene and Lempériere (2006)= W,/ W, =1.2%1 Piano key $ojel tf
s W/ W=1.27F W/W=10] s B&AL 5% ZAAAAGL FFe).
o] & Lempériere (2009)= HAel 77k W/W=125% Attt
Goulours and Saint-Marc ®el AdAd¥® 2719 Z2ZEHS PK &
W/ W, vl&o] Ztz} 143 2 1410t} (Laugier, 2009). AEE EE A
oA BdE Aoz E W/W>1.00 W/W<1.08t o & Wd &

S zZt=t+ Aoltd (Anderson, 2011).

A (LPAE) Type nw W,/ W, S S T/P
Guodong et al. (2020) A 5 1.43 2.05:1 2.05:1 0.067
Laugier et al. (2017) A 6 1.20 2:1 2:1 NR
Erpicum et al. (2014) A 5 1.43 2.05:1 2.05:1 0.067
Machiels et al. (2014) A 6 1.20 2:1 2:1 NR
Olivier Machiels (2013) B 6 1.20 1:1 2:1 NR
Laugier (2007) A 5 1.43 2.05:1 2.05:1 0.067
Barcouda et al. (2006) A 6 1.20 2:1 2:1 NR
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Barcouda et al. (2006) B 6 1.20 1:1 2:1 NR

Ouamane and Lempéricre

various 4-8.5 0.67-1.49 NR NR various
(2006)
Hien, et al. (2006) A 4-7.0 1.50 NR NR NR
Lempériére and Jun (2005) A 6 1.20 2:1 2:1 NR
Lempériére and Ouamane
A 6 1.00 0.75:1 1.50:1 NR
(2003)

Table 2.2 Studied PK weir optimal basic design factor
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Al 3

Piano key 9jo]&
TZxE2 Fig. 313
Piano key $]°]¢

Eq. 313 #Zo] ¢

=
=

A QRS A s

54

(3.1)

C,=f(H, P, L, W, W, W, p, 0, v, a)

=
-

=% u

o]9o] £o] [
outlete] &, p=

ol

‘o)

1
T

inlete] =, W,

-
-

, W

o =

)
o}
70

,A
N

9l

}

Henderson (1966)°l 2]

L/ W, H/P, W/ Wy &2 wl& Al

and Taylor, 1970)X.317} AT}, whehA]

I
=

Eq. 3.2¢} o] QofF

o
=

AAES o

(3.2)

Gy = (H/P, LI W, W/ W,, a)
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A7IM G FEAlS, H/PE $19] ®o] oMl %

Z o] wh¥do] u]g
7o)},

Piano key $lole] WH= 24

o714 Q= F FF (m's), G FHAF, g& THNEE (m/s?),
W= 29 % (m), H+ A% (m)eolth

flow direction

Fig. 3.1 Piano key weir (Pfister et al., 2013)

_13_



3.1.2 A PK weir 24 g

lod A& A+ (Crookston, 2010)&

5

2 9

A Piano key 9jo] =4

Flvt (Fig.

S

o]
e B

3.2, 3.3). ¥ AFdA = A& Piano key 9019

o

al& (W W)

2
=

1.25, 1.75, 225= A

Atk (Case A).

Xéa‘

47 ske]

—~
o

fite)

b2 9ol md S vt

=
=

do] 7]&9] Sq-parapet’} MEL e 9 Tri-parapet

gE o,

ol

~

]

T
- 5

]

o

N

i

N

u] inlet key$} outlet key7} A=

A=

&

321 7-9)

g

3
s

Gl

Fsid

£3

]
S

=
=

bl ot

S

4

]

AE 5°0]3FE
) o] Sq-parapet¥ A EA A A

2l o]
Ak
™

2

5

HS Hole

(Chahartaghi, 2019). Case A°lA 714 =& WH &

T
T

A -g3tAtt (Case B) (Fig. 3.4).

7}

B} ¢] Tri-parapetE& 7t
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=]

i M) s
Tfs

A’
fo

Fig. 3.2 Shape of a general PK weir (Top view)

Fig. 3.3 Shape of a general PK weir (Side view)
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Wi/ Wo

Wi/ W,
=1.25

W,
=175

Wi/ W,
=295

a=4

[WR;5a;]

[WR;;a;]

[WR;;5a;]

[WR;;sa,]

[WR;;5a,]

Fig. 3.4 TPKW modeling according to design factors

o

a=-2

[WR 5a ;]

1| ] | e

[WR;;sa,;]

[WR;;5a ;]
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3.2 334 FA A

3.2.1 AA#A 4 (CFD)

Piano key §l°1 A7AR1A=9 &xE #5387 8]l FLOW-3D %
& A&kt FLOW-3DE 21314 ¢
el fEol sl ol AlEztel wek Wt

&4
ojol M & 54 BAME AAeH o] Ee A WS At 9l
AMe bR 22 fFEug el A43d a1y ¢ugss &) ofsit.
w3 FX &4 ZRae FLOW-3DE 3399 Afd f5a4
RA2A A AHFFHY F48 nteR B3s dAe] EYdts
A A A= FHS FJa, 20239 A GRS FE5aAA
A e AFgHa gtk FLOW-3DE AA Ad@AolA A4
A2 AgdstA 2oyl Yal VOF 78S Abgsta o) o 71He
T =AAY AANE AgstA FAeH, Alztel] wel RYE £ 9o
W o] gt VsE E&sto] vAdT ol v EAE Eoste]l A Ao
3 gk d3tE A& 5 Atk (FlowScience, 2020).
kA FLOW-3D= @A solEgitel goledrd, FaAdeAL

SHAl SellM A=A R ode el dH S s ATHA ARSEAL e

A Zrads B BAs v (Flow

Science, 2016). #wt o}Uz} Piano key 9]¢ Labyrinth 907} &%

Al =do] o N EH g2 FLOW-3D 3 28& E3] =
L AL =

FLOW-3D= -3 A& (Finite Volume Method, FVM) 7|5 ¢l

FAVOR (Fractional Area Volume Obstacle Representation Method) 7]

Me EA5T o] F o] &% AW TS BPW 34 AYARE

A2t (Fig. 35), o1& ®¥l" S22 VOF (Volume of Fluid) 71 #&
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o

f
:oé
d
ol
o
B

”

FrEHS 84 st (FlowScience, 2020).

o | [T |
[ JHHHH-PHH E

(a) Object definition (b) Object recognition using FAVOR methoc

Fig. 35 Object recognition using FAVOR method (Flow Science, 2016)

KBNS FB T W KA WAL FE UL R 84

[e)
of ow Aujkga o=z 83t} (Flow Science, 2016).

puA,
(3.4)

A7, Ve ARFHE fA BE A4, 4 AE ARFHE 559
vy, 28T WA R, w0, wiE A7z, y, 2T FEAR, p KA
o Wk, ¢t 0 W A #HE, 19 9 259 FTo] e, Ry
AFe] A = AE (Mass source/sink) &, Ry,o Y7 AF ol

Rpr
v 35
_L(UAZBP)+Ri( Aﬂ@%i( Za_p)+< Ar 9p (35
ox \ P "o oy\ Y oy oz \ P %oz r ox
A7NA, o, Sulp%h Rovl, pi AAT 2 BAE e A4
E 9ujsly, s+ I 9547 FHF FUIE A4 (Turbulent Schmidt
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number)E tEFATH 339 RANS 5% %A 28 ol Eq. 3.673.89
A A= o] eltl (Flow Science, 2016).

ou 1 ou ou ou 1 op

—+ —ud, —+vA—twA— = ———+G,+f

ot Vi {u “or oy Wt 8z} p or ar (36)
ov 1 ou ou ou 1 op

—+ —3ud, —+tvd,—+wA— = ———+G +

o Vp {u “ox oy Yy, } p 0y Gy 7y 37
ow 1 ou ou ou 1 op

—+ —1quA +vA —4wAd—=———+G +

at VF{ e Y oy “ oz } oz -t (3.8)

= O
55 98 gxHE H3 Hl& (Area fraction),
u, v, wi= 7t oz, y, 2B SRt AfFEH XS 9% VOF

o5 YEd Eqo 399 24 (Flow

=
o,
c
o
(@)
o
e,
&2
=
-~
N
iRt
i)
=
rir

Science, 2016).

OF 0 0 0

E“‘{%(Fu)‘i‘a—y(Fv)‘f’g(Fw)} = Iprt Fsor (3.9)
A71M, F= FAZE el A et

A ¥t} (Hirt and Nicholas, 1981). F,,& A &9 4+ &

A9l A & YeldY (Flow Science, 2016).

Fedds 3T v 47 52 ayFor wdysa 457
st oy o=z dd wAA JdRF oA X, Renormalized

Group =2 (RNG), Prandtl &3 Zo]

L L
g LES (Large Eddy Simulation) E92Z & 67}% Wi Xdo] gt}
A

Prandtl £& Zo] Zdy} v WA WdF{F oguyx 2o walo] o
A e detdow dey ALEH A e Rdolth, LES 2Ee Wi
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HEes A dldety] wito Hop dEst 2345 45 & AATH §)4

AZ7F wl DX Q= Aol o] A Hl&o ARTE F Fo &3

(FlowScience, 2016). ¥ k—e¢ AL 7}4 dutd o g Wi Rz A

AbgE = mdoln RNG U ZFERUS /fAste] dFFss o
o

o
BgstA Rl S-S 7FAL vk =3 RNG 29 4R 9e
S8 7tsAE zta At (FlowScience, 2016). RNG Rd& £+ HE
= WA 2 foE Agste] Algte] mE &£x WHEs dtslo
A £S5 gAY olgd EFow s LES Zdli HuwstdS
W = A S FERAME A 2 Aolrb glohal KHalE o
(FlowScience, 2020), & AF-lA HHAQ MF=E 55 &

RNG ©7 =92 #8390

Nz trigtel 2heshe Afrds 2, T 9ste 22+
sEonR FHE 2FoR 98] m/s” = AATI o AEH oA
A AREEE FAY 2xs 20 C, ¥Es 1000 kg/m’, A== 0.001
kg/m/s2 A8ttt 2 Ao A EeololM RNG ¢ EdE 2A

3t 2™ (Daneshfaraz et al., 2016; Zahabi et al., 2018; Daneshfaraz
and Ghaderi, 2017) =¥+ A= ZH2F 0.21, 0.22, 0.26, 0.30, 0.34 m= %
570 e e AlEdolds Attt FARE gste] M2 UE
Piano key $1o1 @l d& & 50719 HXAEE "5373‘}915} TR 59
A ZEE B3 (Steady-state)7F & wi7bA] FEs] AA gERE7] 9
o] Fm AIRE 71 60 sE At on A %iﬂsﬂ 55 54
29 93 1 s vkt output data =8-S F7l= A A3A
Fig. 3.69F #o] xR |4 Z=r <l
Rom HA HHE dAst= =W (Mesh block 1)¥} ¢ &%“6}74] T

.
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]
A" AA ZA (Mesh block)E &3 Al&#olAdE a8ttt Mesh

block 1el4 7Fg 7] AAZIS Pressue 002 dAS 5919
1

Z73s AAYezE HdAsF e (Up stream), st/ AAXRDS
Outflow 7oz MdAste] 797 i JFs v AA = A

AFzdo] HEE 39t (Down stream). Mesh block 29 7% A&}
F E5F Outflow xo=z MdAsgoer y @S F Ax BEF
Symmetry, =29 Ao AAZAL Pressure H71¢S, stdS Wall
2 AAstAw (Fig. 3.7).

Mesh block 1 Mesh block 2

AX =AY =AZ ¥ ¥ AX' =AY = AZ’

Coarser cells size Finer cells size

Fig. 3.6 Sketch of mesh setup
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Volume flow rate Atmospheric boundary condition

Fig. 3.7 Applied boundary conditions

Mesh block 1

Axis Min. Max.
X Pressure Outflow
Boundary
N Symmetry Symmetry
z Wall Pressure
Initial Upstream ,
Condition Downstream Outflow

Table 3.2 Mesh sizes and numerical conditions (Mesh block 1)

Mesh block 2

Axis Min. Max.
X Outflow Outflow
Boundary
y Symmetry Symmetry
Z Wall Pressure
Initial Upstream Outflow
Condition Downstream Outflow

Table 3.3 Mesh sizes and numerical conditions (Mesh block 2)
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FHRANS JMOR St FANAe A4 avlel g Auot 3

3
o|gtA YEtu A AlFtel| = @dFo] ATk AA A7|7F Aal =S
T5 sAe Aol molxE W, AR MGTF WolA siA AIRE
o] Zojxivt= ©io] v dA =A7]ol ol2W Az} =77} ZolAH
= Ao Z olH flo] A AR VEFFHOR Fold £ 7]
wli=o] (Denys and Basson, 2020), &4 X4+E& ¥ ste] A3 A}

A71E AAs= Aol T8ttt & AFoA = H7EA Y A A7 =4
& AAste Ax A= = : =

1t AlEdolAdEs s8R Ao wWE F7F BluE S5
th. Mesh block 13 Mesh block 29 4] =wHdle] Azt W= 2ol &
AR o, JatAY AdE 24749 A =
T Iilo] 7 AAdetH 2118 st Qb "Hue 23 7] xskd
(Flow Science Inc., 2016) Mesh block 1¢] Coarser cells size®} Mesh
block 2¢] Finer cells sizegE AA U#%E A4S &3 A3t +X4
A Ao AFE 9 A et (Relative Error)E AR&3gon 2

o e 2

i

-

€Tr, — X

Relative Frror(%) =100 X ———2 (3.10)

7 Azt Agret Az WgE A4 ZA3E Table 349 Fig. 3.8
vetulom e AarE ol @Ak 5.0% mRre R vEetdre A
Atk A U= A A, Mesh 4 205 E X504

=7 Yetr] AlZg@oem, Mesh 5 2404 714 =

=
ok SHAIRE HAS Ao AelA & 4 9l%o] Mesh
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5¢] A% A 27|17} Mesh 4Bt oA A nt @ X7} A s A sk
ovg webx Mesh 4271%1 0.0625 met 0.0125 m7F HE AA 3=
2= AR E AT

Test No. Coarser cells size Finer cells size Total mesh Relative Error (%)
(cm) (cm) number
Mesh 1 1.700 0.850 493,900 17.39
Mesh 2 1.550 0.775 645,996 11.19
Mesh 3 1.400 0.700 882,457 7.07
Mesh 4 1.250 0.625 1,228,800 3.83
Mesh 5 1.100 0.550 1,796,050 3.52
Table 3.4 Mesh sensitivity analysis for the present study
20
JO)
7
15 o7
? 7’
S .
= X
S 10 P
et I
= -7
z A
oy -
S5 -7
=F]
e Q----®
0 T 7 T T T T T
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

Cell size (cm)

Fig. 3.8 Variations of the relative error of the discharge

coefficient versus cell size
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R, = Qz, WR_C:L WR, 50 1)
atto C:j R0 :
047]}\1 Rra,tio}‘—-; %%}:7_—”‘)’:]:1]’ C:iWR‘— H]E_E_Ei:] %%]:7:”-/':’ Czi’WRl.noao%
WR;.000 021 A 0]t}
412 29 25 4 B4
9 Z %o oig va =g F ug vaet FAEA g % v
& (W/W,=1.00) X 2% =08 7|Fo2E BE 37 Rl 9FS =
Abstdth. W/ W=1.259 W a=-2°oA Ao °F 147% Z7t, W/ W,
=1.75% a=-2°A A < 195% Z7F, W/ W,=225% a=-2°91A Hj
F169% 3 Aoz vehdd, W/ W =125 24 =7} gAasdaEE Wi
T8 279, £Y7F Bl ASE o=-2°, 2°, L°RF ¢ 2 Zog =
Jbat ey, W/ W=1.758F W/ W,=2.25% w a=-2°°] A W/W, Zkol
TMErE H/P032v W sHel FU AN H/P Fhgheluet
T4 BasE A4S Hel ( ig. 42). Zt=7} FoldFE =2
S 0 = W/W,=1.259 ] gele F glo
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Rm.ﬁo x 100 (%)
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1T LA X
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Fig. 41 W,/ W, effect analysis of discharge coefficient (C;) change rate: (a) a=-2°, (b) a=4° (c)

a=2°
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Fig. 4.2 Side wall angle () effect analysis of discharge coefficient (C,) change rate: (a) W)/ W,=1.25,
(b) W/ W,=1.75, (c) W,/W,=2.25
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[z = 2.00 m (Bottom) ]

Fig. 4.3 Flow characteristics analysis of streamline distribution -
high head (H,/P=052): (a) top view (z=0.01 m), (b) top view (z=2.00

m), (¢) side view (z=0.01 m, z=2.00 m)
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Fig. 44 3D diagonal view of top and bottom streams (#,/P=0.07)

“ | ¢ L(L = Il I.; i JJJﬂJ

N

! /

Fig. 45 Top view of flow characteristics analysis of streamline
distribution - low head (#,/P=0.07): (a) z=0.01 m, (b) z=2.00 m
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1535 (Li et al, 2019; Machiels
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o
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et al., 2013).
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Recently, as abnormal weather conditions occur frequently due
to global warming, the intensity of concentrated heavy rain increases,
increasing the risk of dam collapse due to flooding overflow.
Pan—national measures such as the central government’s project to

increase dimensional capacity are essential to prepare for disasters,
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Piano key weir, a modified form of Labyrinth weir, is a repair
structure that is installed at low cost regardless of the spillway's
occupied area and has a great advantage of showing discharge
capacity about four times higher than the existing ogee weilr.
However, there i1s no design standard for Piano key Weir, and
research on optimal design factors to improve discharge capacity is
continuously proposed. Research on the application of trapezoidal
Piano Key Weir and auxiliary design factors, which have been proven
to show higher discharge capacity than basic Piano Key Weir, is also
actively underway, but further research is still needed to analyze the
impact between various design factors.

In this study, various major design factors and new auxiliary
design factors of trapezoidal Piano Weir were applied to analyze the
impact and flow characteristics of design factors and evaluate the
discharge capacity to present optimal design factors. The main design
factors (Case A) were designed into a total of 9 models by crossing
the width ratios of 1.25, 1.75, 2.25, and the sidewall angles of 2°, 4°,
and -2°, and the discharge coefficient increase and decrease rate was
investigated. The auxiliary design factor (Case B) is the previously
studied square Sqg-parapet and the newly proposed tri-parapet, and is
added to the model showing high discharge capacity among the 9
models. The discharge capacity and flow characteristics of each model
were analyzed using computational fluid dynamics (CFD) simulations
that interpret mathematical governing equations in a numerical
manner.

When compared to the reference model based on the width ratio
and the width ratio of the side wall angles, which are the main
design factors, the lower the water level at all side wall angles, the

greater the discharge capacity, but the lower the water level. If the
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side wall angle 1s greater than 0, the discharge capacity increases in
proportion to the width ratio, but if the angle is less than 0, the
width ratio 1.75 and 2.25 show a tendency to decrease as the water
level increases. When the side wall angle i1s 2° it can be seen that
the discharge capacity increases stably for all widths and the
discharge capacity increases at all water levels. Next, when compared
based on the side wall angle, the side wall angle -2° showed the
highest discharge capacity at the low water level, but at the width
ratios of 1.75 and 2.25 -2° showed a tendency to decrease the
discharge capacity. Finally, the width ratio 1.25 and sidewall angle -
2° models with stable discharge capacity for all water levels, the
width ratio 2.25 and sidewall angle 2° models were selected, with up
to 14.7% and 13.6%, respectively.

As a result of flow flow analysis, it was confirmed that the low
flow rate of the inlet crest reduces flow inertia force and improves
sidewall accessibility, so the flow is evenly distributed to improve the
efficiency of the crest. In addition, it was confirmed that as the water
level increased, the interference in the water nappe intensified, and
the slope of the discharge curve gradually became gentle, and
undercurrent occurred, reducing the discharge efficiency. As a result
of applying Sqg-parapet and Tri—parapet to the two selected models, it
was confirmed that the discharge efficiency of Tri-parapet was
significantly improved compared to the existing Sq-parapet, and it
increased by up to 53.8% and 49.5%.

In the future, this study is expected to improve the model in
consideration of the effect of the width ratio and sidewall angle of
the trapezoidal Piano key weir on efficiency under limited space, and
based on this, it is expected to be used as an additional design

guideline to increase actual discharge capacity.
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