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Abstract

Introduction: The newest type of nonlinear weirs is the Piano key weir. This weir significantly
increases the discharge, has a relatively simple structure, and is an economic structure. Various
studies have been conducted to evaluate the factors affecting the discharge and optimization
of this type of the weir. The purpose of this study was to modify the type A Piano key weir for
better performance and discharge coefficient, and ventilation at the outlet. In this research, by
applying changes such as a triangular nose at the entrance and a semicircular crest in the outlet
of the A-type Piano key weir, its performance has been studied numerically by Flow-3D
software.

Methodology: The experiments were conducted in a laboratory channel with a length of 10
meters, a width of 0.75 meters, and a height of 0.8 meters. The laboratory channel walls were
made of glass and its floor was made of metal and supported by metal frames. The
experiments were conducted on a type A Piano key weir which was placed at the middle
length of channel. Flow depths and discharge were respectively measured by using an
ultrasonic flow meter and a digital point gage. The experimental results were used for
calibration of the Flow-3D software. In the numerical simulation, the RNG turbulence model
was used.

In the numerical simulation five models of Piano key weir considered. The first type PKW A
has the same physical model characteristics and the modified model concurrently with
changes such as upstream nose and semicircular cross-section, without outlet overhang (PKW
B +). The third type was added by removing the inlet overhang and using a semicircular crest
at the outlet without outlet overhang (PKW C). The fourth model was considered by adding
the nose at the upstream of the type A Piano key weir (PKW D). The fifth model was
considered by a semicircular crest at the outlet (PKW A+). In the numerical model, three
meshing were used, one at the upstream of the weir with dimensions of 2x0/4x0/6, the second
in the weir site with dimensions of 0/5x0/4x0/6 and the third in the downstream of the weir
dimension 1x0/4x0/6. At the inlet boundary of block 1, the volume flow rate was used as
boundary condition, in the outlet boundary of block 3, outflow boundary condition, at the
upper boundaries of the field, left and right of the inlet flow, and between the blocks, the
symmetry boundary condition, and at the bottom boundary, the wall boundary condition was
used. The simulation time is set to 15 seconds, which states that the current is stable after about
13.5 seconds.

Journal of Hydraulics
15 (2), 2020
31


https://doi.org/10.30482/jhyd.2020.224767.1447

Experimental and Numerical Study of Piano ... Ehsanifar and Ghodsian, 2020

Results and discussion: The performance of PKW C and PKW A+ and PKW D weirs as the
discharge coefficient is better than PKW A weir. The discharge coefficient of the PKW C and
PKW A+ weirs were improved compared to PKW A. Also, the lack of downstream overhang
of the weir, reduces downstream turbulence and directs the streamlines better at the outflow.
An increase in the discharge coefficient of the PKW C weir was observed compared to PKW
A weir. Also, the discharge coefficient by inserting a nose at the upstream of the weir (PKW
D) has also increased. However, with the increase of the head, due to more interference of the
flow layers, this effect is reduced and results in a decrease in the discharge coefficient
compared to the lower heads. It was found that adding a nose at the upstream or using a
semicircular crest at the downstream of PKW A, behave similarly and each one increases the
discharge coefficient by about 8 percent. Simultaneous effect of the upstream nose and
semicircular crest at the downstream of PKW B (PKW B+ model) increases the discharge
coefficient by 14 percent compared to PKW A model. Flow streamlines at the PKW A weir
indicate a 90-degree deviation of the flow lines after collision by the weir and scrolling further
to pass through the weir input keys. Also, the focusing of the flow lines at the length of lateral
wall of weir, the flow lines are redirected to the weir inlet by the downstream nose. The PKW
B + weir reduced the formation of vortices downstream of the weir, which eventually reduced
the turbulence. The reduction of the volume of air trapped in the weir outlet key was noticed,
which increases the weir discharge.

Conclusion: In this study, the results of numerical simulations were shown to be in agreement
with the experimental results. By using the triangular nose at the upstream and a semicircular
crest in the outlet of type A piano key weir, the discharge coefficient increased by about 14%.
The tested PKW B+ is a good substitute for Piano key weirs types A and B.

Keywords: Piano key weir (PKW), Numerical, Coefficient Discharge, Aeration, Triangular
nose.

© 2020 Iranian Hydraulic Association, Tehran, Iran.

'@ @ | This is an open access article distributed under the terms and conditions of the

Creative Commons Attribution 4.0 International (CC BY 4.0 license)
(http://creativecommons.org/licenses/by/4.0/)

Journal of Hydraulics
15 (2), 2020
32


http://www.iha.ir/

Oyl Sy o (ol
Jeere]
Sl gy 4y g “%5  https://doi.org/10.30482/jhyd.2020.224767.1447

'
&
Iranian Hydraulic Association

o b (2 g5l s 35w 38 Ob > (30 § (BRH LT Wl
=9 s 300910 4 U 9 CawdVl

* Ol dgrus ¢ B Sl e

O ey S )i ol8ils o Sgjaum gle ojlug T (pwaige as )l ulis IS -

* ghods@modares.ac.ir

www jhydihair Sy 4,m oy $8E VTRUYT- dy ATRA 1[4 il o

Ol s BB Ol 1) 63080 fayym 58 ol e (9l 0l Slogay e (S ed Sl Sl £ ez oSy
» ).15.4\ Lgl.m JALC R Lg‘).) ‘SDLZA kngLf“'bs)" FUSWALY QL,JL.; ‘519 | LgQLA.d‘ Lg‘o)Lw 9 .))L) ool Conds A Lg)la}Lw DR o
9 oy $99)9 4las ;o adles sboul alex 3l ol i Jlael b gt ol jo .conl oo ploil Lo gy 65 cpl (g3lwdinge 5 §,0%]
Flow- 3D 138l ¢ 5 alewgs 00 ilwJon b ol 0,80ee B g A £55 LgiloaldS 5w (29,5 ailas 10 0pls o U 5l oolasul
A oolaiwl (goas Jow rwcons 6l sdal Cans 4 il 5l 5 sl A gg5 SgiloaldS 55w 5, ol GiolejT 5lel o al cwyp
@S oy 4 S 5 a8l S50 4 6,30 2 2 Bs A g asilaanlS e 5 ead Jlesl (slo i 51 S e 50
A sgam olidl plaS o A £ oeludldS 5w (g5 Al [0 o plopd U g i atles sloul olo lis bl ol ) A go
2GR o pd Gl o B g 5laaldS e )0 i 99 (nl Glejes 53U 0l olham 4 ) o (65080] o g0y
Far alan 5 ol Lokt Lol b gl elS 51,5m 55 1ol () 355000 A £33 plialS 1, 4 e s 1T 3pi
Slr elie (Rl (PRW B Jao) 0ud (Byne (@9ilaaddS 5oy ol 0ad o) (Sgpuen Ll pd o500 Sl (0L >

el By A plaodS sl e

Sy S309 starm 48l (B350l ) p v S 5 16 )3T o 1 ETSlg GalS

9 T 5 609 sleailas @ doddio —)

SV g Sl Olpsl slaad e Sy b el es e

E8 4z 2 OlFee b sle wlS Glan)pe (B ok @ Blancher etal. slo o,y g guls wies sgiloals
O JS8) 05 el 25 05 Cawd oy ol 3l (Gyeee 20 &S ol lis (2011)
(535092) Olpsl sad g0 s A gy @ aslie yods TUlliS (2013) el a3 5,y il Ll

el g S ol 5 eVl 0wl a )loazm ;o 5oy 5 810,58 o) b (2gkadedS 5y

i i Olpsl gad S sllo aSC g B glyl @ anip g solatdl Ll 5l ogloaddS 5w oe e

o S (b SV o Silvestri and Archambeau (2013) .5 S Ll (5 lagS

wibor gl s s D gy @ 15 &5l 0ainlS ojl Jsb Ll g g3yl st ials

23> JLST 55 3 S A o5y 3 505 S sl 30,5 15 (sl e 4t S |y gl AelS )

P W i) Job Ly el IP sl wl o jle o Sl Wl Oolke oelaalS 5w S Slaciond
Sl Bye WO iso5,5 kS oye WI iy IS CasdVl 5 o Gl o sloasins o

Journal of Hydraulics
15 (2), 2020
33


https://doi.org/10.30482/jhyd.2020.224767.1447

VAR (lwad g )8 Sl

e R 0 ol Goue g (BIia bl axdlane

¥ 1 J|
| | Iwe
Wi |
w ?\ || | A

—t =

y | |l
b) Plan

B
v

AA
¢) Sections A-A and B-B

Fig. 2 Characteristics of piano key weir
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Table 5 Geometrical parameters of the piano key weir
used by Anderson & Tullis (2013)

Parameter PKW A (m)
P 0.197

L 1.185

W 0.234

N 1

Ts 0.012
Bi=Bo 0.121

Si=So 0.55
Wo=Wi 0.115

Journal of Hydraulics

15 (2), 2020



AR Ly lownd g 3 e

e R 0 ol Goue g (BIia bl axdlane

by sy i 3l Lo 4o oL Ll b Ll
(S ot 6 35T 18 IS ois yiaS adles 55
s il PKW A Jos 6T oo b anslie o
g Cewd¥l oy dlie adles 0,8 adlal oy las
60K Cu o (sauo,8 A sga il (PKW D Jow)
Y N JON YV RV

w2 zU LI PKW A Jos b awlis ,o PKWC Jow
Omb 53 (595 Dame O 9 Tey wles 3 Slonls
Sae,e T ogas 5y ol 20 Jsb ccwl 5o cowd
Lol maS VY S 50 oads ooly ylad 500 5y 90
Cnnd 22,0 V1D 390 (6,350] o po Lial38l b o]
PKW D Jus 45 S 0o y0 ¥ 090> g PKW A o o
GRS s )y o Ced 5y 5 (S350 o 3,0,
lsz9 Obz S ulae g Saniml )3 0l ol
PR S Gl s e & 055 00 1) 59
el ool 7, PKW A Jow 4y oeed PKW C o o

0.55

- — —=PKW B+

0.5
PKW C

0.45

0.3

0.25

0.2

0 0.2 0.4 0.6 0.8 1
H/P

Fig. 11 Variations of Cq with H/P for PKW B+ and
PKW C models

Gl HUP s s (6,050 (oo slo s 1) JSCi
PKW C 4 PKW B+ (sla o

el azer bl sads annlas VF S 0 PKW A
e 3 il (o0 Sy o a8 ol g e S0
obad zuls 0,5 o Lsl PKW A o 4y coed PKW B+

i 25 s 3 PKW B+ ouds ool 5y ) p 90 oo

0.55

PKW A
\

0> \ - = =PKW A+

0.45

0.4

Cy

0.35

0.3

0.25

0.2
0 0.2 0.4 0.6 0.8 1

H,/P

Fig. 10 Variations of Cq with H/P for PKW A, PKW A+
and PKW D models

PKW A sla Joo sl HIP s 5 Ca &l s Vo S5
PKWD 4 PKW A+

P LW o5 g6 (oo Jsbo jladie b Jae ool (590
ey 45 s ol lgige ) UKD el s
I 2ga 5l a8 SHIP sl 98 Joo 99 52 (553K
358> 5l 15, HIP a5 ol Lol .ol LSy (695050
zl g cewoYb jo e asles loyen colaiwl caiily +/F
i po (PKW B+ Jao) 52y (29,5 ailas )3 0 ploens
aclos 5l oolanwl S b ay o)ls |y (g i (5,050
oy B gy @laadS e cwdVl s gl
Dad e il aoys VIV sgam 1 ol (6,30
PKW (sl Jos g1yt HIP s (20 (sl 6 ity o
1 0 SlaSy s Jsb gl a5 PKW C 4 B+
Olse JS8 onl a4 azgi bl oad dlie VY S0
PKW  Jae,o ol (28 G 58 2L 05 pels @

5,5 0Ll 55 PKW A e & o B+
PKW 5 PKW C PKW A (sla Joe (sl (6,051 o
I ol 4 as gl Ll onls aslis VYW S50 D
PKW o PKW D (sl Jow 6,51 s ys 45 sl ey,
el i PKW A o 6,581 oy & cars C
5 PKW A dlajae 60800 cope anlic
2iles b5 4 did Sy 25 Jsb (gls 45 PKW D

e Colan cel a5 Conl 290 e 4o odd colaiul

Sgben Sl )0 ) (69959 AlS S w0 (b >

Journal of Hydraulics

40

15 (2), 2020



VAR lwsli oF o los VO 090

Sy yuad

@lazyd A dgam Byl g 5y a4 O,z byl
s ple 5o by bslas o515 Gl ety o
CewdVl o adlos olool b Lol ol co o)y (il Slgeo
atlod (5o joypw @ Sad Olyr Sl aygly )
SolS S 4 bz e Culae Sl g ond S
4 PRKW BF Jao Cawspml )0 05800 )00 59959
Ol wbM oy Smod il 50 (F3509m pie o
@PlS 2y b anlie ;5 (b Colas g oad S
SpS e Opge e (PKW A Jao) (S50 L
PKW A Joo cawsyml jo sloFas behs |LSis

el Jao cnl )3 0l i BB 0929 olsS
20k S oyt by fln (o) ol @
<[+YY 25 slp PKWB+ s PKWA slo Jae zU 515
Jsbilen ool oad €1 V5 JSE 5 4l caSe i
2 Ok S PKWA 5 0 0o (G &S
s 4 aile 55 jaie o,z byhs o slo asl
42Le 51 00lil Ly Lol el 08,5 oy il > 5
Job 5o 0l s @s8 L PKWBH 555 sVl o
A S 0000l gl 4l o e s oy s (il Sl

S Calan el s wle il adles eay b

D9 o0 oy (0l 3O (9, lS S ) (b >

0.06
0.05
0.04
Q
(3]
<E 0.03 PKW B+
o PKW A
0.02
0.01
0
0 0.2 0.4 0.6 0.8 1
Ht/P
Fig. 14 Variations of C4 with Hy/P for PKW B+ and
PKW A models
PKW A 4B+

PKW B+
0.05 PKW C

0.01

0 0.2 0.4 0.6 0.8 1
H/P

Fig. 12 Variations of Discharge with H/P for PKW B+
and PKW C models

PKW C o B+

0.55

0.5

0.45

0.4

Cy

0.35

0.3

0.25

0.2
0 0.2 0.4 0.6 0.8 1

H,/P
Fig. 13 Variations of Cq with Hi/P for PKW A, PKW C
and PKW D models

oy Sl HUP o 5 Cd (slags s s VW S0
PKW D 5 PKW C PKW A (slglos : o silals

PKW 55y b dlio j0 )b (00,0 7 990> rals
Sy 6] e o8les BYs 51 S b A
Lo 4 ol e calas g Jow ol dwais PKW B+
3 SO308m P pizrad 5 eVl 40 ailes Sy
dsliio g oy yolie a4y Cewl 5oy pe onl Casoimly

aalsl jo PKW B+ g PKW A lays o 0 b= L8,

odd SIS 5y €55 95 (2l )0 Ol bshd (o) 2 4

3,65 PKW A Jae cewoYl jo aeo oo las VO JSo

Journal of Hydraulics

15 (2), 2020



AR (leawntd 5 53 Sl 3 39 Ol (G99 3 (A Lo3T axlllan

PKW B+ s 50 45T o 5 o5 o 31, 52y oo ol 100 E—
" e — —_—
g oe omlive oy (il s Job poa S 90> b —_— ' "

Fig. 16 Velocity magnitude (m/s) at crest of weir:
a) PKW A and b) PKW B+

PKWA @5, zU 515 0 (MFS) s ps mo395 18 JSC&
PKW B+ (b

e L ET IS STNTIN S BE-LL R CINS ch A
B ls Seop po sie LA slml Gl Sl el
;> {Ghodsian and Ehsanifar, 2020) 598 oo 3,
ailas ;o 0 plops ZU 5leslatwl g (505055 0 B> S

0l wyme Slap o> palS o e (95

@ e lga GalS (] .ogd co ) (9,5 adS (590

Ghodsian and Ehsanifar .sss co e (5,951 dgup0
b (downstream) ="

I, PKW A 3T q 2020
) Sy A% R 6 xSlee 3 Sles (2020) //.,__,/-::
Fope 30 GpSlee a5 WS o lal g audls Sge - .;;,:‘A >

8 on el (HIP >+ /F) (all (5,510 5 (HP

O9p pIE g °)-.’.L5r°'.?-; Cla ‘ML’ Hi/P < « [f a5 Goli.lb

S 4 6395 Sl p> 28l e $5;
& 99 &9 o Por & Fig. 15 Streamline at PKW: a) PKW A and b) PKW B+

Son o S fed g 0980 oy slanldS PKW A @ ¢ 5lsaals 51,00 50 ol bsbs 18 JS0b
e slan zals g HIP iol8l b ogd co o] (,0%] PKW B+ (b 4

Lol S oo oy ials 55 (So509,m pas ;30 w0ad

oSS b Fas b els 5 b e coles 5o lan Sadl olal rals N F IS j0 azgd JB SO

Jses Jsb caai b ay SGo 3 PKW A o o lga el

Journal of Hydraulics
15 (2), 2020
42



VAR lwsli oF o los VO 090

Sy yuad

Sgu> hals 0529 b aS 0,5 Hlai B0 iS5l 5l s
S & Sams PKWBH 5500 10 LIW gus s ¥
oploes U 5l oolaiul 5 adles 0529 o 4o PKW A
Ol O 90 4 ()] (6,350] a o ] (29, ailes o
adly Gl A aslaaldS e 4 Cos woy VY
o @l 6] cape (iSile Gl Gl
Ol ol Sglas 5 ous solazwl sla Jowe 5l (5,500 calizco
osts 45,1 & Jsaz ;o PKW A Jas 6,350 oo b Lo
acles sl o8 Ceul (50 5 Sy (nl 4 az g5 bl
—o gb 5l eolaiul b PKW D o) 500 cowd¥l o
4 e (PKW A+ Jos) oy 29,5 alds ;0 0pld
Sl Gt Flogie IR e Sl
cire 69 A P 28ladS e o0 a8 S D)0
et sl gl 52 5 00,8 Jae o0 &y 4l 53K
Grizmed WNsdse wops A v b 6,000 G ys
9 Farm Sewdimb )3 (SO509m 3l 0,5 eolinul
J%e) juyye 29,5 ailes o Sloplond ZU 5l eolaul
ST oo 0 oy VYD sga iwl38l (PKW C

Dyl ol ped oy 3y uw

Glises o Joe (6,381 po anglie £ Jgaor
Table 6 Values of Cd for different models

Models A A+ B+ C D
Avergae 0.314 0.339 0.358 0.35 0.339
Cq

Difference - 7.96 14 115 7.96
with PKW

A (%)

& S ai —F

S 3 Gome Oz o0 Gilwand b eghy cnl o
50 e ackes obml a5 b eols plas Hglaalds
oy 29y Al ;0 0 ploed ZU 5l eslaiul g cewsVL
@ @S ) e )b eher w ]y Glyr Llyd e
5l il be ool s

L (PKW D Jow) 3, CawdVb o acles ;5 el
Fore e Ales 1o (D j oploas ZU 5l eslaul
@ 4d 5090 (PKW A+ Joo) A g5 siloalds

oy S yess oad Jae lag )y e awslie ln
oals ools HLES VY S [0 HIP s o oyl (5,3K]
4 PKW B+ 3 PKW A sla Jow a5 col opig, .Sl
L avolie )0 1) 38 o yd i 5 (S ol S
ST o po (39 yuien sl Jale 1ol o Jas 4y
30 gy dwdid PKW A+ 3 PKW C slo Jow o
oo Cewsimly 5o (S3P0sm oeizeen g PKW A+
b ooylal iy a5 jebiles il e PKW C
e 28 o Gy Cewdiml 3 (SOBG9
e 4 39800 1y 89, Ol ye Salae s by
4 S PKW C Joo j0 6,381 o po (i3l cons
aslin (VY 5 )Y sla JS5) cosl o0ls &, PKW A s
oy XY 390 iyl PKW B+ sPKW C (clo Jos
PKW A Jos 45 s PKW B+ Jos ;0 (5,351 co o

Ao o HLES 1) 5y e CawoVl jo adles vgzg o 4

Sl 6,35y a5 2o oo LS (rrizen VY IS
03,5 lawy o381 (PKW D Jae) 5 )y CawdYb (o acloo

Caomw 0 5y e colan 55 ol bYs saee 5l g col
(b Gl b asl e o cnl 53 3 (5995 SlS
w).o UMALT LU 39 ub)> 6[.@:\9}1 grove J.>|d.:

Sgdie (5,95

0.55

0.5

0.45

0.4

Cd

0.35

0.3

0.25

0.2

01 02 03 04 05 06 07 08 0.9
Ht/P
Fig. 17 Comparison of Cq with Hi/P for
PKW B+, PKW C, PKW D, PKW A and PKW A+ weirs
A 5A+ D.C aB+6L(b)"gb)]w 6‘)‘.’ Cd MLM \v ‘}iﬁi

Journal of Hydraulics

43

15 (2), 2020



AR Ly lownd g 3 e

e R 0 ol Goue g (BIia bl axdlane

i (M) 539,535 Jsbo
(M) (9,5 0I5 Jobo

6999 Ll dmbo o

om mogg

T 95 ldd amio ol
(M) 5oy 5l Jlses Job
09 O3 oy 5 Jsb
m) 525

! M) 53955 535 Lor Job

(M) >9,> 595 O Job

— m w W w
O o

»

=2

oy S ad > kel
Cewd Cyaly 0 pld 0us zb sless

-

(M) 325 o0

(M) CewdYb acles Jobo
(M) adlos sline aws glay )|
M) 5250 5 G322
S 60 cu b

m) Js olb

I 0O o X <

—-

Lo -F
Blancher, B., Montarros, F. and Laugier, F. (2011).
Hydraulic comparison between Piano KeyWeirs and
labyrinth spillways, Labyrinth and Piano Key Weirs-
| PKW2011, Belgium.

Tullis, B.P. (2013). Comparison of Piano KeyWeirs
with labyrinth and gated spillways: Hydraulics, cost,
constructability and operations, Labyrinth and Piano
Key Weirs-11 PKW2013., London.

Silvestri, A. and Archambeau, P. (2013).
Comparative analysis of the energy dissipation on a
stepped spillway downstream of a Piano KeyWeir,
Labyrinth and Piano Key Weirs-Il PKW2013,
London.

Ghodsian, M., Amanian, N. and Marashi Shooshtari,
S.A. (2001). Discharge coefficient of semicircular
labyrinth weirs. Journal of Amirkabir University of
Technology, 49(13), 76-83.

Lempériere, F. and Ouamane, A. (2003). The Piano
Keys weir: a new cost-effective solution for
spillways. Int. J. Hydropower and Dams. 10(5), 144-
149

Crookston, B.M., Paxson, G.S. and Savage, B.M.
(2012). Hydraulic performance of Labyrinth Weirs
for high headwater ratios. In Proceedings of 4th

A gz Sgngr el (IS j5b a2 plaS j2 9055 Jos oo
g oo 1y §K] Cupd 50 B0

Sure 7o Sl o oples gl 5l eslaal
cpe sheys MO sga> (Wl B gy agiloulds
olyod 4 A £55 05l A5 5y b dilie ;01 (5,350
RPN

opld 0 ZU g CowdVl jo Jilie aslos 3l Lo jom ool
@S0 B ey @olaadS py e (295 ailas o
oo Gl ) oy 2T b (6laEe (2l

B g8 ppluadS nype o e asles I eslanl
Qa3 o ial38l duo,s VIV sgas 1y 1 (6,381 o o
b g sVl o lie 4iles ) lojan oolitl
B g8 8ladS hyre (29> wlas 10 (loplops
L awlio j0 6,050 coyo oo, VF sgas il
DA g5 colaaedS )y

&8 @Pesls npe SwdVL je askes Sl ool
e el g e (Sl Jles Jsb o Ol e
2 )l elem arly 5y (25,5 A lS o @y (L >
odd b la 4l yo by e Gl S ol
Ml s, it 3 Shac oains ol

PKW B+ Juo) oud (Bpme (29l oS 50w
P B A oolbads Glan) e ¢l ol S

e so Sl Gidghy (]

baslis w).e‘ﬁ -0

u Ms?) ce oo

<

(mS'l) Ly

<

raie 3 e p S
&S Grais 89 Sz Llus
M?) 5,1 by ol 5o Jlew
kgm*®) J&

(kgms?) jLzs

ms?) zsl,5 ols

—h(Q-Ob

(M) 5oy, s
P (M) 35,0 g5
L M) 5, Jsb
W (M) anlpl Sy

Journal of Hydraulics

15 (2), 2020



VAR lwsli oF o los VO 090

Sy yuad

IAHR International Symposium on Hydraulic
Structures., Portugal.

Ouamane, A. (2013). Improvement of labyrinth
weirs shape. Labyrinth and Piano Key Weirs-ll
PKW?2013., London.

Machiels, O., Erpicum, S., Pirotton, M., Dewals, B.
and Archambeau. P. (2012). Experimental analysis
of PKW hydraulic performance and geometric
parameters optimum. Proceedings of International
Workshop on Piano Key Weir for In-stream Storage
and Dam Safety, India.

Cicero, G.M. and Delisle, J.R. (2013). Effects of the
crest shape on the discharge efficiency of a type A
Piano Key weir. Labyrinth and Piano Key Weirs-II
PKW2013, London.

Ahadian, J. and Afzalian, A. (2016). Effect of Piers
Geometric on the Hydraulic Properties of Piano Key
weirs. Journal of Water and Soil Conservation
Research. 23(2), 267-277. (In Persian.

Safarzadeh, A. and Noroozi, B. (2014). Three
dimensional hydrodynamics of piano key weir with
Curved Plan, Journal of Hydraulics, 9(3), 61-79. (In
Persian)

Bremer, F. and Oertel, M. (2017). Numerical
investigation of wall thickness influence on Piano
Key Weir discharge coefficients: A preliminary
study. Labyrinth and Piano Key Weirs Il — PKW
2017., 101-10, Vietnam.

Ghodsian, M. and Ehsanifar, A. (2020). Numerical
Study of Two-Phase Flow (air and water) in Type A
Piano Key weir. 18th Iranian hydraulic conference.,
Tehran. (In Persian)

Farhoudi, M., Salehi Neyshabouri, S.A.A. and
Safarzadeh, A. (2017). Two phase numerical
simulations of flow pattern in three sided spillways,
considering scale effect, Modares civil engineering
journal, 7(4), 127-140. (In Persian)

Ghanbari, R. and Heidarnejad, M. (2020).
Experimental and numerical analysis of flow
hydraulics in triangular and rectangular piano key
weirs, Water science, 1110-4929, 1-6.

Anderson, R.M. and Tullis, B.P. (2013). Piano key
weir hydraulics and labyrinth weir comparison.
Journal of Irrigation and Discharge Engineering,
139(3), 246-253.

Ghodsian, M. and Ehsanifar, A. (2020).
Experimental investigation of flow over piano key
weir with rectangular, triangular and trapezoidal
plans. 18th Iranian hydraulic conference, Tehran. (In
Persian)

Journal of Hydraulics
15 (2), 2020

45



