Al ’ T N
’.f'"; ALCINGYTE 0lMe < >

Shihrekord:
Onversity,

Vol. 19/ No. 2/ Serial No. 57/ Spring 2025
https://dx.doi.org/10.22034/iwrj.2025.15174.2676

The Effect of Different Numbers of Flow Splitters on Energy Loss in a Piano
Key Weir

S. Poursakhi'!, A. Khoshfetrat?

Extended Abstract

Introduction:

Piano key weirs have rectangular, triangular, and trapezoidal shapes in terms of plan and are presented in four
types A, B, C, and D. Piano key weirs are the evolution of nonlinear weirs with high efficiency; therefore, it
is essential to study the flow energy loss and the methods to increase it. In the present study the first time,
various numbers of flow splitters were used in the trapezoidal piano key weir of type B to increase the flow
energy loss. Also, two weirs with heights of 0.20 and 0.18 m were used. The flow splitters were cylindrical
and are six, four, and two in each cycle.

Methods:

The experiments were conducted in a channel with 10 m length, 0.8 m width, and 1 m height. The slope of the
channel was zero. Water temperature varied between 8 and 13°C. The flow was recharged into the tank by a
pump, a 10,000 m® underground tank, and a monitor. The pump had 0.01% error. Because the velocity profiles
coincided at 3.5, 0.4, and 4.5 m from the beginning of the channel coincide, a weir was installed at a distance
of 5.5 m from the start of the channel. The flow rates varied between 0.02 and 0.05 m*/s. Three ultrasonic
sensors were used to measure the flow depth. The first sensor was installed at a distance of 2P upstream of the
weir relative to its center, and the second sensor was positioned 8P downstream of the weir to record the flow
depth. Two type B trapezoidal piano key weirs were used with constant geometry but different heights of 0.20
and 0.18 m. The width of the weir inlet keys (/) and outlet keys (W,) was 0.215 m and 0.075 m respectively.
The length of the weir side walls (B*) and the length of the upstream overhanging edges of the weirs (B;) was
0.40 m and 0.15 m, respectively. The length of the weir crest (L) was 3.27 m, and the thickness of the weir (7s)
was 0.01 m.

Results:

The flow splitters act as a barrier and divert the upstream flow; increasing the water level upstream of the weir.
The splitters also divide the water flow and enhance aeration at the inlet keys. By the results of this research,
as the number of blades increased, the water flow became more distributed and more aeration occurred at the
keys. In the last row of blades (downstream of the weir), the degree of flow separation was more significant.
In the weir with a greater height, the energy loss was higher and mixing of the flow near the weir toe was more
intense; therefore, the flow was transferred downstream with a slower velocity. For weirs without flow splitters,
the discharge coefficient in the 0.20 m high weir was obtained about 5.60% lower than that of the 0.18 m high
weir. Also, the discharge coefficient in the weir with six, four, and two flow splitters per cycle was about 6.80,
1.97, and 0.50% lower, respectively, compared with the 0.20 m height weir without blades. In the weir with a
height of 0.20 m compared to the weir with a height of 0.18 m, both without flow splitters, the flow energy
loss was reduced by about 8.52%. Also, in weirs with a height of 0.20 meters with six, four, and two flow
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splitters, the flow energy loss was about 5.06, 3.07, and 1.45 percent higher, respectively, comparing the weirs
with the same height and without flow splitters.

Conclusion:

Investigation of flow energy loss in piano key weirs is of interest and importance due to their high efficiency
in the flow passage. In the present study, flow energy loss was researched in a trapezoidal piano key weir type
B, with and without varying numbers of flow splitters. Dimensional analysis was also used to extend the results
to other weirs and different types of piano key weirs in channels. The key findings of the current study are as
follows: (1) Increasing the number of flow splitters (thereby reducing the effective length of the weir crest)
led to a decrease in the discharge coefficient and increase in the flow energy loss. (2) Increasing the height of
the weir resulted in a higher discharge coefficient, and reduced the flow energy loss. (3) The presence of
splitters shifted the flow farther from the weir toe and reduced the specific energy downstream. (4) Increasing
values of Hu/P and Le/P, the flow energy loss decreased. (5) A relationship was developed to calculate the
flow energy loss with a correlation coefficient of 99.91%.

Keywords: Weir height, Relative energy, Trapezoidal, Discharge coefficient, Type B.

Citation: Poursakhi, S. and Khoshfetrat, A., 2025. The Effect of Different Numbers of Flow Splitters on
Energy Loss in a Piano Key Weir. Iranian Water Research Journal. 57(2). Pp. 79-90.
https://dx.doi.org/10.22034/iwrj.2025.15174.2676.



https://dx.doi.org/10.22034/IWRJ.2024.14742.2595
https://dx.doi.org/10.22034/IWRJ.2024.14742.2595

VEeF olawsl /OY ol 1Y o)lods 14 ul>
https://dx.doi.org/10.22034/iwrj.2025.15174.2676

2P lS 3550 33 (6551 BN 2 (3l 2 oSl glaaig Wglio oluai 53U
T b i e gy 3L

ouuS

byl 5o Vb leaily a4y azgi b ot (g)lie log ) s (a8l JolSS 5 a8 Glog w552 2okaadS Gloj)
Soaiss slaws 3l sy 4y (g cnl el 5,55 slotng Sl 51 T (g5luatg slalSal, @l 5 by (555 ST e
g oIV oy gl g0 caalllan ol jo el Sl g B gl glatized osiloadS sbag e jo 65,50 Bl b > eaisSTas
ead Gy 20 JSem 52 $95 (2690 5 26,z oBS Ojgod lailginl b saiiSTas gledns wad b)) sy < NA
Sedce bz 65,50 AW mali8l el y (639,9 sloaldS 1o b > saiiSTas slhass slass oli8las ol lid bl s
Gy S 2 50 2Us0 9 LUk (UGS Gl esiSlhar slaass boles e IV gls)I b log )y 55 (Jla jsboay
L el i 2o 0 VIO o YoV B/ F sg0 oL 2> coiSTas asd oy g £ ] e b oy 45 Cond )by (65,50 DI
by eauSTas sloass slaws 2ol8I L uzmen b oo Giali8l ao )0 3 090 (65,50 B 3 o glas )| (gm0 WYY ili8l
Sheale 53 Wgdioo jryrm ol 4 0y ) aloll (Rl Sel (b saSlar Glaass wboe 28 (03 o

A i Sglise Jign b o b ilaalS (slags o 4 s by g ol 0

(6 955T oo (29l adS (s (6550 (e £La5 ) 1 gl WlodS

o Pl ddS 5 50 (65,50 B by caiSTas slears glite slass ,.,ls AFF Ll g5 9w P ys i€
‘htps:/dx.doi.org/10.22034/iwr}.2025.15174.2676 3--Y& Las (VIBOY .ol o] Lisg} dloe

.Ql,}_l ‘Qh?é.ol .@)Lul .)1)‘] oKiils x(o&wl)?) bLeré.,al ..\>|5 ‘Q\fo.c VR 55; c..x.i';)| wa.:;)lf 69’.‘3*31'-\‘ -\
ol sleral ‘Ls‘y“'l olj olLzils (8wl ys5) leral axlg o jas (e 09,5 ¢ Lokl =Y
ali.khoshfetrat@jiau.ir : Jgiuuo osiuus o*

VECEIY il b VR VYE el s


https://doi.org/10.22034/iwrj.2025.15174.2676
https://dx.doi.org/10.22034/IWRJ.2024.14742.2595
https://dx.doi.org/10.22034/IWRJ.2024.14742.2595
https://doi.org/10.22034/iwrj.2025.15174.2676
https://dx.doi.org/10.22034/IWRJ.2024.14742.2595
https://dx.doi.org/10.22034/IWRJ.2024.14742.2595
mailto:ali.khoshfetrat@iau.ir

AY

VFoF Ll BV (ol 1Y olosds /14 al> /oyl OT gy aloxo

sy 4 (52,75 asdllas S (o Singh and Kumar (2022)
23,5 oo 5P AWl ioli8l el aly ogmg aST auzdl o
Sy 5 &5 Wl w, s & Ehsanifar et al. (2023)
ol eaSlas slears Solaie awaie L geloals
AT 38l el baxs 929 a5 wio,S lo g dizloy
s Singh and Kumar (2023) oes 0sd 0 55
W @ alBlo> adxs o Bansal et al. (2023)
@ lplS gl o ol Gl sl o is) 5 55
S ).,.:L, sl LT @ as g5 b pimman yliol aizslo
Slonyp (9> S (ose 4 (639)9 slanlS 25
35 5 on Ok S35 Wl sy, L A g9 pplaals
Shen and a5 5" @11 YL (S oo b (o025 dloleo
5 jare gl e sl S 5T Oertel (2021, 2023)
9 SlaB9d (29laalS g slasls (ope i
C 3B g5 leyals (slog, i amlio L et al. (2024)
C s eoluads slaj,pm o 550 U a8 axsl o
by @5l BT yog i o Ll el B ggi 5l i
C &5 @bl sy Sosnimly 5o Olisl sad 2525 1,
slads o 4l slee! L Fathi et al. (2023, 2024) .ocsls
Sy o Ol @55 W aS Wl )s )y (29>
el laly 0035y g iy aly (9 (Slaga s o 1 i (slaly 00
slads o 5L olul L Abdi Chooplou et al. (2024)
w8l )0 A ggi (sladijed 5 (el (oploadS Glag
O3 S 5l sl Cdl> cpl jo (65,3 BT a5
&5 B s,y » 4 Mirkhorli et al. (2025) el 8L
G bl iy D gy (oiloaldS oy 5o 0L
P w80 salS By i 3 ]y 65 S
Al aw sl g 17 by (W) (295 glaalds

8,8 sdslin g, slaals
by b e slosy e GaBL elSS pglaaelS slog
Al 5 b 65, SOl anllas cpl b saxies YU Sleasl,
sl ‘510:‘,3.5 Cco| ‘_;U.) u] u..o‘)B‘ 6‘)‘.‘ L;:l-%lib‘)
awss Ehsanifar et al. (2023) b aif o5 jghilen
68,5 gmyp 1y 551 W ol b 5 s Sglie

doddo
sbdss bl oD bl 5l aglaalds by e
C B A oz ;o5 s slaiijed 5 o Lol
2 Olsl sad Ll A gy sy wishoe I D oy
28 Sj e Elgl 5l (S plgie 4 osilaadS lan
bl uae oye Ko )3 &S wiies Yok gl Ly b
e 393 69, 3l 1y ol 5l Gi 2l FBY) (ot
sy Osdol (Safarzadeh and Noroozi, 2014) was .
awslyd j5u8 0 Goulours v sl JUIS (g5, o9ilaads
sy, (Crookston et al. 2019) i asls
2 o pogdle S ol 5 o Jeoar pglaalls
Gl sl 5 1S sla U5 «(s555laS sla JUIS
YL e, LJoa, (Fathi et al. 2025) w,.5 » s>
22,58, 5 (651 BN gy 2 3y o (ol )0 Lz Hoee
JPESSURCONN FUVOV-\ Bp P NOSIRC O LUV BN I Y| P I
2B s B s ol 90 s Sep bl )
oz 635 BWl 5, 1y oware Jolse 5 (Sl slaojls
Pfster Khanh et al. (2011) ole (501,81 .slos S oy
Torabi et al. 4 Pinto et al. (2017) .t al. (2017)
Sloyed Jolse ar a5 Wogy ool gl 55> (2018)
3l S Gl o 35l BT o1 b s bz
56 Al-Shukur and Al-Khafaji (2018).ac51s I
B g5 aslaaelS om0 (o255 Glaodds s glaced
Gialdl b aS il s il s S eyt 58l M1 s 1,
Karimi .l o (ialS 6550 Wl 25,5 slaads cos
Karimi et al. szl polse leadl, (ioljdl umen
S Shs s Slr ]y o0 5 2,25 addllas S, (2020)
Bl plnl g SaadS b (ooilaadS oy SO Gl
Sl 5,25 o, L Eslinger and Crookston (2020)
ol sl A g asilaadS Glag,m 5o 5]
as wss,S &l LSOL:%‘}:JUT:\.?M‘S!JZS alayly 90 puizren
laadS’ (55 4 (63955 SloalS (B e Cus 90 5l o o

253,5 ool 3oy 55 40 5b 2 JS 08 S g (29>



@29 28 5 33 (551 BT 1 (2 oS Tz glaais wgline slaws 3T AY

slasi N epy g6 Job L)l > caisSTas glaass jlad
Voose 5 sy S o0 0l enSlhe glodis
Oog Sl azgi b el o) Sl S ol Sl
S g Gl J5 e slayully o (LS g, e
w85 50 golal Jolod 50 s 5k 4 Jole ol (535

((Fathi et al. 2023) ¢l sois

E, = f(Hy,P,Vy,10,pL.) M
E, = (B, — Ey)/E; )
E;=P+h+ (VZ/29) =P+ H, )
E;=y+ Vi/2g )
L.=L—-3dn )

PSR SRR I RPWIRETR NP
olainl b g bz (s g 5y sVl )3 by Langie
Sore > Ok @Al W eSSt TU gy
(#) alaly 20U b > aiSTlaz sbrass Lol jor o giloalls
shas el bz jalsin ) sae Re all) cpl jo 00 aaly>

o Hy L *)
E; —f(P P ,We, Re)
Re = VipH,/u %)
We = VipHy,/o )

PV 5l e silsn; sae g ol ol GELAzE] Jdoa
2 Obyr BB Ges Jdoar 5 jalsn ) sas I Lol i
B Gro g oae 5l Gie /oY 5l in) e CewdYl
Sy 6580 AWl el by (Fathi et al. 2025) o salys
sars b oolen B ogsi gladijed aslaodlS sujme 5

Dy dales (1) alal, é:la ol casSlas

H, L,
= f(—, — )

oy oMl ol olKizils g jaue slfisle;] o laiale;]
3o IA o e s o JUS S5 5 5 (lRal3) ol
Orizred Sesl o JUB (8 o ol plonl e SG i)
by el e ol F il ax 0 VYW B A s O sles
oS e Jlpe Ve (e ) )P 9 ey S by
sl Gy Guoy il (35 S)ly Hele o bawy
5 F/o VIO alold jo Ce s sl udgp Canl doys +/0 )
o by, wias cub,y JUS gl 5l e F10
JdS (red g Wog Behato oo il S5 glaalols
WS ceas JUIS laol 5l e OO alold jo 3w

&5 18395 (29laalS oy 0 (L eaiSlaz slaass
lars ol eolaiwl by> 6550 AWl ol 6l B
5 @Ulkz (2buid Oygon 5 lailgial b,z sasSlae
Je Db /oY laglae oo ¥ jloacie S 2 50 SUgo
B2 b GBS (nl )8 solaial 5o 4l Sy
oy ol pd g 92ly 5 0Lz o sl il
20 Sbgwy 9 Jdl 0939 oopl poodle el oo bl
saiiSlas slans o Slhee p bl 56 5 Dw slasl >
& 3500 Cyme pol> adllae glacgsgame I oL~
3 dlese )50 1y ate) (nl 5o Jiis slo el plox]
52 la U 4 b b (6l solal 5 JUT 51 5 adlsl
@PlelS Glog, e K0 5 b )3 95250 (55,005

s osliil (D 5 C A asile)

o095 9 Olgo

ozl 3IUT

@55 S St el O JSs 5 (1) ala,
L oolyer B ggi gladisgd aslaads 5y 0 obx
Ep bl ol 5 aimo e oli | ol > oaisSlar (glaais
Py candVl 3 gl U5 we Hu ol > 6550 SO0

By CandVh 5o by awgie Cao s Vi i )y gli5)|

b=y Vg

— =

Py 30 ol $551 SN Feo b wielyly - Sl
Ol ouiiSTus sbhasd b ol pod o1 gily auls’

ok B P g s 2S00 0 (Sl )
b uloe Camwaas (V) alaly 5l 505 5l > (65,50 O osies
Ex 5 Ei oolyz 5yl Sl alaly 5 (V) US4 azgs
Candimly 5 SV 0 bz psate 55l i
Goehicp )y sl 50 Gl bgie e Vo i s
Sy Sawdml 5o 0l e Y oy e SVl po 0l >
stV 5o Gl pgate (65, aiis 1S 69,5 8
Cesdimmly 5o Ol egate 550 5 (1) a5l 55w
Job Le «(V) alaly j0 098 oo dmmlome (F) alal, 5l 5

d ol o 5 9500 dmloms (O) byl 51 a5 sl 5500 g



AY

VEF oLl 1Y by /Y oylod /18 ol [ oyl ul ST g aloe

5 PLC olSiws oV S5« alEiles] JUIS GbY s
59 5l s ol 1) Sgl 2l glo g - U
el )l Lol coll awaia LB g4 slatized ogluandS 5w
65555 SBAS 5o s ooliiul e VA 5 ¢ /¥ Sglie
sy 79 SlS oy e VN (Wi) by 5
Jf BF) oy, e Sl slayles Job e o1+ VO (Wo)
e N0 Bi) g, cawdVU gl sload Jsb (e
(T by cales 5 5o YIVY (L) Loy m gl Job
9% e 9> Sl s shilo by ) o oV JS2) Sl 2o ¢/ 4
by it O (6399 SelS e 59 9 539y WS
,o Babakhah and Khoshfetrat (2024) zags slas

39 oolaiwl 0590 B £g5 (glaiijed (2 gty aadS 39y o —F S
),él’ u"u .

yo oA )l b lalgl by sasSTlas sleass )
ool (635,5 SaddS (sad ;5 5 515 2U 5, (0.4P)
1oN) oy Ceeles ol b o saiSTlas laass a8 ol
Sl glaiss 4 ol caisSTas sleass gl .ol (i
s (4 oS fn 00) (8 (e 53 oS
(2Uod Oygot by caiSlas sleass wod s

DAl el S 5o 0 2Ug0 5 o)k
yhi e Fathietal. (2025) gllas bass owiin SOlasio
aS jehilen .cewl o o[- YD baxg o alold ol a8 F
sk ision 5oy 26 Jsb alS sl ol easiSlo
Obyz oaSlas sbass by (Le) e gb F5e
Alrcsiy 4 IS o 0 obss 5 Uz (obis
o 9 e o IV gL s o bz saSTas
bl couSlas sbbars b oljen 5oy F S 050l

Sglaie oo ¥ 5l .(Babakhah and Khoshfetrat, 2024)
s bwyg oo ol eolaul g isleyl o
L 4 Programmable logic controller device (PLC)
goo [ L /oY g 009 pudais BB jeisle 5l eolaill
Sl Seigul T gt a5 okid piie sl p caSe
2P alols ;o Jgl jgmins .0 ooliiwl b > Gos (5 S o;lus]
old 1o g0 jmins 5 Gl 350 dr Cend )y CensdVl o
L ol Bee ol S & Cond o)y Cewsimly j0 8P
pow ygmaw (Singh and Kumar, 2022) aus’ o cuils 5
ook 4 S oo S ejll s 26 59, ) Gl Gee
o tole;] pled o (ot LiiS oy S 38,5 eanols
bis e [ Y5l G o)lsen 5y 26 59y Ol Bes
T es bawgi 30 b ,> sec (Fathi et al. 2025) o
ol Bes ab g pSolul e /e o) gllas L glalads
oz b gladais o Gos g b jgucw Lawgi ool (5,505l
ol &gy 5y Canso iy 50 Glyz ol il 52l
oy Jols a4 JUS olel as o 5l eolatwl ey g
Gop 56 owy» 4 Fathi et al. (2023) 05,5 oy
2 A g9 slaied @oloadS b Sl (Sgoee
2 Selapien Ghp b olial axisloy ol 3 S
A0 52l s 5 0oy ¥osgas 1) by (6550 S
S gy Sewdiml 59 0l Gee S (s 405

Al g pSeslail (Sdgyae by

(z 9 PLC ol (o ¢ oalEiy Lol JUIS (1 -¥ S

s&u,-w‘;.di S ) gmcw



@b A 30550 53 (5551 U1 2 52 eaiiSTan glaars gline slaxs 3l Ab

Ol e aS aes e plad |y ol saiSTas sloass b ol jen
Gayd e Gbyz omd 655 Er 5 6,300 e po Co
ok s SiAl 5 By osee Al 1 (6,0
Prate 551 4 )y Cand il )3 (pgatie 65 5l e
Fathi et al. ) 558 0 dsle oy CewdVl jo oL >
Vool coles 0wl o Jouz 5l a5 jshilen (2023
Selgyian Sglite byl ps 0 b2 (655 BNl sl Gales]

A% oolaiwl pwain g

)

s

Oz ouisSlus sLard b 2 gily s 3y —F JSCU
S 2 50 U,k

Ol 551 BT (o 2 5l g 20 o0 LS | S 52 50
WSS 2 50 by esisShar gand A b gloy e o
Dygods oy 5 okl Ba> g (b > eaiSTar sladis
oy SedVl 0 09250 oleil lodas w5 Uk
U980 bz caiiSTas sleass & jgods 5w g ool B>
Debise o JSe o 50

ot b8 b PLC o Lo ooz (o0 i |
5 JUB Cull ps a azg bg oy CwedVl o 0l
2 Ok S Gl (Vo) ka5l oslinul b (eizren
5 Ok 20 Q akuly nl jo dged arulne | o) p eVl
Sl oslitul b (rizmen Zawl 325w (556 by JUS 26 W
Gy Swdimb 5 Gl Gee (R L g (Swgy dlolas
35 dmlone 1) oy ol 50 Ol S s Ul
.(Khoshfetrat et al. 2025; Rdhaiwi et al. 2023)
Q=ViWh )

oy 3 Ol 655 SNl g (Sdgy0ee sla el )l ) Jga

0Lz GHPI SN Jgo cwodd g (Sdgyuad b polyly ) Jgur

Row Q(m?/s) H./P Le/P Re = VipH,/u

C,=1.5Q/(/2g L.HY®) E,=E;/E;

E, = (E1— E3)/E;

\ oY N EY NS Yoy < YPY <IYF0 ian
Y oY ARYS \PIYD - PANF </FVY SARAS +[OAY
Y /¥ AR NS avvy SARIN <YV «lagy
¥ LR DARE \PIYD . VFoaf Avds HAesd IR
o [-Y N EY AFRINE Yoy AN <IYOA Nidat
4 o/-Y AR \#l- O lanle AR QAR +[£40
A <+ ¥ AR AFRINE aayy DARE! <IEYY «lavy
A LR RARIN \#l- O VFYVYE <Yy AN «JOFY
a oY SATZN YOIV Y.y vl <IYEY «[FOA
\e [+Y HARY4 VOV 7EEY AR <IYAY «[#\Y
AR [-¥ A YOIV AR VA ARt AREA +[OAY
'Y [0 AN AN AARYAY vl AR DINAY
VY [-Y <\YA AINAD YYAL <IYYY <IYYA «[FYY
\F [+Y ARY4 AINAAR 2% <IYYA </YYY “I#YA
\0 [-¥ At AINAD ARAEIN AP HARAY +[O]Y
\# [0 </YY¥ AINAAR VOFAY </YEY </fF-. NN
\Y [-Y ANGd YANFY YYOA ARA) <IfY. +[04-
A [+Y DARRN YANPY FONVY <[5 AT I g4
4 [-¥ AT YANPY VeYYVP </fF-. </fa- D
Y- [+ <IYYS YANPY VOOAF <IYVY QN +[FAY




AF

VFoF Ll BV (ol 1Y olosds /14 al> /oyl OT gy aloxo

4l ol bars ol als a5 jshiles 5 Wb oo Ll38

ouiiSlus bard ol jo by oub Bl — & S

R

e 2815 55 63Tyt ol S 98 il L
bl G2l g e gl S L el gy a5 jghailos
SRl o 5 0ud yaS Glyz U5 e Lo/Pax (9
gyl Ghals b s Sile 4 L g wlioe Gl oL >
el & 5 WS (0 y9ue 3y gU S Sy by ) e
09 oy 3 b oe Rl by e bk o
E L ) 50 6,300 oo by sansSTas ladis
OIF+ sga gy NN gl 1L 550 a5 G (5550 # /Y
L oo 0 630K] copo uizmen el a8 sy
250 2b95 9 2k (bt bz eaSTas laass
Sgaz s yke Yo el Il Ak (90 5oy e 40 Cend S
sl S doys [0 5 VAV A

o Fathi et al. (2023) Gsbdx 0 o0 o Slke
Lol odal Cawds +/0Y 4 +/F0 |, Rdhaiwi et al. (2024)
A g5 glaiized o9ilaadS slag ) 69, cud F 4 Gl
OeSilee 2308 dle |y (90 o e IV elas)I L 4C g
sasd ) S Job op yien Gl)lo 32w )0 (28 ol
s ol YR s e Y+ el b (ol saiiSTas
Getos b ool [S3 5a8o0 90 slo 00 oy o by OIS
G bl g ol jo gl fse Jsb (05 Dslite ol
sl 3y o 50 Sgliio

@ o 89939 SIS (59, 5l ol o ojgea by
Oimed Snyee ey slals Jls g Cewsgmly
Jaie Cawsipml 4 (29,5 loalds 5l ol co & g0
pas Jedoar (6399 slaaelS Sl 5l 5 0e Gl Sebise
oy @ (S5 5 Gy SesdOml ) Sl & 255
05 5 guyyw SVl 50l Oh, 00 el &
Byl 4ol G ol cely g oas | Ko 29,5 slaallS
Wy ohz Sedes (Zo slaads shl s (s
sbml el (25,5 Glaaels 1o 4 (6395 laalS jlons
9 slads ool LS o s sleals 5
Dgods g 03 s (LS Gl S g0 D)u8 esh o
ol hol Jole &5 90,5 o S (29,5 slaolS Loy 1o
&y JLall Jobo b ailo )3l g0 3l ysinl 4l
S (58 (S9piy Cewdml 5

5 %99 laalS nj 0 e Gl 4l LS
Soge & Gl sl g oud Gl (2l cege (599980
oaiSlas sledars 09l oo ouplie Casspuly ;o oyl e
Ol 3l s8%u CiS ik carge g 03 S Jos wle wiile 0l >
ol @ alidl oagay cpul a5 gl oo CewdVl Cios @
RTLITSS VR RT-F YO IO C PRI PR TUWINLIVR | PR W F
S sbny ok blsa DS o (b2 oo b loaics
S b0l 3595 p alall ais (o g 0ad (09,5 laalS
Sloas AL 215 oo S o)y ey 1 5590 slalold o
254 G Sl g 0ad i by (b ABS daais
Gl 5o ol pod aBlss B S 0gd o0 0)lg laallS
Cawdpmb) ans (s, cp 31 50 ams o lis | laass
€iS a5 ehilen conl s obye ol a8l (o e
30 SNl Gl Bes g oS o Joe mile aiile bbass o
s el o ety

wo=f USS g (o) b gl oo o (A SS
Lo/P oy (990 syl & o 1) 5oy 50 0l (29 oy
Q2 by o0 Gl L il oy a5 jghailes oo oo ol
Slotis L olyap slag > oo Gl 55 ol JS
Pho Job oS bcgyin oIV glas,l b g ol > cassSlos
Ol IS a8 (ol oS laz sladis i 0929) )



@29 28 5 33 (551 BT 1 (2 oS Tz glaais wgline slaws 3T AY

BT 5y e gl a2 ly S Gl elily (201380 L
loce Ce pu Gl T s 5 b e (2alS ol > 55
2 e Sl Gy LaEl Rl g 5 e 5l (o2 5
Sars b oolen glag ) yieS Hie Job b glojy )y

el it by 655 ATk 2 osisSlax

0.55 |

. Le/P =
05 1 X 16.350

] Le/P =
045 1 X 16.050

Le/P =
X X 15.750

Er (-)

04 1
] *%—Le/P=

] X 15.450

0.35 1

] X *x—Le/P=

18.167

03 +——+
0.015 0.04 0.065

q (m?/s)

P 9219 50 (90 4 Cand by (o (551 -V S
58395 Sl 5l (255 slecer ce s 1alS T Ll
b 60959 sladlS 5l (295 bz i LS olxl
D8 1als Sl 50 9 (295 eSSl (295 Sl
O 8, Gl Bl i el 1L la gy )y o el e
4 e e dziy jalme a4l o Jasal LYl g b >
e bl @i e ebee i (53 S
ELIL juy 50 05 o0 JEle Cemndmly 4 slasdly ials
93 2 &S e DA WL qim 4 S 55 /Y
Ol 655 Sl o (> eaSTaz glaais (o
b logm 10 uizmed b go GialS auo )0 AOY S50
(2Bt Gl eaiShar gleass b e IV gl
Ok S5 BW ey S y2 530 2B 5 2Lk
oaiSha e g 9 Sl eed b e 4 S

el s o 0 VTD g VoY B8 sg02 )b >
Fathi et al. (2023) b5 ,0 5b,> 65,5 SN Sl
033 5 05 iy o A g5 GlALsS 25kl )y 5
sl VY 5 VY IDRD 10 s i 5 4y glaly
Sl bolyod oy (m) polo oo S e 50
Ol 55 B (S 2 55 LB S (b yo eassSTae
S ¢y 22,3 VANY 390 (glaly jio ) p 4y S
Py & S il o3 VIAY Sgaa laly gy 32y &

003l 3w 4 Cad gy Qo A dga> glaly oo

0.075
] Le/P =

16.350
Le/P =

0.055 ] X 16.050
g ] X Le/P =

= ] 15.750
T 0.045 | X

0.065 } X

KX

15.450

%*—Le/P=
18.167

0.035 }

*X

0.025 +——r——+————
0.01 0.035 0.06

Q (m’/s)
(A

0.48 1
0.44 1 X

04 +

Ca ()

036 1

[0 S S—

L/P(-)

(@
o pd @ 9 ol W)l - (20 (S AN -F USS
Le/P ot (ygets yiolyly &t Comnd (553851

aly 5o (@9 @ Sans ) (B0 by oo 350 Y S8
Locwl lag S 5l oS jehilen ams oo lis (@) Lo
5 ok o 3Pl ol B wly jo (20 Rl
2 eyase 655l Camd (Gl (oo S5 b e 2l
eVl o paaste (65, 4 Caid e Cawd b (o
w2 0y o oy (@ RIBI L wes e Gla ) 5 e
ol s Gialidl casoYl 4l o b > esaste (55,
39 odd by e ol e Geizmed (23 Gl
Gyt e b o) p Ced iy )0 pgate (655 s
s (50 oloul el Coles jo p5le pl il o ol
iy Slasi 4y jame Slo g e 50 00,5 co e 4o YL
\.\.'L'Ga u,.._mlf ub)} ‘5...“.' 6))“ ‘ul-')-’ o..\.:.;SL\? 6L¢=m
Ceawd b 50 ol esase (65, ralS saums ylid aS
axl [0 O glace oS @ joxie sy ol Lol
2 0k Grypw g GRalS L (izme 098 o0 Sl
eyl 5 5 0 sad Zewd 1) 093 e (65, s>

Y NP oW RY-
Sl b oA S g HoP el Lt calbA S
lowg a5 jelailan e o lid b= (65,50 B! 1) Le/P



AN

VFoF Ll BV (ol 1Y olosds /14 al> /oyl OT gy aloxo

ol BT 51 ols Loy Lo JUIST 50 95250 slag ), S0

A eslawl

ihagh (ol salS laasily

Jsb 2elh) oloz eaisSlazr laars olaas (il L @
bor (2 by (6,3KT oy (o) b F5e

Job 22l8) obyz eaiiSlaxr glaasns olaas aldl Lo
b G2l 65 5 BT (e o U S50

Ol G s oy )l o plp VY Gl @
lee SRl (655 B 5 00 S Ty a8l

sladols a4 oL y> Jlsl cel saisSlas gladans o>y @
Cedmly 5o prgate 6551 Gl 5 5y e 4y 5l 5590
D 50

Al oo malS b > (65,50 S Le/P g Ho/P oliél L @

)5-‘”“"& i gy
(OBl 93) Gladeol oty oMl o1 olKiils 51 5 s g3
S5 o« Sdgyoun oKisley] ool JIE LS o bl

S5t gl L
s (pl 5 0l 0925 (28lie slal AeS e las ol jo

Ll GBS 5 A ol S,90

Wodls dy (g yiwd
el o &l Alie e y0 b g Oledbl o

olf..w “9.; CAS)L&H)
P Kislos]
Alae Sl 9 Ll ng cpleaal) daosls o 1090 oo gl

el Js s

S Jgol
<5"'19 M Q-.'.‘ Sasl r:l.?_d‘ ol ‘_g)bl Jso! Qlfh\.:.miy’

ol uLMaJ‘ Ao .\.».:L Sy90 &9@5.@ L))‘ 9 °'>5"°J WLC)

S5 ol ol Jds el S aoye 10T sga gl
S SNl 5 boaly bawgs (55 slaoldS 0 3925
S e 0 ol 65 ST Jlenll cd >
Cglds (glaly 003l g Slosy A Cand pOl oo
2 ok o akeld Gl ol Jds 5 oyl gl
Sy G0 g 0l e B)WS 5 5 sl

0.7 | Le/P =

X 16.350

] X Le/P =
16.050

0.6 + %

— ] Le/P =

- % x 15.750

=

X %—Le/P =

05 71 " 15.450

*—Le/P=
18.167

04 +————+————+——t—

0.72

0.62

X—XK—XK—X

E ()

X

| X

0.52 T X
X

042 +—————t+r——+trT—+r

(<

2 Le/P yialyly 550 g Hu/P ol s - s
ol 551 S
Sy 55 Sl 55 W (g 5 o 4iS a5 jshailon
Cooal 6o 0l Heee 0 YL lendl) Jdoar pgilaalls
2 Ok @AW p @yl BaioS o el (YL
sloais 090 5 L B gy sladised aglusdS 55w
Sy Cmizen Al Al Sglate ol b o)L 2 cuisSTas

5 @ladS Gl e sl plo )l ley a5 )]



@29 28 5 33 (551 BT 1 (2 oS Tz glaais wgline slaws 3T A

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

and Environment journal, 34, pp.444-453. DOI:
10.1111/wej.12544

Karimi, M., Attari, J.,, Saneie, M. and Jalili
Ghazizadeh, M.R., 2018. Side weir flow
characteristics: comparison of piano key, labyrinth,
and  linear  types. Journal of  Hydraulic
Engineering, 144(12), p.04018075. DOI:
10.1061/(ASCE)HY.1943-7900.0001539

Khanh, M.H.T., Hien, T.C. and Quat, D.S., (2011-
2014). Study and construction of PK Weirs in
Vietnam.https://www.semanticscholar.org/paper/St
udy-and-construction-of-PK-Weirs-in-
Vietnam-%28-to-Khanh-Hien/

Khoshfetrat, A., Challoob Mshali, K. and Fathi, A.,
2025. Experimental study of the effect of jump on
the scour downstream of type-C trapezoidal piano
key weir. Amirkabir ~ Journal of  Civil
Engineering, 56(11), pp.1353-1368. DOI:
10.22060/ceej.2024.22565.7996

Mirkhorli, P., Ghaderi, A., MohammadNezhad, H.,
Mohammadi, M. and Kisi, O., 2025. Hydraulic
Behavior and Energy Dissipation in Piano Key

Weirs vs. Rectangular Labyrinth Weirs: A
Comparative  Study. Flow  Measurement and
Instrumentation, p-102830. DOI:

10.1016/j.flowmeasinst.2025.102830
Pfster M, Jistrich S, Schleiss AJ., 2017. Toe-scour
formation at piano key weirs. CRC Press, Labyrinth
and Piano Key Weirs 11, pp 147-156

Pinto, M., Matos, J.D.S.G. and dos Santos Viseu,
M.T.F., 2017. Energy dissipation on stepped
spillways with a piano key weir: experimental
study. Instituto  Superior Técnico, Lisbon (in
Portuguese), pp.1-11.
Rdhaiwi, A.Q., Khoshfetrat, A. and Fathi, A., 2024.
Experimental comparison of flow energy loss in
type-B and-C trapezoidal piano key weirs. Journal
of Engineering and Sustainable Development, 28(1),
pp.55-64. DOI: 10.31272/jeasd.28.1.4
Rdhaiwi, A.Q., Khoshfetrat, A. and Fathi, A., 2023.
Experimental investigation of scour downstream of
a C-Type trapezoidal piano key weir with stilling
basin. Journal of Engineering and Sustainable
Development, 27(6), pp.688-697. DOLI:
10.31272/jeasd.27.6.2

Safarzadeh, A. & Noroozi, B., 2014. Three-
dimensional hydrodynamics of arced piano key
spillways. Journal of Hydraulics, 9(3), pp.61-79.
DOI: 10.30482/JHYD.2014.10176

Shen, X. and Oertel, M., 2021. Comparative study
of nonsymmetrical trapezoidal and rectangular piano
key weirs with varying key width ratios. Journal of
Hydraulic Engineering, 147(11), p.04021045. DOI:
10.1061/(ASCE)HY.1943-7900.0001942

Shen, X. and Oertel, M., 2023. Influence of piano
key weir crest shapes on flow characteristics, scale
effects, and energy dissipation for in-channel
application. Journal of Hydraulic
Engineering, 149(6), p-04023010. DOLI:
10.1061/JHEND8.HYENG-13322
Singh, D. and Kumar, M., 2023. Effect of the inlet-
to-outlet key width ratio of Piano Key Weir on its

—_—

9]

10.

11.

12.

&Ll

Abdi Chooplou, C., Kahrizi, E., Fathi, A., Ghodsian,
M. and Latifi, M., 2024. Baffle-Enhanced Scour
Mitigation in Rectangular and Trapezoidal Piano
Key Weirs: An Experimental and Machine Learning
Investigation. Water, 16(15), p-2133. DOI:
10.3390/w16152133

. Al-Shukur, A.-HK. and Al-Khafaji, G.H., 2018.

Experimental study of the hydraulic performance of
piano key weir. International Journal of Energy and
Environment, 9(1), pp.63-70.

Babakhah, L. and Khoshfetrat, A., 2024.
Investigating local scour downstream of Piano key
weir  with  Riprap. Innovative  Infrastructure
Solutions, 9(11), pp.1-15. DOI: 10.1007/s41062-
024-01759-0
Bansal, N., Singh, D. and Kumar, M., 2023.
Computation of energy across the type-C piano key
weir using gene expression programming and
extreme gradient boosting (XGBoost)
algorithm. Energy Reports, 9, pp.310-321. DOI:
10.1016/j.egyr.2023.04.003

Bodaghi E, Abdi Chooplou Ch, Ghodsian M., 2024.
Experimental investigation of scour downstream of
a type A trapezoidal piano key weir under free and
submerged flow conditions. Journal of Hydrology
and Hydromechanics., 71. DOI: 10.2478/johh-2023-
0041
Crookston, B.M., Erpicum, S., Tullis, B.P. and
Laugier, F., 2019. Hydraulics of labyrinth and piano
key weirs: 100 years of prototype structures,
advancements, and future research needs. Journal of
Hydraulic Engineering, 145(12), p.02519004. DOI:
10.1061/(ASCE)HY.1943-7900.0001646

. Ehsanifar, A., Ghodsian, M. and Abdi Chooplou, C.,

2023. The experimental study of the effect of splitter
on the flow discharge Piano key weir. Journal of
Hydraulics, 18(2), pp.39-52. DOI:
10.30482/jhyd.2022.330734.1591

. Eslinger, K. R. and Crookston, B.M., 2020. Energy

dissipation of type a piano key weirs. Water, 12(5),
p-1253. DOI: 10.3390/w12051253

. Fathi, A., Khoshfetrat, A. and Alavi, S.H., 2025.

Downstream Local Scour of PKW with Different
Shapes and Numbers of Flow Splitters. Journal of
Hydraulic Engineering, 151(4), p.04025015. DOI:
10.1061/JHENDS.HYENG-1414

Fathi, A., Abdi Chooplou, Ch. and Ghodsian, M.
2024. Local scour downstream of type-A trapezoidal
stepped piano key weir in sand and gravel
sediments. ISH Journal of Hydraulic Engineering,
pp. 1-13. DOI: 10.1080/09715010.2024.2353612
Fathi, A., Abdi Chooplou, Ch. and Ghodsian, M.,
2023. An Experimental Study of Flow Energy Loss
in Trapezoidal Stepped Piano Key Weirs
(PKWs). Modares Civil Engineering journal, 23(4),
pp.163-174. DOL: 10.22034/23.4.163

Karimi, M., Jalili Ghazizadeh, M., Saneie, M. and
Attari, J., 2020. Experimental and numerical study
of a piano key side weir with oblique keys. Water


https://doi.org/10.3390/w16152133
https://doi.org/10.1016/j.egyr.2023.04.003
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001646
https://doi.org/10.30482/jhyd.2022.330734.1591
https://doi.org/10.3390/w12051253
https://doi.org/10.1061/JHEND8.HYENG-14143
http://dx.doi.org/10.22034/23.4.163
https://doi.org/10.1111/wej.12544
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001539
https://www.semanticscholar.org/paper/Study-and-construction-of-PK-Weirs-in-Vietnam-%28-to-Khanh-Hien/
https://www.semanticscholar.org/paper/Study-and-construction-of-PK-Weirs-in-Vietnam-%28-to-Khanh-Hien/
https://www.semanticscholar.org/paper/Study-and-construction-of-PK-Weirs-in-Vietnam-%28-to-Khanh-Hien/
https://doi.org/10.22060/ceej.2024.22565.7996
https://doi.org/10.1016/j.flowmeasinst.2025.102830
https://doi.org/10.31272/jeasd.28.1.4
https://doi.org/10.31272/jeasd.27.6.2
https://doi.org/10.30482/jhyd.2014.10176
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001942
https://doi.org/10.1061/JHEND8.HYENG-13322

VFoF Ll BV (ol 1Y olosds /14 al> /oyl OT gy aloxo

26.

Torabi, H., Parsaie, A., Yonesi, H. and Mozafari, E., hydraulic  behaviour. Flow Measurement and
2018. Energy dissipation on rough stepped Instrumentation, 91, p-102342. DOI:
spillways. Iranian  Journal of Science and 10.1016/j.flowmeasinst.2023.102342

Technology, Transactions of Civil Engineering, 42, 25. Singh, D. and Kumar, M., 2022. Energy dissipation
pp-325-330. DOI: 10.1007/s40996-018-0092-5 of flow over the type-B Piano Key Weir. Flow

Measurement and Instrumentation, 83, p.102109.
DOI: 10.1016/j.flowmeasinst.2021.102109


https://doi.org/10.1016/j.flowmeasinst.2023.102342
https://doi.org/10.1016/j.flowmeasinst.2021.102109

