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Abstract

Introduction: Non-linear Piano Key Weirs (PKW) enjoy not only a higher discharge but also a
relatively simple and economic structure compared to linear weirs. Other advantages of the
PKWs include the fact that they increase the discharge per unit width over the weir up to 100
m3/s, the discharge over this type of weir is at least four times that over ordinary (linear)
weirs, it increases the capacity of the reservoirs, and it is cost effective with lower maintenance
expenses. This type of weir is utilized mainly with the aim of increasing its capacity over the
available spillways and also as controlling structures on newly constructed spillways. Despite
the research studies conducted in this regard, the scour downstream of the trapezoidal Piano
key weirs has not yet been investigated, and there has been no comprehensive information on
the properties of the scour profile downstream of these weirs. Hence, given the several
advantages of the Piano key weir and lack of a comprehensive research on the amount of scour
downstream of this type of weir, the need for investigation on the scour downstream of this
weir under different hydraulic conditions is obvious.

Methodology: Experiments were conducted in a rectangular channel with a width of 75 cm,
metal bed, glass walls and a height of 80 cm in the hydraulic laboratory of water and hydraulic
structural engineering of Tarbiat Modares University, Tehran. Water flow was supplied from
an underground storage tank using a pump with a maximum discharge of 85 Lit/sec. A valve
installed at the end of the channel was used to adjust the flow depth in the channel. The PKW
was set up and sealed at a distance of 1 m from the channel end. All experiments on the weir
were conducted under free flow conditions. A layer of uniform sediments with an average
diameter of 1.64 mm, a geometric standard deviation of 1.24, a height of 42.5 cm, and a length
of 2 m was placed downstream of the weir.

The type-A trapezoidal piano key weir made of thermoplastic (common PLA Filament) with
a thickness of 1.2 cm was utilized in this study. Weirs with 6 keys (3 inlet keys and 3 outlet
keys), a width of 75 cm (the same as the channel), and the crest length (B) and a height (P) of
respectively 50 and 20 cm were used. The experiments were conducted with three values of
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discharge 0.03, 0.04 and 0.05 m3/s and five tailwater depths varied from 0.08 to 0.18 m.

Results and discussion: It is observed during the experiment that with the impact of the outlet
flow from the weir with a downstream bed, the scour began and the process of erosion and
sedimentation continuously occurred with development of the scour hole. Observations
indicated that during the erosion stage, after the impact of the water jet with the bed and upon
its dispersion, the scour of the bed material begins immediately and considerably. The material
washed away from the bed is mostly transported downstream along with the flow and is
deposited there. Generation of the scour hole entails circulation of flow inside the scour hole.
Also, a portion of circulating flow inside the hole is deviated upward. A large body of
sediments washed from the bed is transported downstream with the flow leaving the hole and
a part of it rotates with the circulating flow inside the hole. A part of these sediments along
with the circulating flow is deposited inside the scour hole and the other part is transported
downstream by the flow leaving the scour hole. After the scour hole is generated, the jet
entering the hole is divided into two parts at the deepest point of the scour hole. Such division
is observable from the movements of sediments inside the hole so that some of the sediments
are separated and transported downstream, leaving the scour hole, and the remaining
sediments move and reside in the same zone as the circulating flow due to the backflow
towards the weir foot. A sedimentary ridge is created downstream of the hole as a result of
the eroded sediments concentration which have left the scour hole. As the scour hole is
deepened, the sedimentary ridge is also enlarged. This trend continues until the flow is able
to carry the particles out of the scour hole. These variations mainly occurred at the initial 20%
of the test duration.

It is also observable that the scour hole downstream of the weir is not symmetrical with the
longitudinal axis of the channel, which is due to the effect of inlet and outlet keys on the
direction of the outlet flow over the weir. However, the overall scour pattern is nearly the same
under different conditions. Variations in the maximum scour depth downstream of the weir
are approximately 5.8 to 8.8 times the water depth over the weir. The location of the maximum
scour depth is also a function of discharge and tailwater depth, which was measured at a
distance of 15 to 27 cm from the weir foot.

Conclusions: This study has investigated the dimensions of the scour hole as well as variations
of bed topography downstream of a trapezoidal piano key wer. It was found that with a 112%
increase in the tailwater depth under a constant discharge of 30 L/s, the maximum scour depth
is reduced by 37%. Increasing the discharge results in an increase in the dimensions of the
scour hole, in such a way that a 66.6% increase in discharge with a constant tailwater depth
has increased the scour hole by 18.5%. With an increase of the tailwater depth, the
development of the scour hole downstream of the piano key weir is reduced. The minimum
scour hole development in downstream direction was measured in tests with a discharge of
30 L/s and tailwater depths of 15 and 17 cm. 112 and 89.5% increase in the tailwater depth for
discharge values of 30 and 40 L/s reduces the area of the scour hole by approximately 46 and
25% respectively.

Keywords: Experimental study, bed topography variations, scour, piano key weir, flow
discharge, tailwater depth.

© 2020 Iranian Hydraulic Association, Tehran, Iran.

l@ @ | 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 (3), 2020
108


http://www.iha.ir/

Oln! Sgyuad (pozxl b3y allio
ot
Sl yiud 4y i <5 https://doi.org/10.30482/jhyd.2020.236770.1465

S,
o
Iranian Hydraulic Association

2198 695 ALl o 9 Ob > 20 Wl AL LT adfltae
S148390 (2 Pl s 399 g Cawd il g

r,.l.wg Se ygi> T Olwod 3 gm0 c‘é)g.éé ﬁ')T

(IR e yde a3 olBils W ; Lo g ()l yes (owiigee 0aStils ( Sl aue sloosle 5 O (e cwiige oyl owlid IS ggmiils -
|
o

Ol Ol 5 e yde a3 ol (o] csdige 00Kl g ey dame 5yl yes cwdige 0SS « g ae ol -Y
Ol Ol iyt Sy oKzl () Jame g ol pes (cwdige 008l ( S g 0un slaejle 5 O Gl pes cmdige (650 (sgzisle -Y

* ghods@modares.ac.ir

www jhydihair «SJspm 4 i o6y $¥E VYRSV 50 YA FF il

Lo talejl 0d b5l 5 (yn BBles] S50 USS (S1akied (psilyalS 5oy Cosoimly (Kol Gz nl )0 eanSy
as ol lis s il plesl calisee Glabl Gos g (00 (6l s silo Av glas,l g e le YO o, i Vo Jsb s slanl ] o
YD 3905 ¢ o Bl VWO ol Sbl Gas 10 by (20 60,0 FEIV il b o Sl (50,0 0,08 o  Swit] Gos s
FYID 5 AV MY ol 38l el oo atwlS (Sl (g0, Job «obl os (0I5 b izmen ol co inlj8l aopo VAID 4
sl Jlis a b.i..wi Goe 3o, YoV 5 YO XY als sy asaasl p xd 0 g Fe P lo oo jo Obl Bos g0y
e Dgd oo diwlS (Sl (50,85 018 5l o )0 VIY bl Ges (50,0 FYID Lialidl b aadl ) 00 oo bl iolej]

ol Cews @y (Sl oji s &0 (sl slaolae

Pbl Gos 1olr @0 sl 95 e Sl s Bl Lo e (R3] (o 1B SlgalS

€9,z 0 olF ety @PleadS sy S ek doodio -
25 e 005 03l (L83 (1) 55 )0 o5 25 P U PPRVRCS RN WL T
(525095 Oliagl sad 90 lls A g9i @ @ o &5 (i 6,301 Cod b (938l 45 e
ol 2y Sl g SVl )0 Lo Wyo a4 gyie i golaidl L )l oole slag )y
e pas Glpel sad Saglyloas C 4B glyl @ 500 slas e (Mehboudi et al., 2014) ariib o
e Cawd Gl b CewdYL o axly o0 Giall ol wilole S9iloaldS slag

b olpsl gad psn Dogss @ o 4l caSerte Ve By 5l simee o0

2 S A gy laigd gily WS e Sl B> Slon ) 4 Cond (20 s pln T pS s ull
W 3w 85,1 P ol Wl Jle 00l ools ylis (V) S s S ol .(Machiels, 2012) oS (o lapSS a4
SelST 5,8 WO e(539,5 9lS (2,8 Wi i) 5 IS (20 Jeos gaal5 sloojlo a1, Ll e by oels Loy oo
5 539)9 SlouelS & ol o5 450 5 Si g ol Baa b odes jobay oy g9 cnl el 008
i 4 B0 g Bi )y (Sl Jlens Job B oz 4 orized 5 S5z se lag e 53, 5%] Cud)b
Adlss e ZeF 5 60909 S5 e sk Ny so ooliiwl Slugi glag )y (IS ol (lsie
Lempériere and Ouamane sxen  Slidme «(Phillips and Lesleighter, 2013; Laugier et al., 2013)

Journal of Hydraulics
15 (3), 2020
109


https://doi.org/10.30482/jhyd.2020.236770.1465

11A4 oy l5an g (5 0kl w0y (20 35T A Lol anlllas

4, Ahmadi Dehrashid et al. (2016) .c.cul 43,5 & )90 Hien et al. (2006) .Barcouda et al. (2006) (2003)
Szl 6> ol 5y SLL Bes g o0 b oy Laugier et al. .Ouamane and Lempériére (2006)
el sl Lliee osilaaldS o Censimly sy, S 000 Machiels et al. (2011) 4 (2011)
i bl s aalihl b aS ol ol bl lisies 45 gy el l 4 g W05 ()0 |y @plaalS
Gl Crge 0 Sial3al s oy oo Sl Sintyl Gas Lol e sloas iz ojlad 3,5 oL S 2k sl
4, Justrich et al. (2016) .55 o Kyl (50,85 ola Ouamane and Lempériere .53 oo o)1 (1S ial38!
SlS 5 e sl o Sl 2Eiles] sy Barcouda et al. (2006) 4 Hien et al. (2006) (2006)
bzl 3 5l BT sl JSs it osils ol 53959 wilas ST asols (las 093 (sla o) @l 50
Gas 5 co gl bz o wmgm gandils aile g &85 S o T (g ales 5l 555 ) e €58
o gl 33,5 ooy |y (Kol 0,8 5 L Machiels et 593 oo 525 5l Syome (25 SRl el
Gl Sis 4 Sl e aniy af ol olis U g ol g lad e slog yos (o) 2 L al. (2012)
ol 5 CendVL o lm gl S s o, Sl $9) slaebsyl bz 398 sae (pizen
o sl ol 958l oIy (Kis Ll Bes 5 s =, bt Machiels etal. (2014) .aisls ploxl g giluads
Sl 50,0 Fos dipiny j ouli o Siwty] goji> slabal) @sle oS Glag) e 5, by Glanl

RTINS oy iyl os sy o ool 51 i (20 e S0

355 s sy s o Khassaf and Baghdadi (2015)
Sy & Cond |y p9iladS Glog ) s slags 5
L Safarzadeh and Noroozi (2016) .xs,S" Lo >
@FalS Gy sanan Swalydg)a o)y
oyl pue £9 ol a5 Wels plas oM e lolis]

.é)b (S i 6);&-.’1

Si_/f/ N \So Si}{/‘.,f - So
.{/ . o \\\. /": X N
A B
Sa : ¢ ¥
% .7 \So si \So
<N AR LN N
C D

Fig. 1 Type of piano key weirs
@S slan ) glgl Y S5

Inlet key Gl jlinn a5 w83 o0 (L 9290 Slogrie (o)
b) Longitudinal section aas) 50 ce2eloadS oy (gg, oul plxl

. L ) ) a5 abboe 3y y (ol 695 5 Gosee Bl Sdsjae
Fig. 2 Symbols and geometric dimensions of the Piano

Key weir 50 MT Ao ;0 Lol .o o Ll YL jo LQ.;T B

IR L e olul g leasles ¥ IS N . . .
PRI R0 29 Syl o5 o obsyl g (owyp By (ol Cavsrl

Journal of Hydraulics
15 (3), 2020
110



AR 5l o 0ylacds VA 099

Sl yaad

Ol Al R D o A by o akes
oy Joe g (2Balesl anlpl 4t 5l pled ad e
S el oal ooly yioles (V) USS jo oeiloalls
@ oo oGkl cewdl o e V0 phe
a anlpl o by G il .l ool oy anl ]
s g0 plol dnl T el ;0 o0l e az 50 Al
Slesl 5l s Voalols o 4l 9550 (giluaedS )
L o iolesl gasn .o plosl )] (sono] 5 coas Jous
dooss Hln 0b ol o gl Ll o sy
JoSi5 5l 6 5 9l> (sl Raudkivi and Ettema (1983)
IVl Ol eSile JhS e pge) S S5 i
Chiew and 405 »ly (aizeed Wl 35,5 yio oo
2oy SeSs e b Bds sl Melville (1987)
b pwnin Jhae Bl a8 ol a3¥ o Srnt]
iz 3l sl 3l5e ol 4y 4z g b aBL VYT I i8S
Sl ey 5 siasheo VFF uSiln S b ke
5 sotlo FYIO culbis 4 clay o 5 bl VYF
logiales] ool (sl s Comitly > e ¥ Jsb
o jiolel casa o Sy s Aol 5150l eolaiul
e glhasiuild g Olae olfiws g 28
Sl oal oals las (F) S 0 é.,wT

ht sy S5SS el I P o)y gl I PSSl 5o
5 29y Sy gl iy 4 dsm g hr (bl Ges
32 HU ¢33y CawaVl o Of glas )l H o K] Gos
Gof Zf awdpmb yo IS ae Hd ccwsoYL o S
a Lsd 5 LSU pypm Cewdimly Hlees gl (Somnie]
Lru o Siaciol (50,8 Cawdpml g cawdVl Jsb s 5
sty SAE Sewd ol 9 SVl Job o arLrd
6oy CawdYl g Cawd ol ol S S v al g ad
ROWI I cow |

S5 slatized A g (pglyodlS oy B cnl o
L PLA @) coadld) Seidlyge s iz 5l ey 5o
F ol sy o0l eolatul g snle VY Cwls
VO (o) 5 (9% oS ¥ 5 (639)9 oS ¥) wlS
5 (B) om0 8lx Jsb daalyl (o o) yo il
Al el Yoo5 00 i3 4 P) Al gl

Cgry yoe PEiole;] o, » 4 Noseda et al. (2019)

S8 (el (o9l 0S5 e 0 CawWL ol )8
Cawd b Siwciol Ghodsian et al. (2020) .osls 5

@l WS (pwyn ) S8 e polaodS e
Bos 60,0 MY il b as ol las bl elidss
Loy Gl aoye Y (Sietol Ges atiin L
0,0 VY Stii] o didion ¢ 20 Qo )0 FEIF jiol 33l

Sl 8L )58

Wb )S O yg0 die (nl 50 4 (aiz oy 05z b
14555 (25l aalS o) s mly (Sl 535
Eror STy ook SMbl g oais ow)y SO
Jdo sl oaid @l g s ol Cewd b uiuwﬂ
S98 et 5 2pladedS e oLy ey
—oml (Sl lie 05by0 aalx bl g )
Sl 655 5yl 5 5 g3l oy £55 (nl e
Al (Sdgyoue bl pl 10 )y g8 (nl Cansil
a6y (GLL Ges 9 20 Sl ndy )
5 ol oley alalejl G cpl 0 s
Sy et (Sl Gos Sy glais g et
5 S fo] Bes Aicdn ian 2)lse b sail g o)
(Sl soyi ok g 20,0 Glagyerd (o] Cuaxde
0 5nS g o2 (Sl (60,8 o (Slogs pdy ok
61485555 (2 53la oS s pes Cemd il (Sl (g0 52>
Gos g 4l ud 00 5 Ve Ve o o SO
bty Giol VA I A) ilidee slasbil

(& (Kol o Ol5F o0 9% 0l gl 5l eolia
W Soge 50 9 05 awle |y nyse gg ol
wou.ul.v o MT o u,....:z:lf ‘_glﬁ G»La:..\...e,o.;

235 a8 0 5

e 59, g Slgo ¥
4 bt a\.ca\).g—l SS 0 gk ol LSLQQL-.‘.L"}] Lo
5 sladad looyles (g3 A b e il YO (o)e
095 Sdgyuen ofaslesl jo @dly yie il Ae glis)|
e o5 o8l ( (S sloosle g O (cwiige

& ) ) o Sl Ol plye s sl s

Journal of Hydraulics

111

15 (3), 2020



VAR ), 02 g (5,988

w0y (20 35T A Lol anlllas

Ceoms 0)l523 50 s Frod 5 (Sl Gos o]
09 Albrwgts (5,10 p e b anlpl s 5 o,
u.u}nl} la u...vLo)T R LSLQ,J‘ o M‘SA u.».v 9 6)..50)‘;)4‘
adly als (o, Ojge 4 ol bz ol cay o5
e S 0 Syge o (L25e) s @)l aslnl Sl
50 o eoly lad ganaSln plp e JelST 5l
L symd o)lse cisls p olfiws 5l solaul b o(0) S
sk aold X S (pl jo 0l ojlail e Lo VB0
oo S 5l (pope AoBY g ) Sl o
ol 50 g yta il ¥ Swio] (0,8 03game 4o

@5l Wl e sl Ss ) s
Table 1 Piano Key weir configurations

Parameters Values
Total width of the weir, (W) 75cm
Width of a cycle, (w) 25cm
Width of the inlet key, (Wi) 17.5¢cm
Width of the outlet key, (Wo) 51cm
Sidewall thickness, (Ts) 1.2cm
Laterl length of the weir, (B) 50 cm
Upstream overhang length, (Bo) 12.5¢cm
Downstream overhang length, (Bi) 12.5¢cm
Height of the PKW crest, (P) 20 cm
The height of the weir support, (Pd) 42.5¢cm
Total Height of the weir, (P"=P+Pd) 62.5cm
Number of key of the weir, (N) 3
Slope of the inlet key, (Si) 28°
Slope of the outlet key, (So) 28°
B/W 2
Wi/Wo 34
B/P 25
Bi/P 0.625
Bo/P 0.625
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Table 2 Details of experiments

Test Test Q (ht) H) (Hu) (Hd) (Fru) (Frd)
No. Names  gischarge Tailwater  Water Total Total Upstream  Downstream
(Lit/s) depth heigh on upstream  downstream Froude Froude
(cm) Weir Crest height height number number
(cm) (cm) (cm) () ()
1 Tra 30-8 30 8 35 0.66 7.51 0.02 0.62
2 Tra 30-11 30 11 35 0.66 9.51 0.02 0.44
3 Tra 30-13.5 30 135 3.4 0.66 11.01 0.02 0.35
4 Tra 30-15 30 15 3.4 0.66 13.50 0.02 0.26
5 Tra 30-17 30 17 33 0.66 16.00 0.02 0.20
6 Tra 40-9.5 40 9.5 4.4 0.67 8.52 0.03 0.69
7 Tra 40-12 40 12 4.4 0.67 12.01 0.03 0.41
8 Tra 40-13.5 40 135 4.3 0.67 1351 0.03 0.34
9 Tra 40-16 40 16 43 0.67 15.01 0.03 0.30
10 Tra 40-18 40 18 4.2 0.67 17.01 0.03 0.24
11 Tra 50-11 50 11 5.3 0.68 10.02 0.04 0.67
12 Tra 50-12 50 12 5.3 0.68 12.02 0.04 0.51
13 Tra50-13.5 50 135 5.2 0.68 1351 0.04 0.43
14 Tra 50-16 50 16 5.2 0.68 16.01 0.04 0.33
15 Tra 50-18 50 18 5.1 0.68 17.01 0.04 0.30
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