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ABSTRACT: In this research, the numerical simulation of the scouring of the downstream bed of two
types of trapezoidal and triangular piano key series in the same geometric and hydraulic conditions
has been done using the Flow-3D numerical model. To carry out the calibration process of the desired
numerical model, the laboratory study of Ghodsian et al. (2021) was used in the conditions of sediment
transfer. After the software calibration, the accuracy of the R2 criterion for the longitudinal profile
of scour and the maximum depth of scour downstream of the weir was equal to 0.9338 and 0.873,
respectively. Eighteen numerical simulations for scour downstream of two types of trapezoidal and
triangular piano key weirs were carried out under the conditions of changes in discharge and depth of
abutment, and the local changes of scour in a trapezoidal piano key weir at a depth of 0.05, 0.075 and
0.1 meters and all three The flow rate of 25, 35 and 45 liters second was observed less than the weir
of the triangular piano key. By doubling the depth of the weir in the trapezoidal weir up to 29% and in
the triangular weir up to 26.6%, the scour depth decreases. Also, with a 44% decrease in discharge at a
constant depth of the aquifer, a 40% and 37.4% decrease in the maximum scour hole depth was observed
in the trapezoidal and triangular weir, respectively. The increase in the depth of the floodplain causes the
loss of energy of the falling jets from the weir, and by reducing the capacity of the bed sediments carried
by the water flow, it causes a decrease in the maximum scour depth downstream of the desired weirs. It
was observed that with the increase of the flow through both types of trapezoidal and triangular piano
key weirs in the condition of constant depth of the abutment, the scour rate in the sedimentary bed for
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both types of weirs approaches.

1- Introduction

For the passage of excess water and floods from the
upstream to the downstream of dams, weirs are of high
importance, which form one of the important structures of
any dam. Weirs should be both in terms of strong devices and
in terms of design in such a way that they have the ability to
transfer water to the required amount [1]. One of the types of
weirs are piano key weirs, these types of weirs are a new form
of long crest non-linear weirs [2]. In addition to the greater
water-passing capacity that piano key weirs have compared to
simple weirs, they are also economical [3]. Other advantages
of piano key weirs include an increase in flow rate per unit
of width passing through the weirs up to 100 cubic meters
per second per meter, at least 4 times increase in flow rate
compared to linear weirs, and lower maintenance cost [4].
These features make piano key weirs efficient structures.
This type of weir is mainly used to increase the water-passing
capacity of existing structures and also as a control structure
in newly built weirs [5]. In dams, due to the relatively high
hydrostatic pressure exerted by the water in the reservoir
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on this structure, it is necessary to control the stability
of the structure in addition to controlling the hydraulic
conditions. Local erosion is one of the important issues in
river engineering and flow hydraulics in alluvial beds. If
in a studied period, the amount of sediment entered is less
than the amount of sediment left, the erosion of the river bed
occurs and the river bed is gradually hollowed out. Among the
effects of river bed hollowing downstream, we can mention
the disruption of the hydraulic jump upstream and the transfer
of the hydraulic jump downstream. With the increase of the
hydraulic gradient, which ultimately leads to the increase
of the lifting pressure and the phenomenon of seepage, the
scouring risks in the structure are increased. Therefore, the
scouring phenomenon in structures is very important and it is
necessary to predict it before building the structure [2]. The
very high costs of building energy-consuming structures such
as absorption ponds, relaxation ponds, etc., have caused an
increase in scour investigations in the river bed and its greater
protection.
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2- Methodology

In this research, the experiments of Ghodsian et al.
(2021) have been used to calibrate the numerical model, the
experiments were carried out in a flume with a length of 10
meters and a width of 0.75 meters with a height of 0.8 meters.
In order to determine the scour rate of the downstream bed of
the piano key weir, uniform sand with an average diameter of
d50=1.64mm and a standard deviation of cg=1.24 was used.
The length of the downstream erodible bed is 200 cm, and the
width and depth of the sediment layer are 75 and 42.5 cm,
respectively. The weir used for validation in the present study
was selected from the trapezoidal type weir in the experiment
of Ghodisian et al [6]. Due to the nature of the current research,
which is related to the depth and longitudinal profile of the
scour pit, in the numerical simulations, half of the length of
the erodible bed, i.e. the first 100 cm of the erodible bed,
was examined and the rest of the length of the sedimentary
bed was omitted in the modeling. Because the purpose of
this research is only to numerically investigate the scour
downstream of the piano key weir and considering that in the
laboratory study of Ghodsian et al. The last 1 m of sediment
bed for the numerical simulation does not make a difference
in the scour pit results and only causes a huge increase in
the simulation time. In the numerical studies carried out
to validate the software used (Flow-3D), due to time and
hardware limitations, only 20 minutes of the scouring process
of the study of Ghodsian et al. The time has happened, so
the numerical modeling done was compared with the first 20
minutes of the laboratory results.

3- Results and Discussion

The values related to the maximum scour depth per minute
until the end of the simulation and the scour longitudinal
profile for each of the modeling performed in Tecplot
software were called and compared in the form of graphs with
similar laboratory results. Also, the measures of root mean
square error RMSE, mean absolute value of error MAE, and
coefficient of determination R? were obtained for each of the
performed simulations and compared to select the optimal
mesh and suitable disturbance model. The most appropriate
measures of root mean square error RMSE, mean absolute
magnitude of error MAE and coefficient of determination R?
obtained in software calibration were obtained in table (1) for
medium mesh size meshing and K-€ turbulence model.

To investigate and compare the scour downstream of the
triangular and trapezoidal piano key weirs with Flow-3D
software, among the selected characteristics are the type of
grid, the size of the meshes in the modeling, and the turbulence
model, which gives the closest results to the desired laboratory
study (results mentioned in table 1) provided to us was used.
According to the obtained results, the largest local decrease in
the bed level in all three flow rates of 25, 35, and 45 liters per
second and the depths of 0.05, 0.075, and 0.1 meters occurred
downstream of the triangular piano key weir. According to
the results obtained from the numerical modeling of scour
downstream of piano key weirs, the local changes of the
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Table 1. The measures of root mean square error

RMSE, mean absolute value of error MAE and deter-

mination coefficient R2 extracted for the selected nu-
merical model

Parameter dsm Profile of Scour
RMSE 3.77 0.2056
MAE 3.15 0.168
R? 0.8731 0.9338

downstream bed level in the trapezoidal piano key weir for
all modeled hydraulic conditions are lower than the triangular
piano key weir and it varies between 12% and 25%.

By examining the longitudinal profile of the scour
downstream of the trapezoidal piano key weir, it was found
that at a flow rate of 45 liters per second, the increase in the
depth of the weir does not cause a noticeable change in the
distance of the maximum depth of the scour hole from the
base of the weir, and it only affects the dimensions of the scour
hole. This is despite the fact that at a flow rate of 25 liters
per second and a water depth of 0.05 meters, the difference
between the maximum scour depth and the maximum bed
depth at the edge of the weir base is less than 0.003 meters,
and it can be said that the maximum scour depth has occurred
at the edge of the weir base. Is.

In the investigation of the longitudinal profile of the scour
downstream of the weir, a triangular piano key was observed,
respectively, at constant depths of 0.05, 0.075, and 0.1 meters
with a 40% increase in the flow rate, changes in the maximum
depth of the scour hole to the base of the weir in all three
depths. The catchment is 5% and with an increase of 80%,
the flow through the weir is 5%, 5%, and 10%, respectively.
Therefore, the two parameters of discharge and depth of
the weir have a direct relationship with the distance of the
maximum depth of the scour hole from the base of the weir.

4- Conclusion

In general, it can be said that if the sediment characteristics
are constant, such as the average diameter of the sediment
particles, the geometric standard deviation of the particles, and
the density of the sediments, among the factors influencing
the transfer of sediments downstream of the trapezoidal and
triangular piano key weirs, according to the results obtained
from the numerical simulation, the depth of the reservoir and
The flow is the passage of the weir. In this way, the increase
in the depth of the aquifer in the condition of a constant flow
rate causes more energy loss of the falling jets from the weir
keys of the piano key, and with the reduction of the impact
force on the sedimentary bed, the dimensions of scouring
are reduced. This reduction in the dimensions of the scour
hole with the increase in the depth of the abutment includes
a decrease in the length of the scour hole, a decrease in the
maximum depth of the scour hole, a decrease in the depth of
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the scour hole at the foot of the weir, and a decrease in the
maximum distance of the depth of the scour hole from the
base of the weir. According to the variability graphs of scour
hole characteristics in exchange for changes in the depth of
the aquifer, it can be concluded that approximately with the
increase of the depth of the aquifer, the characteristics of
the scour hole change with a constant trend as a numerical
progression. Also, flow rate changes change the geometric
dimensions of the scour hole; However, unlike the weir depth,
the increase in flow through the weir in both trapezoidal and
triangular piano key weirs causes an increase in the depth
of the scour hole and an increase in the length of the scour
hole, an increase in the maximum depth of the scour hole, an
increase in the scour depth at the weir foot and an increase in
the maximum distance. The depth of the scour hole is from
the base of the desired weirs. In general, all the dimensions
of the scour hole are similar to the flow passing through the
weir and the depth of the weir for the triangular piano key
weir, except for the length of the scour hole and the maximum
distance of the scour hole depth from the base of the weir, it is
greater than the trapezoidal piano key weir.
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Fig. 1. Types of piano key weirs [6].
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Fig. 3. Trapezoidal piano key weir[13].
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Table 1. Geometric characteristics of trapezoidal piano key weir [13].

Parameter Value
Number of key of the weir (N) Y
Total width of the weir (W:m) QA
Width of the inlet key (Wi:m) <1AYO
Width of the outlet key (Wo:m) [+ 0N
Sidewall thickness (Ts:m) [y
Lateral length of the weir (B:m) -1
Upstream and Downstream overhang length (Bi and B, :m) AR
Height of the PKW crest (P:m) -IY
YA

Slope of the inlet and outlet key (Si and So: degree)
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Fig. 4. Time development graph of scour pit depth in 12 hours and scour equilibrium time [13].
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Fig. 5. Longitudinal scouring profile of trapezoidal piano key weir bed [13].
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Fig. 6. The grid used in the calibration model of scour downstream of the piano key weir with Flow-3D
software.
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Table 2. Longitudinal scour profile and temporal changes of scour depth in downstream of the trapezoidal piano

key weir.
time (min) dsm in Flow-3D dsm in Distance (cm) Scouring depth Scouring depth
Model (m) Experimental in Flow-3D in Experimental
(m) model
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Fig. 7. Comparison of the graph of time changes of scour depth for three different grid types in the left Fig., and
three RNG, K-€ and K-o disturbance models in the right Fig..
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Fig. 8. Comparison of the longitudinal scour profile without unit, at the end of 20 minutes of numerical simulation for
three different types of grids in the left Fig. and three types of turbulence models used in the right Fig.
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Table 3. The measures of root mean square error RMSE, mean absolute value of error MAE and determination coef-
ficient R2 extracted for the selected numerical model.

Parameter dsm Profile of Scour
RMSE YIvY AR\
MAE Yo <INFA
R2 < JAYYY <[AYYA

M Gyt A0l Je (198l S gy per Cowdpmly 43 Oligaw 9 5 StV OF gl bl A JSS
o (299l WIS 55 e 10 1A 595 (29l
Fig. 9. Initial water conditions upstream of the weir and sediments downstream of the modeled
piano key weir, a: trapezoidal piano key weir, b: triangular piano key weir.
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Table 4. Geometric characteristics of triangular and trapezoidal piano key overflow.

Parameter Values Weir
Trapezoidal
Triangular
Number of key of the weir (N) v Y
Total width of the weir (W: m) N4 Qg
Width of the inlet key (Wi: m) 100 A
Width of the outlet key (Wo: m) AR -
Sidewall thickness (Ts: m) [Ny <NY
Lateral length of the weir (B: m) A A
Upstream and Downstream overhang length (Bi and B,: i "
m)
Height of the PKW crest (P:m) <IVA <NA
Slope of the inlet and outlet key (Si and S,: degree) vy vy

3D-Flow 133105 b 8,5 & 90 (538 Sbas jlwdnd (Sg i Slasudio .0 Joaa

Table 5. Hydraulic characteristics of numerical simulations made with Flow-3D software.

Test No Test Names Q (Lit/s) ht (m) H (m) AH (m)
1 TRI 1 AN o[-0 o/ <J\Y
2 TRI 2 AN LRI o/ AR
3 TRI 3 AN <\ o/ <NY
4 TRI 4 ¥ e ef SNy
I TRI 5 < IY0 RYRAIN o/ AR
& TRI 6 AR <1\ o/ Y
v TRI 7 DAL LRI </ f AN
A TRI 8 DAL RN </ f AR
q TRI9 DAL <IN <-f NY
Yo TRA 1 AN QRN <-f AN
1" TRA2 AN VRN o/ AR
\Y TRA3 AN <1\ o/ N\Y
W TRA 4 A e ¥ Sy
\¥F TRA'S AR RN ol AR
10 TRA 6 AR <1\ </ f <\Y
\§ TRA 7 DAL QRN <-f AN
1% TRA 8 DA ol o[- AN
\A TRA9 AN RYRAIN o/ N\Y

\AR3
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Fig. 10. Time development graph of scour hole in 10 minutes for trapezoidal and triangular piano key weirs.
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Table 6. Comparison of the maximum scour depth simulated for two types of trapezoidal and triangular
piano key weir by Flow-3D software
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Fig. 11. The graph of changes in the depth of the scour hole due to the increase in the depth of the footing and the
increase in the flow through the weir.
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Fig. 12. Longitudinal profile of scour downstream of trapezoidal piano key weir.
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Fig. 13. The diagram of scouring changes at the base edge of the trapezoidal piano key weir in exchange
for changes in flow rate and depth of abutment.
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Fig. 14. Longitudinal profile of the scour downstream of the triangular piano key weir in exchange for the changes in
flow rate and depth.
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Fig. 15. The diagram of scouring changes at the base edge of the triangular piano key weir in exchange for
the changes in flow rate and depth of abutment.
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Fig. 16. Transverse profile of the scour downstream of the trapezoidal piano key weir.



YYA LYY doio VFF Jlo o oyl OF 093 epuS pwol () yos (wrbite &yt

50 Y=0/6 alais > ¢ 2FF 5 2 ¥Y/0 L ply (JUS oy o)lg23) 20

Ll (£ ).u.») Jf &LQJ)‘ )l f&/a[b D\c‘ (Jblf &> o)ly..))

(Sl 08 s (S S 59—~

Ml 0y oS Ao oo alold dlen | ol yuelyl deldl jo
b St Gos g (L) (Stai] oi> Jsbo (L) sy sh b
Jgio 2 4oMs g0 4 (Z) (i g slai59> o9l 1S (slas o
ol o 511 (V)

@l S e il ome Ol sl l) gl baks (V) JSa
WUy g YO (03 3 (29 9 @909 oS g (tlie 5 slaijed
3o ol sy 0jA] (glaygnls b olpen e /N CLL Bes 5
Olese (e 5 (laijed (agly WS ja)pe £95 93 2 5l syge Ol
Ol sgee b (699)9 3 53 0,38 (o0 )y 1 Cpgo 93 4 (b
Fsroe Shr (293 W 0 9 (o) Sy 4 299 U )
4l oced ist Candpml Cew 4 Co Sy Sogo 4 (295 &b
el g 0390 3)95 2 Y gaw &) (939)9 1S | (293 by D9 o0
P> S9N (xizron D9 o0 ($39)9 M 25 ) (2452 4l S b
(29 S @ (93939 (L xS o0 JSB (295 IS 6y 2 0L
S R g A o0 Iy (S )US slagl 5l oS, slagla b
2 b Sl agd o Cundiml 40l 2y (295 4S5 e
sl )3 iy Syl e o 3,5 o0 JSb (298 S Cunmnply
pazde by bolad (cda dw JSb 53 85 5k los el (29,5 S
sl onl g e Y (Saadl sl 5 st b3y 5l am ol ol
A8l g (Stunial WA x5 )3 g Sligw) el e

S (Sl o Db (SisSa g oe | e S
N3Bpp 50 x93 (S5y 58 gy (Sadl g5yl polie g,
W e 5 50 2 sl (1) U @90 4 g e Tecplot
G5 &S Canl 53 4 oY el 0k ) tlte 5 (g gl
oS jglailen 595 o adlis TKE sl L Tecplot ljéle 5 p>  Sead]
Candpmly o (Saadl (5 Mo jSli 505 0 oanltio JSG (ul )5
b oS conl (glaijod (gl MlS 50ppw il it (e (29l 34IS 520

D5 Slgden 3y £9 93 ol Candml yd (Sl Jlade b (g9

yyYYy

s o -V

Ot Can (lite JolS gl &y JUIST > (Sl o050 Sy
2 el WS e Canpmly Sadl o Jdon 0099
OWIF 35 (5295 9 Ay (ool oz I by 2ol lisis
U (50 > (Samel by (315058 s lagl ¥ ]l o0
» ey gy oon (Blai s Sl gl o @il & ),
Sl poye Judgp (W g V) oS oy cuns sl o)
9 2 Cha gl ) e g ey 29ly WIS ) Cundiml
L o il OLL Ges

oo > (Staatal (lise 39800 003 (V) JS3 3 o yobo loa
SMET .l (93959 oselS il yiden )y (295 oS Cundiynly
slale &) ) (Stadsl oo a5 (Studi] ie S o
SlaB395 (29l 2 52y Candimly 3 gy s (Sidsl (o)
4 g Casl o o[ FY g of-¥0 (o il L lages g (2 gl
Cll Glages > 4l ) YO 5 Y0 N0 <ol laod sl iy
ly oy s g5 AVNLAN o ZXO-TX o LXY—TAN (o Sgliio
Pl 1S Sopp Candpmly (ol oye by 3o S
Wl o 4SS ioled 4 (VY) US> L 2lie

5 Sl Glie S o BB (V) S cledbl 5
2 g ot (Sl (250 ol &) ) (Sl Gos
e bl slages 5 (23 Gly e gl 2 Ry Condiml
N0 b gl o sl cp A g Gl o S AL /oYY g Lo yE
~TAN LYY TNEID g glite UL (slaGos 1 4l p 2 ¥O 4 YO
DStz 1y (St Sligusy £i5)) e JS 7 VAUD = 28 5 7 YVIV
Sy 3 (Stunsl Bos 4ieS g it o gli5)) OS] Lm0
Joye > P9 0358 Iy il CbL Bes g (2 GRIFIL e gl
2 o WS pl QLL Bos g (23 GRIPIL (ladied soily S
Jibo s a8 g iy Sl (30 ol el o Sl Bl (St] o>
MB350 oy lyr (Sgyren cilisee ol > (Stuntl d)
Al gigmy o €W, S VYT sgae fta oy 3 5 /- FIA
3l (gl Candpply (Sl o0 Jdon 4 425 L rien
iy 4 JUS o)l > (St Bee line (1Sbe 90 4 25l
Y=0/0 alais g X (sl )5 tlio 5 glaijod (gl 1S 200 (5



YYA LYY daian MYV JL» AR Q)Loa:' P 0)9d 9.35)...0‘ ul)‘o& (e & il

1
1 r
[ I I \ \ | | . il I I I \ \ \
0.8 TRI-PKW.Q =25 Lis. ht=Sem 08 TRI-PKW.Q = 35 L/s , ht = Sem
5 - TRI-PKW.Q =25 L/s, ht = 7.5cm S N N TRI-PKW.Q =35 L/s, ht = 7.5cm
0.6 F - TRI-PKW.Q =25 Lis_ ht = 10cm ] 0.6F ———— TRI-PKW.Q = 35 L/s , ht = 10cm
04l 04
02
0
e |
Z-0.2
Z-02
AN - 04
A . i 06
P ! h 7
o8k \ / 080 -
N N aF
12F 1.2k
) SN B R L i L A R7) SN FEEEN NN PR R RN FESN S SR S
0 01 02 03 04 05 06 07 08 09 | 0 01 02 03 04 05 06 07 08 09 |
YW YW
'F T T T T 1 T T I
08 F ——— TRIPKW.Q=45 L/s ht=Sem O T IRIPRW.Q 25 Lfs, bt = Sem
= I TRI-PKW.Q = 45 Lis , ht = 7.5cm I = TRI-PKW.Q =35 L/s, ht=5cm
0.6 - e TRI-PKW.Q =45 Lis, ht = 10cm oeE - TRI-PKW.Q =45 Lis . bt = Sem |
04F F
02f
0F
= |
F-02
k-] I
0.4
0.6
08
-1k s
12f B s S L I ==
o o
Y] SN N BN NN NS NN SN PN SR P JNJPY) RN B N RN FNNT ENESE FURES BNRET PN i
“0 01 02 03 04 05 06 07 08 09 | S0 01 02 03 04 05 06 07 08 09 1
YW YW
' I — 'F I |
081 TRI-PKW.Q =25 Lis , ht="7.5em ] 08 TRI-PKW.Q =25 Lis , ht = 10em
o = TRI-PKW.Q = 35 L/s , ht = 7.5¢cm . TRI-PKW.Q =35 L/s, ht = 10cm
0.6 ————— TRI-PKW.Q =45 Lis , ht=7.5¢cm || 0.6 -—-—-—- TRI-PKW.Q =45 L/s , ht = 10cm
04F 04}
02f 02
0 oF
= | e f
Z-02 Z-02
= | = N
04 04 \ 1
ool NS
0.8 e !
! T ~ -1 T N =T —TTTs = T~ ’;"-F T B -
12 =
T 00 02 03 04 05 06 07 08 09 | 001 02 03 04 05 06 07 08 09 |
Y/W YW

csbio (293l IS 595 s Cawnd oy (Siawmadisl (0858 Judg AV JSUS

Fig. 17. Transverse profile of the scour downstream of the triangular piano key weir.
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Table 7. Geometrical characteristics of scour hole downstream of trapezoidal and triangular piano key weir.
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Fig. 18. Flow lines for the flow through trapezoidal and triangular piano key weir.
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