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1. Introduction 

The piano key weir (PKW) is an improvement of the labyrinth 

weirs. The advantages of PKW are higher safety-factor of dams 

and high economic efficiency. Further, the PKWs have a low 

retention cost, higher reservoir storage volume and the flood 

control system (Falvey, 2003; Lempérière et al., 2003,2011; 

Machiels et al., 2011; Kabiri-Samani and Javaheri, 2012; Ribeiro 

et al., 2012; Mehboudi et al. 2016; Karimi et al., 2019). 

The foundation stability of hydraulic structures may decay 

because of the downstream local scour due to the flow taking place 

in the form of turbulent water jets. Generally, the complete 

protection against scouring is often impossible and expensive. 

Therefore, understanding the scouring mechanism downstream the 

PKWs is crucial in terms of finding suitable solutions and ways to 

control the scouring process and mitigate the risk of destruction. 

Local scouring downstream of the hydraulic structures within a 

steady flow condition have been extensively studied before. 

Rajaratnam and Macdougall (1983) based upon experimental 

study indicated that there was no significant increase in bed 

erosion after about 30 min during the scouring induced by plane 

turbulent jets. Accordingly, scouring profiles were evaluated to 

study geometric characteristics independent of time and sediment 

size (Rajaratnam 1981; Balachandar 1997; Yang et al. 2020).  

Kumar and Ahmad (2020) pointed out the impacts of sediment size 

and tail water depth on the scour depth downstream of a spillway 

apron. Dey and Sarkar (2005-2007) addressed shifts in the 

characteristic lengths of a scour hole downstream of an apron 

based upon the particle Froude number for sediments with uniform 

and non-uniform gradations. The results of their experiments 

revealed that all the parameters of the scour hole, such as the 

maximum scour depth and the dune height, were augmented by 

increasing the leakage rate. Faruque et al. (2006)  scrutinized the 

effect of submergence on scouring processes by using a square 

cross-section nozzle on a non-cohesive sand bed, due to three-

dimensional jet authorization. Results showed that the tail water 

depth, particle Froude number, and the ratio of grain size-to nozzle 

size had a significant impact on the width of the scour hole. 

Further, the maximum scouring depth was not deeper at the lower 

range of submergence, however, the larger depth of scouring 

corresponded to higher tail water depths. Pagliara et al. (2006)  

studied a single jet on a horizontal sediment bed that produced a 

3D scour hole based on the different sediment combinations, the 

jet aeration, the angle of jet impact, and the tail water depth. 

Bhuiyan et al. (2007) evaluated the effect of a W-type weir 

(without an apron) on the downstream processes of sediment 

transportation, especially the scour hole formation. A short 

distance downstream of the weir was measured that corresponded 

to the maximum scour depth, irrespective of the boundary 

conditions. Jüstrich et al. (2016) scrutinized the scouring process 

downstream of an A-type piano key weir and demonstrated that 
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the greatest slope of the scour depth at the downstream of the piano 

key weir was affected by the static angle of the substrate material. 

Further, the dimensions of the local scour in the piano key weir 

were very similar to the scour in jet-like flows. 

Despite many studies on local scouring downstream of the 

hydraulic structures, detailed experimental and numerical studies 

focusing on the scouring mechanism downstream of the piano key 

weirs are scarce (Jüstrich et al., 2016; Kumar and Ahmad, 2020). 

Therefore, in the present study, local scouring morpho-dynamic 

features including the scour hole profiles and depth were 

scrutinized both quantitatively and qualitatively. 

The present study aims to evaluate the scouring processes based 

on experimental and numerical modeling. The experimental runs 

were conducted to evaluate the local scouring downstream a D - 

type piano key weir under clear-water and steady flow conditions 

with different discharges and tail water depths. The numerical 

modeling was implemented by coupling the volume of fluid (VOF) 

with a series of sediment scours and bed load transport formulas 

in a 3D modeling framework using Flow-3D software.  

2. Problem statement 

There are four major types of PKWs which are classified as 

with and without overhangs as A-D (Fig. 1). In the present study, 

the inflow discharge rate and the tail water depth were considered 

as independent variables in evaluating the local scouring 

downstream a D-type piano key weir. The experimental data were 

used for validating the numerical simulations. The free surface 

steady flow was modeled using VOF method while the sediment 

entrainment, scouring and bed load transport processes were 

simulated through the transport equations in CFD package. The 

VOF method has been shown to have good accuracy as compared 

to other numerical methods used for evaluating the free surface 

flows (Flow Science 2010, Li et al. 2019a, 2019b, Khoshkonesh et 

al. 2019, Nsom et al. (2019), Bahmanpouri et al. 2020). In this 

investigation, the turbulence features were captured through the 

large eddy simulation (LES) model after comparing the efficiency 

of various turbulence models in reproducing the bed deformations. 
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Figure 1. Various types of PKWs (Kabiri-Samani 
and Javaheri, 2012; Karimi et al., 2019) 

3. Experimental set-up 

The experiments were conducted in the hydraulic laboratory of 

Bu-Ali Sina University. A standard flume was made from 

galvanized iron and the glass walls having the following 

dimensions.: 

Length  10 m long, 

Width  0.5 m wide, 

Height  0.5 m high  

The figure 2 shows the dimensional details of the flume. The 

flume is raised to 1.3 m from the laboratory floor with a constant 

bed slope of 0.001. The range of discharge rates Q was 

chosen between 10 to 20 l/s considering the pump capacity and 

normal flow conditions. To measure the discharge rate, a 

calibrated triangular weir (error of 0.1 l/s) with a 90o angle was 

employed at the end of the flume. The discharge rate was 

controlled by a calibrated flow-meter mounted on the inlet flow 

pipe. Further, the tail water depth was adjusted by a sluice gate at 

the end of the flume. 

In the present study, a D - type piano key weir model with 5 

keys (3 input key and 2 output keys) with dimension of B = 0.4 m, 

W= 0.5 m, P = 0.2 m, 𝑤𝑖=𝑤𝑜=0.1 m and 𝑠𝑖=𝑠𝑜=0.5 was employed 

(B: weir length, W: weir width, P: weir height, 𝑤𝑖  and 𝑤𝑜: width 

of the inlet and outlet keys, 𝑠𝑖  and 𝑠𝑜: the slope of the inlet and 

outlet keys). 

A schematic view of the weir is shown in Fig. 3. The 

downstream of the weir, a rigid apron with 0.6 m long, 0.5 m 

width, and 0.17 m height was employed. The length of the apron 

was determined based on the jump length criterion. In this 

direction, the length of the apron was equal to 1.5 times the 

hydraulic jump length (Bradley and Peterka, 1957; Kumar and 

Ahmad, 2020). The erodible bed consisted of sediment particles 

filled to 0.17 m depth and 2.1 m long. Sand particles with a median 

grain size of d50 = 1 mm and a uniformity coefficient of  

σg=√
d84

d16
= 1.3 was employed in the experiments. The sediment 

particles density, the angle of repose and Manning-Strickler 

roughness were equal ρs = 2.65,  = 33o, n = 0.015 respectively. 

Nine experimental runs were conducted under different steady-

inflow conditions as listed in Table. 1.  While the Reynolds 

number was higher than 104 and the Froude number was 

lower than 1, the flow regime was subcritical and turbulent. 

Every test condition was kept constant for 9 hours (equilibrium 

time). For each run, once no sand particle were observed that were 

removed from the scour's hole and transferred downstream, the 

pump was stopped and that time was considered as end time.  

The scour depth after 9 hours reached a constant magnitude i.e. 

almost no change was noticed after this time, and the scour depth 

reached a relative equilibrium (Fig. 4). Therefore, the 9 hours run 

time was considered as the equilibrium time for all tests. After 

finishing each test, the water in the flume was drained out and bed 

topography was measured in a square grid of size 2cm * 2cm using 

a point gauge (La  ica 810K model) with a travel accuracy of ±1 

mm. 
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Figure 2. Experimental flume scheme 
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Figure 3. (a) 3D schematic (b) the scheme of plan and cross-sections of D-Type PKW 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Variations of scour depth against time for the sample 
run 

 

Table 1. Experimental tests parameters 

Particle 

Froude 

number 

Frd 

Froude 

number 

Fr 

Reynolds 

number 

Re 

Critical 

Shields 

number

𝜃𝑐𝑟 

Sediment 

depth 

ds (m) 

The depth 

top of the 

weir crest 

Hu (cm) 

Tail 

water 

depth 

Yt 

(cm) 

Reservoir 

Depth 

Yu (cm) 

Mean 

velocity  

U (m/s) 

Discharge 

Q (m3/s) 

Weir 

type 
Case 

2 0.362 12568.74 0.04 0.17 1.2 5 37.3 0.25 0.01 

D-type 

PKW5 

 

 

 

 

1 

2.6 0.367 19734.44 0.04 0.17 1.1 8 37.2 0.33 0.01 2 

2.9 0.366 25950.54 0.04 0.17 1.2 10 37.1 0.36 0.01 3 

2.4 0.366 16628.29 0.04 0.17 1.7 7 38.8 0.3 0.015 4 

2.6 0.367 21292.18 0.04 0.17 1.8 8.5 38.8 0.34 0.015 5 

2.9 0.366 25950.54 0.04 0.17 1.5 10 38.5 0.36 0.015 6 

2.9 0.366 25950.54 0.04 0.17 2.5 10 39.6 0.36 0.02 7 

3.1 0.364 32054.48 0.05 0.17 2.5 12 39.5 0.4 0.02 8 

3.3 0.361 36506.96 0.05 0.17 2.3 13.5 39.3 0.42 0.02 9 

 

0 200 400 600 800 1000
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3.1. Dimensional Analysis 

For clear water condition the scour depth downstream of D - 

type PKW is a function of the following parameters: 

f(𝑞. 𝑌𝑡 . 𝐻. 𝑃. 𝑁. 𝐵. 𝑊𝑖 . 𝑊𝑜. 𝑊. 𝑆𝑖 . 𝑆𝑜 . 𝐿𝑏 . 𝑇. 𝜌𝑤 . 𝜌𝑠. 

𝑔. 𝜇. 𝜎𝑔. 𝑑50. 𝑑𝑠. 𝐿𝑠 . 𝐿𝑜. ℎ𝑑 . 𝐿𝑑) = 0           
(1) 

Where q : the weir discharge per unit width, 𝑌t: tail water 
depth, H: the water depth at top of the weir crest, P: weir height, 
N: number of keys, B: weir length, 𝑊𝑖  and 𝑊𝑜: width of inlet 
and outlet keys respectively, W: weir width, 𝑆𝑖  and  𝑆𝑜: slope 
of inlet and outlet keys, respectively, 𝐿b: apron length, T: 
equilibrium time, ρw: density of water, ρs: density of sediment, 
g: gravity acceleration, µ: dynamic fluid viscosity, 𝜎g: 
uniformity coefficient, 𝑑50: median grain size, 𝑑𝑠: largest scour 
depth, 𝐿𝑠: distance to maximum scour position, 𝐿𝑜:  length of 
scour hole, ℎ𝑑 : dune height, . 𝐿𝑑: length to dune crest. Since the 
purpose of this study was to evaluate these parameters in the 
equilibrium condition, the equilibrium time and constant 
parameters were removed from Eq.1. 

Therefore, Eq.1 was rewritten as follows: 

ѱ = 𝑓1(𝑞. 𝑌𝑡 . 𝐻. 𝜌𝑠. 𝜌𝑤.  𝑔. 𝑑50. 𝜇) = 0             (2) 

Where ѱ represents the scour hole characteristics. Using 

Buckingham’s theorem: 

(3) 
ѱ

𝐻
= 𝑓2 (

𝑞

√𝑔𝐻3
.
𝑌𝑡

𝐻
.
𝑑50

𝐻
.
𝜌𝑠 − 𝜌𝑤

𝜌𝑤

.
𝜇

𝜌𝑞
)   

The fluid viscosity effects (Re) on the scour hole characteristics 

could be neglected since the turbulent flow conditions were 

dominated on experiments (Mehraein et al. 2012). The 
𝑞

√𝑔𝐻3
 

referred to the Froude number on the weir crest. Further, by 

combining the dimensionless parameters 
𝑞

√𝑔𝐻3
, 

𝑑50

𝐻
,  

𝑌𝑡

𝐻
 and  

𝜌𝑠−𝜌𝑤

𝜌𝑤
 a 

new dimensionless parameter 𝐹𝑟𝑑 =
𝑉

√𝑔 𝑑50 (𝑆−1)
  was obtained, in 

which S referred to the sediment particle density, V was the average 

fluid velocity calculated based upon the Manning equation 𝑉 =
1

𝑛
 𝑅

2

3 𝑆
1

2. 𝐹𝑟𝑑  was the particle Froude numbers. Therefore, the last 

relationship of scouring was written as the function of the 

following dimensionless parameters: 

  (4) 
ѱ

𝐻
= 𝑓3 (𝐹𝑟 .

𝑌𝑡

𝐻
. 𝐹𝑟𝑑)      

in which 
ѱ

𝑯
 represents the 

𝑳𝒅

𝑯
.

𝒉𝒅

𝑯
.

𝑳𝟎

𝑯
.

𝑳𝒔

𝑯
.

𝒅𝒔

𝑯
. 

4. Numerical model 

4.1. Governing equations 

Equations of fluid motion including continuity and momentum 

in three-dimension of the Cartesian Coordinate are as Eqs. (5) to 

(7). 

(5) 𝑉𝐹  
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑢𝐴𝑥) +

𝜕

𝜕𝑦
(𝜌𝑣𝐴𝑦) +

𝜕

𝜕𝑧
(𝜌𝑤𝐴𝑧) = 𝑅𝐷𝐼𝐹 

(6) 

𝜕𝑢

𝜕𝑡
+

1

𝑉𝐹

{𝑢𝐴𝑥

𝜕𝑢

𝜕𝑥
+ 𝑣𝐴𝑦

𝜕𝑢

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑢

𝜕𝑧
}

=
1

𝜌

𝜕𝜌

𝜕𝑥
+ 𝐺𝑥 + 𝑓𝑥 − 𝑏𝑥 

(7) 

𝜕𝑣

𝜕𝑡
+

1

𝑉𝐹

{𝑢𝐴𝑥

𝜕𝑣

𝜕𝑥
+ 𝑣𝐴𝑦

𝜕𝑣

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑣

𝜕𝑧
}

=
1

𝜌

𝜕𝜌

𝜕𝑦
+ 𝐺𝑦 + 𝑓𝑦 − 𝑏𝑦 

(8) 

𝜕𝑤

𝜕𝑡
+

1

𝑉𝐹

{𝑢𝐴𝑥

𝜕𝑤

𝜕𝑥
+ 𝑣𝐴𝑦

𝜕𝑤

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑤

𝜕𝑧
}

=
1

𝜌

𝜕𝜌

𝜕𝑧
+ 𝐺𝑧 + 𝑓𝑧 − 𝑏𝑧 

(9) 
𝑉𝐹

𝜕𝐹

𝜕𝑡
+ (

𝜕

𝜕𝑥
(𝐹𝐴𝑥𝑢) +

𝜕

𝜕𝑦
(𝐹𝐴𝑦𝑣) +

𝜕

𝜕𝑧
(𝐹𝐴𝑧𝑤) +

𝐹𝐴𝑥𝑢

𝑥
)

= 0 

Where 𝑉𝐹: the fractional volume opens to the flow, 𝜌: fluid 

density, RDIF: a turbulent diffusion term. (𝑢, 𝑣, 𝑤): flow velocity 

components in (𝑥, 𝑦, 𝑧), (𝐴𝑥, 𝐴𝑦, 𝐴𝑧): the fractional areas open to 

the flow in the directions (x,y,z), (𝐺𝑥, 𝐺𝑦, 𝐺𝑧): body accelerations, 

(𝑓𝑥, 𝑓𝑦, 𝑓𝑧): viscosity acceleration, and (bx,by,bz): flow losses in 

porous media. In Eq. (9), A: average of area flow and F is the fluid 

fraction. The F value was equal to the unit while the cell was full 

of the fluid, and zero while the cell was empty. According to Eq. 

(8) the volume of fluid (VOF) method was employed to track the 

free surface evolution. While the fractional area-volume obstacle 

representation (FAVOR) was employed to model fluid surface and 

rigid volumes such as geometric boundaries (Pourshahbaz et al. 

2017; Khoshkonesh et al. 2019; Issakhov and Zhandaulet 2020; 

Shen and Zheng 2004). 

The suspended load and bed load would be measured separately 

for the sedimentary computing part. The suspended load was 

acquired by solving the convection-diffusion transient equation 

(Eq. (10)). 

(10) 
∂c

∂t
+ Ui

∂c

∂xi
+ w

∂c

∂z
=

∂

∂xi
(Ґ

∂c

∂xi
) 

Where W: the sediment fall-velocity, Ґ: diffusion coefficient. 

The coefficient of diffusion was proportional to the viscosity of 

the flow eddy and was determined by the k−ε model. Eq. (10) 

describes sediment transport including the effect of turbulence on 

the deceleration sediment particle settlement. Eq. (10) was solved 

on every cell except those near-bed which was implemented by the 

control volume method in the numerical model. Three models 

consisting of Van Rijn, Nielsen, and Meyer-Peter and Muller 

equations (Eqs. (11) - (13)) were developed to measure 

concentration and adjacent surface load (Wei et al., 2014; 

Bahmanpouri et al. 2020): 

𝛗
𝐧

= 𝐁𝐧(𝛉𝐧 − 𝛉𝐜𝐫.𝐧)𝟏.𝟓 

                              

Meyer-Peter and 

Muller equation                                               

(11) 

𝛗
𝐧

= 𝟎. 𝟑 𝐝𝐧 𝐝∗.𝐧
𝟎.𝟕

(
𝛉𝐧

𝛉𝐜𝐫.𝐧
− 𝟏)

𝟎.𝟓

 
                                

Van Rijn equation 
(12) 

𝛗
𝐧

= 𝟏𝟐 𝛉𝐧
𝟎.𝟓 𝐁𝐧(𝛉𝐧 − 𝛉𝐜𝐫.𝐧) 

                                                         

Nielsen equation 
(13) 

Where 𝑩𝒏: the volume fraction of sediment particles, 𝜽𝒏, 𝜽𝒄𝒓.𝒏: 

Shields- and critical Shields parameter and 𝒅∗: dimensionless 

particle diameter.  

4.2. Description of the numerical model 

The turbulence models including k−ε, k−w, the Renormalized 

Group (RNG) and large eddy simulation (LES) were employed to 

capture the turbulence characteristics. Sediment surface roughness 
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was defined by the bed roughness/d50 ratio which was about equal 

to one. The particle angle of repose which mostly depends on the 

bed angle with the typical magnitudes between 30 o and 40 o, was 

measured and recorded as 33o. It was a useful term in correcting 

the slope's impact. The bed load coefficient regulated the bed load 

transport rate. According to Van Rijn (1987), the unit value was 

selected for the bed load coefficient. The scour rate was regulated 

by the entrainment coefficient which had a default value of 0.018. 

4.3. Initial and boundary condition 

At the channel inlet, the flow rate was considered as the 

boundary condition. Herein, the discharge of 0.01, 0.015, and 0.02 

m3/s with corresponded water elevation was applied. Walls on the 

sides, the bottom of the flume, and the flow rate at the flume outlet 

were considered as the other boundary conditions (Fig. 5). 

Boundaries of symmetry were also used at the upper boundaries. 

The hydrostatic pressure distribution was applied as an initial 

condition. Accordingly, various mesh cell sizes were examined to 

acquire the highest accuracy in reproducing the bed scouring 

processes. The mesh sensitivity analysis was conducted and based 

on statistical criteria of normal root mean square (NRMSE), the 

mesh size of 10.41 mm was applied for simulations (table 3). 

Indeed, the results of numerical simulations were compared with 

those obtained from the experiments (Eqs. (14) and (15)). 

 

 

 

 

 

 

Figure 5. Scheme of boundary conditions of D-Type PKW 

𝑵𝑹𝑴𝑺𝑬 =
√𝟏

𝒏
∑ (𝒐𝒃𝒔𝒊 − 𝒄𝒐𝒎𝒊)

𝟐𝒏
𝒊=𝟏

𝒐𝒃𝒔𝒊.𝒎𝒂𝒙 − 𝒐𝒃𝒔𝒊.𝒎𝒊𝒏

 
(14) 

𝑹𝑬 =  
(𝒅𝒔 𝐦𝐚𝐱 )𝒆𝒙𝒑−(𝒅𝒔 𝐦𝐚𝐱 )𝒏𝒖𝒎

(𝒅𝒔 𝐦𝐚𝐱 )𝒆𝒙𝒑
  (15) 

Where obsi: observed experimental values,  comi: 

computational values, obsi,max and obsi,min: the highest and lowest 

observed experimental values, n= number of data, (𝑑𝑠 max )𝑒𝑥𝑝: 

the experimental maximum scour depth and (𝑑𝑠 max )𝑛𝑢𝑚: the 

numerical maximum scour depth. The NRMSE values between 

zero and 0.1 demonstrated high precision and between 0.1 and 0.2, 

0.2 and 0.4 represented appropriate and average model precision, 

respectively (Khoshkonesh et al., 2019). 

5. Results and discussion 

5.1. Experimental results 

Once the pump started, a vigorous scouring happened near the 

apron and a scour hole started to form.  Herein, a rapid first phase 

followed by the development, stabilization, and, finally, a period 

of equilibrium. The first stage of the scouring could be defined as 

the most extreme stage of erosion capacity. 

Breusers (1965) showed that at the beginning of the scour hole 

formation, some particles of the bed material were observed in 

suspension conditions near the upstream slope of the scour hole. 

Any of these suspended particles were transported within the main 

flow due to the internal equilibrium between the upward diffusive 

flux and the downstream flux. These particles would be deposited 

and suspended again due to the turbulent flow near the sediment 

bed. Further, several particles were transported as bed loads with 

the height of the jump lower than that of the reference height. The 

scouring depth increased considerably during the development 

process while the scour's hole shape remained the same. In this 

phase, the ratio of the maximum scour depth and the distance from 

the apron was almost constant. Hoffman (1998) based on 

experimental measurements revealed that the upper section of the 

upstream slope of the scour's hole was in equilibrium condition 

while the lower portion was continually expanding. The suspended 

load near the bed, which was associated with the conditions in the 

initial process, was decreased appreciably in the re-circulation 

region. 

In the present study, the results showed that in the stabilization 

stage, the equilibrium condition was achieved for the upstream 

slope of the scour's hole as well as the scour depth. The process of 

equilibrium would be characterized as the stage in which no 

changes were observed in the dimensions of the scour's hole. The 

bed particles on the upstream slope of the scour's hole were rolling 

and sliding beneath the saltation height at this stage. The result is 

consistent with Hoffman (1998). 

The characteristic parameters could be described as follows: a: 

scour depth near the apron and relative to the initial sediment level, 

𝑑𝑠𝑚: maximum scour depth, 𝐿𝑠: the horizontal distance of the 

location of maximum scour's depth from the apron edge, 𝐿𝑜: the 

horizontal extent of scour's hole from the apron edge, ℎ𝑑: the dune 

height, and 𝐿𝑑: the horizontal distance of dune crest from the apron 

edge. The maximum scour's depth was the vertical distance from 

the initial level of the sediment bed to the deepest point of the scour 

hole profile. In particular, the discharge Q, water depth at upstream 

of the weir 𝐻𝑢 and the tail water depth 𝑌𝑡 were considered as the 

parameters dominated the scouring processes (Table 2). 

 Table 2. measured and calculated parameters according to experimental and numerical results 

Case 
Weir 

type 

Q 

(m3/s) 

Hu 

(cm) 

tad 
* 

(hr) 

Yt 

(cm) 

dsm (cm) Ls (cm) Lo (cm) 
Relative 

error 
NRMSE 

exp num exp num exp num 

1 

PKW5

D-Type 

0.01 1.2 3 5 6.98 3.24 65 10 155 70 0.54 0.75 

2 0.01 1.1 3 8 4.89 3.15 20 10 105 65 0.35 0.29 

3 0.01 1.2 3 10 3.98 3.13 25 15 75 65 0.19 0.20 

4 0.015 1.7 3 7 8.99 6.19 40 20 155 70 0.31 0.58 

5 0.015 1.8 3 8.5 5.27 6.47 25 25 135 60 -0.22 0.26 

6 0.015 1.5 3 10 5.10 5.53 20 20 125 55 -0.08 0.18 

7 0.02 2.5 3 10 6.60 7.24 30 25 175 95 -0.09 0.82 

8 0.02 2.5 3 12 5.46 8.43 25 25 135 65 -0.54 0.21 

9 0.02 2.3 3 13.5 6.37 6.47 25 25 105 60 -0.01 0.12 

*tad: time after water draining from flume 
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    According to experimental observations (Fig. 6), the flow 

shear velocity at downstream increased with increasing the 

discharge Q resulted in washing the crest of the dune. 

Consequently, the washed material deposited at the end of the 

dune. Continuing this condition led to smoothing and longitudinal 

expansion of the dune surface. In some experiments, the 

sedimentary bed level was observed lower than the initial level of 

the bed. Further, the downstream wall of the scour hole was more 

affected by the variation in the discharge than the upstream wall. 

Similar findings were reported by Jüstrich et al. (2016) for linear 

and nonlinear weirs. 

 

 

 

 

 

 

Figure 6. Effect of variation of discharge on scour hole in 

constant tail water depth (𝑌𝑡 =10 cm) 

Figure 7 shows the effect of tail water depth on scour hole at 3 

different discharges, Q = 10 l/s (Fig. 7a), Q = 15 l/s (Fig. 7b) and 

Q = 20 l/s (Fig. 7c). In Figure 7a, which shows the variations of 

tail water depth on scour hole at flow depths of 5, 8, and 10 cm, it 

can be seen that the maximum scour depth increases with 

decreasing tail water depth. In the case of 𝒀𝒕 = 𝟓 cm, a decrease 

in tail water depth resulted in a decrease in dune height because 

the washed material was stratified on the bottom and did not form 

a dune. In Figure 7b, a high tail water depth resulted in reducing 

the maximum scour depth and its distance to the apron as well as 

the length of the scour hole. A dune bed form was originated at the 

downstream of the scour hole with the deposition of sediments that 

came out of the hole. The effective factor in the dune formation 

was the flow carrying capacity, which affected by the tail water 

depth, the water jet kinetic energy, and particle size. As can be seen 

in Fig. 7a-c reducing the tail water depth resulted in decreasing the 

dune height since the washed materials were layered on the bed 

and did not form a dune. The level of dune height in the D - type 

piano key weir was low so that in the downstream of the apron, 

there was practically no dune with a height similar to the dune 

height in linear weirs. 

At the beginning of each test, a dune shape deposition was 

formed. When the flow condition did not allow the downstream 

dune height to increase further, the dune level was gradually 

flattered and the dune height was decreased until it finally aligned 

with the bed surface and in some experiments (with the low tail 

water depth) even reduced to less than the initial bed level. 

After each test, scour profiles were measured using the point 

gauge when the water in the flume was drained out. The contours 

of the bed level after each test were plotted using Surfer software 

(Fig. 8). As seen, local scouring was variable in the transverse 

direction. It was due to geometric asymmetry of the channel, 

deviation of plunging jet from the top of the weir toward side 

walls, and then deviation toward the center, or secondary currents 

induced by hydraulic jump. Once the downstream depth was 

decreased the longitudinal place of the maximum scouring 

occurred at a farther distance from the apron. At Q=10 l/s, the 

longitudinal location of the maximum scour depth is 69.9 and 

61.5% higher than the tail water depths of 8 and 10 cm, 

respectively, for a 𝑌𝑡 = 5 cm. Also, at Q=15 l/s, the longitudinal 

location of the maximum scour depth at 𝑌𝑡 = 7 cm is 37.5 and 50% 

farther from the apron than the tail water depths of 8.5 and 10 cm, 

respectively. In Q=20 l/s,  the value of this parameter at the tail 

water depth of 10 cm is 16% higher than the tail water depths of 

12 and 13.5 cm.

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
(a) (b) 

 
 
 
 
 
 
 
 
 
 

 
(c) 

Figure 7. Effect of tail water depth on scour hole in constant discharge (a) Q=10 l/s, Yt= 5, 8 &10 cm (b) Q =15 

l/s and Yt = 7, 8.5 and 10 cm (c) Q = 20 l/s and Yt = 10, 12 and 13.5 cm 
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Figure 8. Contours of bed level after scour tests 

5.2. Numerical results and discussion 

In the current study, results of the local scouring downstream 

of D-type piano key weir was compared with numerical simulation 

results of the Flow-3D CFD model. According to laboratory tests, 

18 numerical runs were conducted with the numerical model until 

achieving the steady flow condition associated with different 

running times (table 3). 

While an Intel Core i7 2.5 GHz were employed for each 

simulation. In numerical modeling of hydraulic phenomena, one 

of the significant parameters in model calibration was the 

turbulence model to more accurately simulate the hydraulic 

phenomenon. Therefore, the turbulence models LES, RNG, k-ε 

and k-ω were evaluated. According to table 3 (simulations 6, 8, 9 

and 10) it was observed that the LES had a about lowest NRMSE 

value than the other ones. 

Furthermore, the maximum iterations in the LES model was 

roughly less than the others. Similar findings in terms of higher 

efficiency of LES turbulent model were reported by Yagmur et al. 

(2017) and Khoshkonesh et al. (2019), Nsom et al. (2019), and 

Khoshkonesh et al (2021) in reproducing the free surface flows 

and scouring processes. 

 Table 3. Characteristics of simulations performed in numerical model 

NRMSE 

maximum 

number of 

iteration 

(Ni) 

simulation 

time (hr) 
Bed load transport equation 

Turbulence 

Model 

Mesh 

size 

(mm) 

Number 

of cells 

(*1000) 

Yt 

(cm) 

Q 

(m3/s) 
simulation 

0.16 70246 28 Meyer-Peter & Muller equation LES 13.15 300 13/5 0.02 1 

0.15 72424 34 Meyer-Peter & Muller equation LES 11.9 400 13/5 0.02 2 

0.15 78109 47 Meyer-Peter & Muller equation LES 11.1 500 13/5 0.02 3 

0.13 79168 54 Meyer-Peter & Muller equation LES 10.41 600 13/5 0.02 4 

0.17 56914 36 Meyer-Peter & Muller equation LES 9.9 700 13/5 0.02 5 

0.12 63492 41 Nielsen equation LES 10.41 600 13/5 0.02 6 

0.13 79347 49 Van Rijn equation LES 10.41 600 13/5 0.02 7 

0.26 86125 59 Nielsen equation K-e 10.41 600 13/5 0.02 8 

0.16 78375 54 Nielsen equation K-w 10.41 600 13/5 0.02 9 

0.27 86492 60 Nielsen equation RNG 10.41 600 13/5 0.02 10 

0.75 70917 43 Nielsen equation LES 10.41 600 5 0.01 11 

0.29 68348 41 Nielsen equation LES 10.41 600 8 0.01 12 

0.20 105881 61 Nielsen equation LES 10.41 600 10 0.01 13 

0.58 68357 45 Nielsen equation LES 10.41 600 7 0.015 14 

0.26 68453 46 Nielsen equation LES 10.41 600 8/5 0.015 15 

0.18 68555 42 Nielsen equation LES 10.41 600 10 0.015 16 

0.82 66821 47 Nielsen equation LES 10.41 600 10 0.02 17 

0.21 66663 43 Nielsen equation LES 10.41 600 12 0.02 18 

X 
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Laboratory observations showed that there were two types of 

prevailing flow in the D-type piano key weir: a) the inlet key 

pulled the approaching flow towards itself and similarly to the 

sharp-crested weirs with the sloping body of the flow, from the 

input crest evacuation to downstream, b) the second pattern was 

formed on the output keys. 

In this section, the flowing water through the outlet crest, like a 

jet, was discharged downstream of the key section slope. The 

output flow from the inlet keys hit the surface at the downstream 

of the apron and because of the existing tail water depth, it 

appeared in two formats a) as surface rotation due to the low tail 

water depth and b) as surface disturbance due to the high tail water 

depth. Ouamane and Lemperiere, (2006) reported the same flow 

pattern for water flow passing through a Piano Keys weir. Further, 

a small part of the flow deviated downstream and after colliding 

with the apron surface, created a weak rotating area below the 

input keys. 

The flow pattern through the output key was much more 

complex than the inlet key. In that part of the weir, due to the 

intersection of the flow caused by the falling jets from the side 

crests with the upstream flow, the water depth increased and when 

the output flow entered the apron area as a falling jet, the rotation 

area was formed sharply in front of the output key (Fig. 9). 
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Figure 9. (a) Scheme of flow in physical model (b) Scheme of simulation in numerical model (c) The 

graphical output of the two-dimensional model of the position of the weir and the location of scour hole 

For this reason, the bed sediments in front of the outlet key were 

washed more and removed from the flume sides. In the 

downstream of the apron, the scour hole occurred by the 

transmission of the flow crossing the bed. The starting point of the 

scour was immediately at the junction of the apron and the 

sediment. Over time, the scour hole dimension became larger and 

the jet transmission inside the hole changed to a rotating stream 

that helped to suspend some of the sediments by moving them 

downstream.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. Effect of variation of discharge on scour hole in 

constant tail water depth (Yt= 10 cm) by numerical model 

results 
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Similar to laboratory results, the maximum scour depth 

increased with increasing the discharge rate from 10 to 20 l/s. The 

3D schemes of the scour hole according to both experimental and 

numerical results are depicted in fig. 11. A good agreement 

between the numerical results and experimental data for the 

maximum scour depth and its distance from the apron is observed 

in fig. 11. Figure 12 shows the scour profiles based on the 

numerical model results. Comparing the profiles in Fig. 12 with 

Fig. 7, it can be seen that the numerical model performs well and 

the scour profiles show good agreement with the scour profiles 

obtained from laboratory results.

 

   
Case7 (exp) Case6 (exp) Case3 (exp) 

   

Case7 (num) Case6 (num) Case3 (num) 

Figure 11. (a) 3D scheme of the scour hole in Surfer software using laboratory results (b) Numerical simulation results by 

numerical model 

 

  

 

Figure 12. Scour profiles for different test cases 

In the downstream of the weir, there was a large-scale re-

circulating region which was developed (Fig 13). It was important 

to recognize that the re-circulation region resulted in a significant 

downward velocity component. The numerical results were 

consistent with the experimental data (Fig. 13 and Table 2).  

As the outflow flow upstream of the weir crosses with the 

outflow flow downstream of the side crowns and increases the 

flow velocity, clockwise eddies are created at the base of the weir 

and a zone of flow rotation is created under the weir keys so that 

the scour downstream of the outlet keys is greater than the inlet 

keys. In general, it can be said that there is good agreement 

between the numerical and experimental results in terms of where 

the bed material begins to wash and that most of the sediment is 

washed near the apron
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case 3 case 2 case 1 

   
case 6 case 5 case 4 

   
case 9 case 8 case 7 

Figure 13. 2D scheme of bed level in the numerical model 

 

Given that the discharge was one of the independent variables 

affecting the amount of scouring, a comparison between the 

maximum scour depth and its longitudinal place, as well as the 

greatest longitudinal expansion of the hole, is presented in fig. 14 

(for different discharge rates with a constant tail water depth of 10 

cm). As seen, the largest water depth increased with increasing the 

discharge rate for both experimental and numerical modeling. For 

the discharge rate of Q = 10 l/s, the maximum scour depth 

according to the experimental data was 3.98 cm while the 

numerical model predicted the maximum scour depth of 3.13 cm, 

which was 21% less than the experimental observation. For the 

discharge rate of the Q = 15 and 20 l/s, the maximum scour depth 

based upon the experimental data was 5.10 and 6.60 cm, 

respectively, however, the numerical results revealed the 

maximum scour depth of 8.4 and 9.7%, respectively. For Q=10 l/s, 

the longitudinal distance of the maximum scour position from the 

apron according to the experimental data was 25 cm, while, this 

distance based upon the numerical model was predicted 15 cm 

which was 40% less than the experimental observation. For Q = 

15 l/s, both the experimental and numerical results depicted the 

same value of 20 cm as the longitudinal distance of the maximum 

scour position from the apron. For Q = 20 l/s, the longitudinal 

distance of the maximum scour position from the apron according 

to the experimental data was 30 cm, while, numerical results 

showed it was equal to 25 cm about 17% less than experimental 

observations. Overall, according to the numerical results, 

increasing the discharge rate led to increasing the distance of the 

longitudinal location of maximum scouring from the apron. With 

increasing the discharge rate, the flow capacity to carry out the 

sediment particles was increased. Further, the length of the scour 

hole increased with increasing the discharge rate in experiments, 

however, the numerical results didn’t depict similar results. The 

length of scour's hole, decreased 15% with increasing the 

discharge from Q = 10 l/s to Q = 15 l/s, however, the scour hole 

length was increased with increasing the discharge to Q = 20 l/s. 

To protect the PKW, it is necessary to estimate the scour depth and 

its location. The length of scour hole indicates the location where 

it achieves the bed level. The prediction of this characteristic 

length allows designers to choose a length of bed that needs 

protection. Fig. 15 shows the dimensionless diagram of the 

characteristic of the scour hole.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Comparison of characteristics of scour hole results using the experimental model and numerical model 
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Figure 15. Dimensionless characteristics of the scour hole 

 

The NRMSE value for Q = 10, 15 and 20 L/s were equal to 0.4, 

0.3 and 0.3. The numerical model did not provide acceptable 

results when the tail water depth was reduced, which led to the 

error value was more than 0.5. The explanation was that the local 

bed-shear stress induced by the jet's high velocity exceeded the 

threshold bed-shear stress for the particle threshold of motion, 

resulted in local scouring downstream of the apron. For this 

reason, when the turbulence level increased and the free surface 

flow dissociated, the model was not able to accurately predict the 

scour mechanism. However, when the tail water depth increased 

and the turbulence level decreased, the numerical model estimated 

the scouring depth with acceptable quality and an error of less than 

0.3. 

6. Conclusion 

The most critical parameter in the scouring process is the 

scouring depth. Aggregating eroded materials may affect the 

efficiency of dams and hydraulic structures. In the present study, 

as a first attempt, the maximum scour depth, downstream of the D 

- type piano key weir was investigated in terms of different 

discharge rates and tail water depths. 

The results suggested that decreasing the water depth on the 

weir led to decreasing the jet velocity colliding with the 

downstream and the scouring rate was decreased. The scouring 

profile varied in the transverse direction and it was three-

dimensional. Decreasing the downstream water depth resulted in 

increasing the maximum scouring depth and moving its 

longitudinal place toward downstream i.e. to the farther distance 

from the apron. Besides, increasing the discharge rate caused 

increasing the maximum depth of the scour hole, the longitudinal 

place of maximum scouring, and the length of the scouring hole. 

The results showed that LES resulted in a higher level of accuracy. 

The maximum scour depth was the parameter which simulated 

numerically with the highest rate of accuracy. 
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