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ABSTRACT 
Water management and conveyance have been crucial aspects 

throughout the development of human civilization. One of the 

significant methods of water storage is the construction of dams. 

Dams require spillways to pass excess water safely. Piano key weirs, 

as a type of non-linear spillway with specific geometry, have a higher 

discharge capacity and have thus attracted researchers' attention. The 

use of piano key weirs is proposed as an alternative solution to 

improve dam performance. In this research, the performance of piano 

key weirs was studied using numerical simulations in the Flow 3D 

software. After evaluating the accuracy of the numerical model results 

with the experimental results and ensuring the high accuracy of the 

numerical model, the development and optimization of the numerical 

model to enhance the spillway's performance in passing flow begins. 

Based on earlier research, a notable drawback of these spillways is the 

decrease in the discharge coefficient as the upstream volume flow rate 

increases, which causes an increase in flow head before the spillway. 

Therefore, in this research, geometric modifications to the spillway 

model, including sloping the sidewalls of the spillway by 5, 7, 10 and 

12 degrees, were examined. The numerical modeling results indicated 

an 11% to 15% increase in the discharge capacity of the piano key 

weir with 5-degree sloped walls, an 8% to 19% increase in the 

discharge capacity with 7-degree sloped walls, and a 7% to 11% 

increase in the discharge capacity with 10-degree sloped walls 

compared to the simple spillway at various upstream volume flow 

rates. However, in the model constructed with a wall slope of 12 

degrees, no increase in the discharge coefficient was observed, and 

the flow head upstream of the spillway increased. 
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1. Introduction  
Climate change and torrential rainfall worldwide have 

prompted the International Commission on Large Dams 

(ICOLD) to issue a statement calling for a review and 

reassessment of the performance of existing dam spillways. 

Actions should be taken to rebuild, expand, or strengthen these 

spillways if needed. According to studies and assessments 

conducted by the (ICOLD), about 30% of the world's dams face 

insufficient spillway capacity during floods, which poses a 

significant and dangerous threat [1]. The mismatch between 

spillway discharge capacity and incoming floodwaters reduces 

the spillway's efficiency. As a result, this elevates the burden on 

the dam. Continuing this cycle can lead to severe problems, 

including the failure and collapse of dams, causing irreparable 

damages and costs. 
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Therefore, given the importance and critical 

role of spillways, these structures must be 

robust, reliable, and highly efficient, 

ensuring they are always at the highest level 

of readiness to manage excess water and 

floods. Today, the most advanced type of 

non-linear spillway is the piano key weir 

(PKW) 2]. One of the main advantages of 

piano key weirs is their reduced 

construction space requirement and smaller 

dimensions [3]. This results in a reduction 

in the amount of concrete used and finally 

reduces costs [4]; in addition, Toulis (2013), 

in comparing piano key weirs with ogee 

spillways, has highlighted the economic 

advantages and lower maintenance costs of 

piano key weirs. Another significant 

advantage of piano key weirs is their ability 

to manage higher flow rates than other 

spillway types, which can significantly 

contribute to the dam's safety [5]. The 

results and analysis by Blancher et al. 

(2011) demonstrated that the flow capacity 

of this spillway is at least four times greater 

than that of a linear spillway (5). 

Additionally, the unique geometry of piano-

key weirs allows them to be installed on the 

crests of many existing dams, making them 

one of the most suitable options for 

upgrading existing spillways 6]. However, 

optimizing the performance of piano key 

weirs remains a crucial issue. Researchers 

have been concentrating on enhancing the 

discharge coefficient as upstream flow rates 

increase and minimizing the flow head 

before the weir. Ribeiro et al. (2009) 

investigated the impact of parapet walls on 

the hydraulic efficiency of piano key weirs. 

These researchers augmented the height of 

the weir without extending the length of the 

slopes and obtained that a 12.30% increase 

in weir height leads to a 15% improvement 

in its hydraulic efficiency [7]. Anderson 

(2011), by examining various geometries of 

piano key weirs and comparing them, 

concluded that the discharge coefficient of 

the weir increases as the ratio of the inlet to 

outlet cycle increases 8]. Machiels et al. 

(2012) investigated the flow rate through 

piano key weirs. They concluded that, 

considering a constant total head on the 

piano key weir, increasing the slope of the 

inlet key with the presence of a perimeter 

wall (parapet wall) results in better 

performance compared to increasing the 

slope of the inlet key without the perimeter 

wall on the weir [9]. Anderson and Tullis 

(2013), in their study on piano key weirs, 

discovered that the weir's discharge capacity 

increases as the ratio of the inlet key width 

to the outlet key width increases [10]. 

Falvey (2003) introduced Equation (1), 

which was previously used for calculating 

the pass discharge through sharp-crested 

weirs, as a formula for determining the 

discharge through piano key weirs [11]. 

 

𝑄 = 𝐶𝑑
2

3
𝐿𝐻

3
2√2𝑔 (1) 

 

where Q is the discharge through the weir, 

Cd represents the weir discharge 

coefficient, L is the width of the weir, g is 

the acceleration due to gravity, and H is the 

flow height over the weir crest. Bremmer 

and Ortel (2017) demonstrated through 

numerical simulations that the thickness of 

the walls of piano key weirs affects the flow 

discharge coefficient [12]. Al-Baghdadi and 

Khasaf (2018) examined the impact of 

varying the crest length of piano key weirs 

on their discharge capacity. They observed 

that increasing the crest length significantly 

affects the discharge capacity of this weir 

model [13]. Bekheet et al. (2022), through 

experimental modeling and analysis of the 

hydraulic behavior of trapezoidal, 

rectangular, and triangular piano key weirs, 

concluded that the trapezoidal weir 

exhibited better hydraulic performance 

compared to the other shapes, while the 

triangular weir had the weakest 

performance. In another part of their study, 

they used numerical modeling to study the 

effect of the inlet-to-outlet critical width 

ratio. Their findings indicated that 

increasing the inlet-to-outlet critical width 

ratio to 1.25 resulted in up to a 15% 

increase in the discharge coefficient [14]. In 
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a study by Eltarabily et al. (2025), for 

different types of piano key weirs, the 

hydraulic parameters, including water 

surface profile, flow regimes, and nappes 

interference, were numerically investigated 

for different flow rates. The results agreed 

well, in addition, an empirical equation was 

proposed for energy dispersion rate 

prediction in the case of different discharges 

[15]. Yang et al. (2023) employed 

numerical simulations to show that 

geometric modifications can significantly 

improve PKW discharge efficiency and 

capacity. These modifications applied the 

cross-section of each key as a downward 

semicircle. [16]. Selim et al. (2024) 

compared PKWs with trapezoidal labyrinth 

weirs and found that PKWs provide better 

energy dissipation and discharge 

performance under free flow conditions 

[17]. Alizadeh et al. (2023) conducted 

laboratory tests on A-type triangular PKWs, 

confirming good discharge capacity and 

highlighting the potential for further 

geometric optimization. In their study, the 

stage–discharge relationship, discharge 

coefficient, and flow regime were examined 

[18]. 

A study by Jin et al. (2025) found that a 

novel composite Piano Key Weir, featuring 

both trapezoidal and rectangular sections, 

dramatically boosts discharge capacity. 

Numerical tests demonstrated an 

improvement of up to 16% over 

conventional trapezoidal designs [19].    

Based on earlier research, a notable 

drawback of these spillways is the decrease 

in the discharge coefficient as the upstream 

volume flow rate increases, which causes an 

increase in flow head before the spillway. 

However, the present study aims to enhance 

the discharge efficiency of piano key weirs 

through geometric modification, 

specifically by investigating the effects of 

inclined sidewalls using a numerical 

approach. To achieve this, the study begins 

with a comprehensive review of previous 

research to gather relevant information and 

select a reliable experimental model for 

validation. Numerical simulations based on 

computational fluid dynamics (CFD) are 

then conducted to model the flow behavior 

over piano key weirs, with a focus on 

simulating the spillway geometry and 

applying the governing flow equations 

under specified initial and boundary 

conditions. The numerical model is 

calibrated and validated using laboratory 

data to ensure its accuracy. The main 

novelties of this research include the 

integration of previous design principles to 

propose a refined weir geometry and the use 

of geometric modifications, such as inclined 

sidewalls, to improve the weir’s 

performance. By enhancing the discharge 

coefficient and flow capacity, this study 

provides reasonable insights into improving 

piano key weir design for greater hydraulic 

efficiency and better performance under 

varying flow conditions. 

 

2. Methodology 
At first, an appropriate experimental model 

for developing the numerical model was 

selected. This case utilizes the experimental 

model developed by Bekheet et al. (2022) 

[14]. The experimental setup consisted of an 

inclined laboratory flume measuring 13.5 

meters in length, 0.30 meters in width, and 

0.50 meters in depth. The sidewalls were 

constructed from 10 mm-thick glass panels, 

reinforced with vertical supporting frames 

spaced at 1.50-meter intervals. The flume’s 

bed was fabricated from continuous steel 

sheets spanning its full length. A 

comprehensive illustration of the flume’s 

structural configuration, including detailed 

dimensions and design features, is provided 

in Fig. 1. 
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Figure 1. Layout, details, and dimensions of the flume [14] 

 

In the present research, the rectangular 

piano key weir model is considered to be in 

alignment with the research objectives. Fig. 

2 shows the rectangular piano key weir 

experimental model [14]. The geometric 

specifications of a rectangular weir are 

provided in Fig. 3. Moreover, Table 1 

represents the dimensions of the rectangular 

piano key weir model considered in this 

study. 

 

  
Figure 2. Rectangular PKW model in laboratory 

[14] 

Figure 3. Geometric specifications of PKW [16] 

 

Table 1. The dimensions of the PKW model used in the experimental study (cm) [14]. 

PKW model’s shape W L P Wi Wo Bi=Bo B Ts 

Rectangular 30.3 151.5 20 6.5 8.25 7.575 30.3 0.2 
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Subsequently, numerical modeling of the 

flow over the rectangular piano key weir 

was performed using Flow-3D software, a 

powerful tool for numerical simulation and 

computational fluid dynamics (CFD) [20]. 

One crucial aspect of numerical modeling is 

the time required to achieve stable 

conditions. This study employed a 

simulation duration of 15 seconds for all 

models under different conditions and 

characteristics. After this period, the piano 

key weir model's flow conditions were 

stabilized, and the flow characteristics 

remained consistent. Additionally, the 

physical conditions for modeling the flow 

over the piano key weir include a 

gravitational acceleration of 9.81 m/s2, and 

the fluid is considered Newtonian. The 

standard k–ε turbulence model was 

employed to simulate turbulent flow 

behavior. A variable time-step size was 

used in the simulations, automatically 

adjusted to ensure the Courant number 

remained within an acceptable range 

throughout the simulation. In the end, the 

time-step size was stabilized at 0.15 

seconds. Pressure–velocity coupling was 

handled using the PISO (Pressure Implicit 

with Splitting of Operators) algorithm, 

which is an iterative method used to solve 

the Navier Stokes equations in the 

numerical modeling. The PISO algorithm 

improves the stability and accuracy of the 

solution by performing multiple correction 

steps for pressure and velocity fields within 

each time step. At the beginning of the 

modeling process, a mesh with 400,000 

cells specifically for the weir geometry and 

a 0.01-meter grid size for the weir channel 

was created (Fig. 6). The optimal mesh 

dimensions will be determined as the 

simulation progresses. The PKW geometry 

was designed using AutoCAD software and 

exported in the stereolithographic (STL) 

format. The STL file was then directly 

imported into Flow-3D for further analysis. 

Fig. 4 shows the rectangular piano key weir 

model created in Flow-3D. 

 

 
Figure 4. The PKW numerical model created in Flow 3D 

 

3. Results and Discussion 
In order to validate the numerical model, a 

flume replicating the experimental setup 

used in the laboratory study by Bekheet et 

al. (2022) was modeled in Flow-3D. The 

rectangular piano-key weir geometry was 

constructed based on the exact 

specifications of the physical experimental 

model. Boundary conditions matching the 

experimental setup were applied to the 

numerical model, including an inlet with a 

flow rate of 38.89 m³/h and a flow surface 

height of 0.225 meters. The flow surface 

height over the weir crest was then analyzed 

and quantitatively compared with the 

experimental results. Figure 1 represents the 

boundary conditions applied to the 

numerical model, and the mesh system is 

shown in Error! Reference source not 

found.. The boundary conditions have been 

applied as wall (W), symmetry (S), inlet 

flow discharge (Q), and outflow (O) to the 

model. 
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Figure 1. The boundary conditions applied to the numerical model. 

 

 
Figure 6. The mesh system applied to the model: (a) weir geometry, (b) the channel. 

 

The model was run in three stages with 

different mesh sizes including 0.5 cm, 1.0 

cm, and 1.5 cm.  

Table 1 to Table 3 show the comparison 

of the results from the experimental model 

and the numerical modeling. In these 

Tables, (Xo) represents the distance from 

the beginning of the weir, (X) denotes the 

distance from the start of the channel, (B) is 

the side width of the weir, and (Y) indicates 

the flow head. Error represents the 

calculated absolute relative error between 

the numerical results and the experimental 

data. 
 

Table 1. Comparison of the experimental data and the numerical results (Mesh size = 0.5 cm) 
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Table 2. Comparison of the experimental data and the numerical results (Mesh size = 1 cm) 

 
 

Table 3. Comparison of the experimental data and the numerical results (Mesh size = 1.5 cm) 

 
 

The model with a 0.5 cm mesh size, the 

small dimensions of cells, and their exact 

alignment with the weir model's meshing 

led to highly accurate numerical results 

compared to the experimental model. As a 

result, the error between the two models 

was at most 0.42%. However, this fine 

mesh size considerably increased the 

computation time, extending it to 36 hours, 

which is a notable drawback.  

The numerical results for the 1.0 cm 

mesh model showed acceptable accuracy 

relative to the experimental data, with a 

maximum error of 1.69% between the two. 

Additionally, this mesh size significantly 

reduced computational time compared to 

the 0.5 cm mesh model. 

The larger cell dimensions and mesh size 

in the model with a 1.5 cm mesh size 

resulted in a relatively higher error rate 

between the numerical and experimental 

models. Based on the review and evaluation 
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of the results from the numerical models 

and considering the primary objectives of 

the modeling, the model with a 1.0 cm mesh 

size was selected as the reference model, 

and subsequent calculations were performed 

with this mesh size. 

Unlike numerous previous studies that 

validated their numerical models at only a 

single point on the weir crest, this study 

conducted validation at six locations along 

the crest. Using a 5 mm mesh, the 

maximum error was only 0.42%, indicating 

good precision. Even with a 10 mm mesh, 

the error remained low at 1.69%. In 

contrast, the reference study (Bekheet et al. 

2022) used for validation reported a 6.77% 

error at the upstream point of the weir under 

similar conditions. The present model, at 

the same location and with a 10 mm mesh, 

achieved a much lower error of 1.69%, 

demonstrating the reasonable accuracy of 

the current numerical approach. 

 

3.1. Evaluation of the reference model 

at various upstream flow rates  
This study aims to improve the hydraulic 

efficiency of the piano key weir, 

particularly by increasing the discharge 

coefficient. Therefore, the performance of 

the reference weir model was evaluated at 

various upstream flow rates. The initial 

upstream flow rate of 38.89 cubic meters 

per hour, used for model validation, was 

incrementally increased by 25% and then 

40%, leading to new flow rates of 48.612 

and 54.446 cubic meters per hour, 

respectively. Fig. 7 presents a general 

overview of the analyzed models and their 

corresponding names. 

 

 
Figure 7. General overview of the analyzed models and their corresponding names. 
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Table 4 details the numerical results, which outline the models' performance with increasing 

upstream flow rate to the weir. Figure 2 shows each model's discharge coefficient plotted against 

H/P. Additionally two charts showing flow discharge through the weir and free surface profile 

have been presented in Figure 3 and Figure 4 to further illustrate and substantiate the analysis. 

 
Table 4. Comparison of the data from the analysis of the three PKW models at different flow rates 

Discharge 

coefficient (Cd) 
Discharge (Q) 

Flow head on 

weir (H) 

Weir 

height (P) 
(H/P) Model name 

2.1091 0.0095 m3/s 0.027575 m 0.2 m 0.137875 (SL(0°).PKW-T1) 

2.2649 0.012090 m3/s 0.030765 m 0.2 m 0.153825 (SL(0°).PKW-T2) 

2.2664 0.01372 m3/s 0.033451 m 0.2 m 0.167255 (SL(0°).PKW-T3) 

 

 
Figure 2. Discharge coefficient plotted against H/P for each of the three models 

 
Figure 3. Flow discharge through the weir - (SL(0°).PKW-T1) 

 
Figure 4. Free surface profile (head) of the flow upstream of the weir - (SL(0°).PKW-T1) 

 

Based on the results and the chart 

presented in Table 5 and Fig. 8, it is 

observed that with increasing upstream flow 

rate, the discharge coefficient in the model 

(SL(0°).PKW-T2) has increased compared 

to the model (SL(0°).PKW-T1), and the 

flow head before the weir has also risen. In 

the model (SL(0°).PKW-T3), despite the 

increase in upstream flow rate to the weir 

and the rise in upstream flow head, the 

discharge coefficient has not changed 

compared to the model (SL(0°).PKW-T2). 

This indicates that with higher flow rates, 

this particular geometry and model of the 

weir cannot pass more flow, and the flow 

head before the weir will continue to 

increase. 

The results indicate that the simple piano 
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key weir with flat walls experiences 

reduced discharge efficiency as the 

upstream flow rate increases and leading to 

a rise in the flow head before the weir. To 

enhance the performance of these weirs 

under high flow conditions, the design of a 

modified weir with wall slopes of 5, 7, 10 

and 12 degrees relative to the horizontal 

was evaluated and analyzed. 

 

3.2. Evaluation of the performance of 

the PKW with a 5-degree wall slope at 

various upstream flow rates 
Table 6 presents the numerical results, 

illustrating the models' performance under 

increasing upstream flow rates at the weir. 

Fig. 11 shows each model's discharge 

coefficient plotted against H/P. Additionally 

two charts showing flow discharge through 

the weir and free surface profile have been 

presented in Fig. 12 and Fig. 13 to further 

illustrate and substantiate the analysis. 

 
Table 5. Comparison of the data from the analysis of the three PKW models at different flow rates. 

Discharge 

coefficient 

(Cd) 

Discharge (Q) 
Flow head 

on weir (H) 

Weir  

height (P) 
(H/P) Model name 

4.7942 0.01098 m3/s 0.0175 m 0.2128 m 0.08224 (SL(5°).PKW-T1) 

7.7532 0.01342 m3/s 0.014521 m 0.2128 m 0.06824 (SL(5°).PKW-T2) 

9.3126 0.01537 m3/s 0.014069 m 0.2128 m 0.066114 (SL(5°).PKW-T3) 

 

 
Figure 5. Discharge coefficient plotted against H/P for each of the three models 

 
Figure 6. Flow discharge through the weir - (SL(5°).PKW-T1) 

 
Figure 7. Free surface profile (head) of the flow upstream of the weir - (SL(5°).PKW-T1) 
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The results and data indicate that the 

weir with a 5-degree wall slope allows a 

significantly higher flow rate passed as the 

upstream inflow increases. The weir's 

discharge coefficient rises in line with the 

increasing volume of incoming flow. 

Additionally, the flow head before the weir 

decreases as the discharge coefficient 

improves.  

 

3.3. Evaluation of the performance of 

the PKW with a 7-degree wall slope at 

various upstream flow rates 
Table 6 presents the numerical results, 

illustrating the models' performance under 

increasing upstream flow rates at the weir. 

Figure 8 shows each model's discharge 

coefficient plotted against H/P. Additionally 

two charts showing flow discharge through 

the weir and free surface profile have been 

presented in Figure 9 and Figure 10 to 

further illustrate and substantiate the 

analysis. 

 
Table 6. Comparison of the data from the analysis of the three PKW models at different flow rates. 

Discharge 

coefficient 

(Cd) 

Discharge (Q) 
Flow head on 

weir (H) 

Weir  

height (P) 
(H/P) Model name 

3.4802 0.01033  m3/s 0.0208 m 0.218 m 0.09541 
(SL(7°).PKW-T1)  
  

4.7581 0.01366  m3/s 0.02035 m 0.218 m 0.09334 
(SL(7°).PKW-T2)  
  

6.2507 0.01626 m3/s 0.01905 m 0.218 m 0.08738 
(SL(7°).PKW-T3)  
  

 
Figure 8. Discharge coefficient plotted against H/P for each of the three models 

 
Figure 9. Flow discharge through the weir - (SL(7°).PKW-T1) 

 

 
Figure 10. Free surface profile (head) of the flow upstream of the weir - (SL(7°).PKW-T1) 
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The results and data indicate that the 

weir with a 7-degree wall slope allows a 

significantly higher flow rate passed as the 

upstream inflow increases. The weir's 

discharge coefficient rises in line with the 

increasing volume of incoming flow. 

Additionally, the flow head before the weir 

decreases as the discharge coefficient 

improves. 

3.4. Evaluation of the performance of 

the PKW with a 10-degree wall slope 

at various upstream flow rates 
Table 7 presents the numerical results, 

illustrating the models' performance under 

increasing upstream flow rates at the weir. 

Figure 11 shows each model's discharge 

coefficient plotted against H/P. Additionally 

two charts showing flow discharge through 

the weir and free surface profile have been 

presented in Figure 12 and Figure 13 to 

further illustrate and substantiate the 

analysis. 

 
Table 7. Comparison of the data from the analysis of the three PKW models at different flow rates. 

Discharge 

coefficient 

(Cd) 

Discharge (Q) 
Flow head  

on weir (H) 

Weir  

height (P) 
(H/P) Model name 

1.94451 0.01051  m3/s 0.031 m 0.2264 m 0.136816 
(SL(10°).PKW-T1)  
  

2.15799 0.01297  m3/s 0.0333 m 0.2264 m 0.14687 
(SL(10°).PKW-T2)  
  

9.71876 0.01522 m3/s 0.01359 m 0.2264 m 0.059932 
(SL(10°).PKW-T3)  
  
 

 
Figure 11. Discharge coefficient plotted against H/P for each of the three models 

 
Figure 12. Flow discharge through the weir - (SL(10°).PKW-T1) 

 
Figure 13. Free surface profile (head) of the flow upstream of the weir - (SL(10°).PKW-T1) 
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In the piano key weir with a 10-degree wall 

slope, the results show that while increasing 

the upstream flow rate from 38.89 to 48.612 

cubic meters per hour (25% increase). This 

only leads to an 11% rise in the discharge 

coefficient. However, a 40% increase in 

inflow causes a significant improvement in 

the discharge coefficient as the weir begins 

to discharge the flow effectively. This 

results in a noticeable reduction in the flow 

head before the weir. 

 

3.5. Evaluation of the performance of 

the PKW with a 12-degree wall slope 

at various upstream flow rates 
Table 8 presents the numerical results, 

illustrating the models' performance under 

increasing upstream flow rates at the weir. 

Figure 14 shows each model's discharge 

coefficient plotted against H/P. Additionally 

two charts showing flow discharge through 

the weir and free surface profile have been 

presented in Figure 15 and Figure 16 to 

further illustrate and substantiate the 

analysis. 

 
Table 8. Comparison of the data from the analysis of the three PKW models at different flow rates. 

Discharge 

coefficient 

(Cd) 

Discharge (Q) 
Flow head on 

weir (H) 

Weir height 

(P) 
(H/P) Model name 

1.181 0.01043  m3/s 0.043 m 0.2311 m 0.0954 
(SL(12°).PKW-T1)  
  

1.2683 0.01319  m3/s 0.048 m 0.2311 m 0.2076 
(SL(12°).PKW-T2)  
  

1.271 0.01469 m3/s 0.0515 m 0.2311 m 0.2228 
(SL(12°).PKW-T3)  
  
 

 
Figure 14. Discharge coefficient plotted against H/P for each of the three models 

 

 
Figure 15. Flow discharge through the weir - (SL(12°).PKW-T1) 

 

 
Figure 16. Free surface profile (head) of the flow upstream of the weir - (SL(12°).PKW-T1) 
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In the piano key weir with a 12-degree 

wall slope, as indicated by the results, there 

is no significant increase in the discharge 

coefficient as the upstream flow rate to the 

weir increases from 38.89 to 48.612 cubic 

meters per hour. Additionally, as the 

upstream flow rate to the weir increases, 

this geometry is unable to pass the 

additional flow, leading to an increase in the 

upstream head of the flow before the weir. 

Finally, the results of the discharge 

coefficients from the numerical simulations 

for all models were presented in Figure 17 

and  

Table 9. According to the presented results, 

the improved models, including weirs with 

sloping sidewalls, demonstrated a 

significant increase in discharge rate 

compared to simple piano key weirs with 

flat sidewalls. Furthermore, the modified 

geometries exhibited a marked 

improvement in the discharge coefficient. 

 
Figure 17. Comparison of the discharge coefficients of the analyzed models. 

 
Table 9. Comparison of the increase in flow discharge rate across the analyzed weirs. 
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4. Conclusion 
The present study investigates the effects of 

sidewall slope variation on the discharge 

capacity of Piano Key Weirs (PKWs) 

through numerical modeling. The numerical 

simulation results demonstrated acceptable 

accuracy of the model compared to 

experimental data. The baseline PKW 

configuration, with a 0° sidewall slope, was 

analyzed in three stages under different 

flow rates to determine its discharge 

capacity. Subsequently, the weir’s discharge 

performance was compared to the baseline 

model after modifying the sidewall slope to 

5°, 7°, 10°, and 12°. 

In the simple piano key weir with a 0-

degree wall slope, it was observed that 

increasing the upstream flow rate decreases 

its discharge efficiency and leads to a rise in 

the flow head before the weir. To enhance 

the performance of the piano key weir, this 

study simulated and analyzed four different 

weir geometries with wall slopes of 5, 7, 10 

and 12 degrees relative to the horizontal. By 

comparing the discharge coefficients of 

these models at identical upstream flow 

rates, a significant increase in the discharge 

coefficient was observed for the weirs with 

sloped walls. 

As demonstrated by the numerical model 

results, the simple piano key weir exhibits a 

decrease in flow discharge performance as 

the upstream flow rate increases, leading to 

a rise in flow head before the weir and a 

corresponding reduction in the discharge 

coefficient. However, a significant increase 

in the discharge coefficient and flow rate 

can be achieved by sloping the weir's 

sidewalls. This improvement is due to the 

increased effective crest length and the 

stepwise discharge mechanism created by 

the sloped walls. This geometric 

modification can also be easily applied to 

existing simple piano key weirs. 
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