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Abstract 
The special configuration of V- shape stepped spillways increases energy dissipation and 

aeration compared to the smooth spillways due to the creation of many vortices near the steps. In 

this research, the energy dissipation in different types of stepped spillways with various 

horizontal face angles has been investigated using numerical modeling. The FLUENT, was used 

to model the flow over V-shape stepped spillway. The k-ɛ realizable turbulence model was 

selected to model the turbulent flow. The numerical results were compared with the available 

experimental data. The results showed a reasonable agreement between two sets of data. Then 

the effects of horizontal face angle, roughness and the efficiency of the end sill were investigated 

by numerical modeling. According to the model results, as the horizontal face angle increased, 

the energy dissipation also increased. Furthermore, the efficiency of end sill on the stepped 

spillways increased the rate of energy dissipation about 2.8 to 3.99 percent because the end sill 

acted like a stilling basin. Moreover, the energy dissipation increased slightly about 0.9 to 1.94 

percent by increasing the roughness. Also, areas of steps under the negative pressure that could 

create cavitation were determined to define the minimum negative pressure and its location in all 

of models. Finally, the simultaneous effect of several parameters was considered to increase the 

energy dissipation and the minimum negative pressure. 
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1. Introduction  
Stepped spillways with the Roller Compacted Concrete (RCC) construction procedure have 

achieved reputation in the recent two decades, through economic efficiency, fast construction 

and facility of performance. Steps operate like a large roughness for energy dissipation on 

stepped spillways. The stepped spillway's energy dissipation characteristics are comparable to 
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those of smooth spillways with a stilling basin at the downstream [1].  

There is complexity in stepped spillway hydraulics because different types of flow regimes are 

formed on this type of spillways, which comprised free-surface aeration, flow turbulence, and 

exchange among dragged air and turbulence [2]. Researches have demonstrated three kinds of 

flow regimes like napped, transition and skimming flows on stepped spillways. In napped flow 

regime, flow slid down the steps and strikes the step down like falling jet that happens in low 

discharge values [3]. In skimming flow, flow skims on the steps and vortices become visible in 

triangular area that arises in high discharge values. Transition flow regime is an impermanent 

state among napped and skimming flow regimes. It should be mentioned that for practical 

engineering purposes, skimming flows are more appropriate than napped flows [4]. 

Various researches have been accomplished on flow attributes over stepped spillways. 

Christodoulou [5] represented the rate of energy dissipation on stepped spillways that the ratio of 

the critical depth of flow to the step height is important parameter over energy dissipation. Chen 

et al. [6] expressed the influence of step height on energy dissipation rate is very little in the high 

unit discharges. Chinnarasri and Wongwises [7] examined energy dissipation in different types 

of stepped spillways and concluded the steps with end sills were the most efficient among other 

types. Gonzalez et al. [8] also researched the effect of step roughness in stepped spillways. 

Morovati et al. [9] and Abbasi and Kamanbedast [10] showed that decreasing the number of the 

steps increased energy dissipation. As well as, Barani et al. [11] recognized stepped spillways 

with inclined steps is more effective than stepped spillways with plain and end sill steps in 

increasing energy dissipation. Bai et al. [12] examined stepped spillway with various horizontal 

face angles and presented flow properties on the stepped spillway.  

The pressure distribution on the stepped spillway has an important role because the negative 

pressure on the step surface can create cavitation. Many researchers have studied the pressure 

distribution on the step surface of stepped spillways using physical models [13, 14 and 15]. 

Zhang et al. [16] concluded the pressure is always negative on the top of vertical step surfaces of 

stepped spillway and remains negative along the entire vertical surface. In the mentioned 

researches, the simultaneous effect of several parameters to improve the energy dissipation in the 

stepped spillways was not investigated which is considered in the present research. 

Recently, numerical modeling has been widely applied to model stepped spillways, especially to 

predict energy dissipation. In this study, FLUENT [17] has been employed to simulate the flow 

over the V-shaped stepped spillway and also, the k-ɛ realizable turbulence model has been 

selected to model the turbulent flow. In the present research, the simultaneous effects of 

important parameters on the flow properties of the V- shaped stepped spillway are investigated. 

For this purpose, end sills on the steps and increasing the roughness are considered and the 

effects of these parameters are investigated on the increasing energy dissipation and also, the 

location of areas with minimum negative pressure. 

 

2. The spillway geometry and properties 
The physical model has been constructed by Bai et al. [18] at the State Key Laboratory of 

Hydraulics and Mountain River Engineering, Sichuan University, Chengdu. This model includes 

a water tank, a press slope portion, a flat section, a stepped spillway, a tail water section, a 

measuring weir and a reservoir (Figure 1). The model material is organic glass (a fully synthetic 

plastic material available in a vitreous state) with roughness value of 0.0085. In this paper, the 

roughness effect has also been investigated and the other roughness value (n= 0.012) has been 

applied in numerical modeling. The inlet height of the model is 12 cm, the width is 40 cm, and 

the outlet height of the pressed slop portion is 8 cm. The model consists of 56 steps, 28 steps are 
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transitional steps at the beginning of the stepped spillway, which slowly change to V-shaped and 

the rest of the steps have the same size and horizontal face angle. In the experimental model of 

Bai et al. (2018), the velocity was measured by a propeller-type current meter and pitot tube. The 

unit discharge was controlled by the measuring weir, and depth was also obtained by the unit 

discharge and the velocity. The numerical model in the present study includes the 28 final steps 

with five different horizontal face angles (θ=-30°, -15°, 0°, 15° and 30°). Moreover, an end sill 

of 0.1 m in height and 0.1 m in length has been added to the model to investigate the effect of 

end sill on the flow parameters. In this paper, V-shaped, inverted V-shaped, and traditional 

stepped spillways mean spillways with horizontal face angle greater than zero, less than zero, 

and equal zero, respectively. The model geometry and the horizontal face angle are shown in 

Figures 2 and 3 [18]. 

 

 
Figure 1. Experimental set-up of Bai et al. [18] 

 
Figure 2. The sketch of the present V-shaped stepped spillway [18] 



Numerical investigation of simultaneous effect … 

 
SPRING 2021, Vol 7, No 2, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                

49 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3. The horizontal face angle in the model a) θ=0° b) θ=30° c) θ=-30° 

 

3. Numerical model implementation 

3. 1. Mesh generation 
Gambit software is a mesh generator preprocessor that is compatible with Fluent. This software 

has been utilized to design the geometric shape of the model as well as to determine the 

boundary conditions. When geometries of computational domain are complicated, a triangular 

mesh can be used in order to adjust the triangles to the boundaries. That is the reason to select 

the triangular mesh in the present study. The selected mesh is an unstructured triangular mesh 

that the cells are arranged in an optional method. Unstructured meshes with hexahedral cells 

were generated in this research using a tri-pave element. These grids all have a cell skewness 

less than 0.07. The mesh density should be high sufficient to overcome all related to flow 

characteristics. The mesh density is increased next to the wall and on the surface of the spillway 

to enhance the accuracy of the results. Figure 4 shows the mesh created for the spillway in the 

present study. The number of meshes generated for each step on the horizontal and vertical 

surfaces is 624 and 388, respectively. 

 

 
Figure 4. Mesh generation in the V-shaped stepped spillway 

 

3. 2. Boundary conditions 
The boundary conditions are inflicted to the model as follows; 

The inlet boundary was defined as an inlet-velocity condition, which flow velocity is related to 

the unit discharges (q). For the downstream boundary, a pressure-outlet was used where the 

normal gradient of the pressure is set to zero. The wall was treated as no-slip velocity condition, 

and the near-wall regions were analyzed applying the standard wall function. For the upper 
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boundary condition of the stepped spillway, the free surface was defined as an inlet-pressure 

boundary with a pressure value of zero. 

 

3. 3. Sensitivity analysis 
One of the most important issues in numerical modeling is independence of the model results 

from the mesh size. For this purpose, grid density is changed in the model and after examining 

the accuracy of different grid densities, the appropriate mesh is selected. In this study, three grid 

types (0.015× 0.015𝑚2, 0.01×0.01𝑚2 and 0.009×0.009𝑚2) have been utilized. The accuracy of 

each grid type has been evaluated using Root Mean Square Error (RMSE): 

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑(𝑦𝑝𝑖 − 𝑦𝑛𝑖)2

𝑁

𝑖=1

]

0.5

 (1) 

where, N is the number of data, 𝑦𝑝𝑖 represents the numerical model values, and 𝑦𝑛𝑖 represents 

the experimental model value. The results have been presented in Table 1. According to the 

results, the grid type II has less error than type III. The run time of grid type II is more than grid 

type III however, there is not any difference in the accuracy of these two grids. Therefore, the 

grid type II has been selected as the selected mesh for the rest of simulations. In addition, the 

mean relative error (Erel) was calculated and presented in Table 1 to evaluate the accuracy of 

results as follows: 

𝐸𝑟𝑒𝑙 =
∑ |𝑦𝑝𝑖 − 𝑦𝑛𝑖|𝑁

𝑖=1

∑ 𝑦𝑝𝑖
𝑁
𝑖=1

 × 100 (2) 

 
Table 1. The grid properties and corresponding errors 

Grid type Grid size (m) Mesh number RMSE (m) 
𝑬𝒓𝒆𝒍 

(𝒑𝒆𝒓𝒄𝒆𝒏𝒕) 

I 0.009×0.009 244651 0.0066 2.19 

II 0.01×0.01 156519 0.0067 2.23 

III 0.015× 0.015 92631 0.0102 3.45 

 

3. 4. Governing equations 
The governing equations consist of the continuity and Navier–Stokes equations which are 

indicated in equations 3, 4 for an incompressible fluid, respectively. 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (3) 

𝜌 [
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
] = 𝜇

𝜕2𝑢

𝜕𝑥𝑗𝜕𝑥𝑗
−

𝜕𝑃

𝜕𝑥𝑖
+ 𝑋𝑖 (4) 

 

Where ρ is the fluid density, 𝑢𝑖 refers to the velocity components in the corresponding 𝑥𝑖 

Cartesian coordinates (𝑖 = 1, 2, 3), 𝑡 is the time, 𝑃 is the pressure, 𝜇 is the dynamic viscosity, 

and the 𝑋𝑖 represents a body force exerting on a unit volume [19].  

The Volume of Fluid (VOF) method is widely used to track the water surface. This model was 

proposed by Hirt and Nichols [20]. In the VOF method, each phase is a variable that is named a 

volume fraction of the phase, and calculates for how much percentage of each phase exists in 

each cell. The sum of the volume fractions of air and water is unity in each computational cell 

[21]. 
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αw+ αa=1;      0≤αw, αa≤1 (5) 

 

In this study, fluent software is applied to simulate the flow on a stepped spillway. The 

numerical simulation is managed using the pressure-velocity coupling algorithm that the 

pressure-implicit with splitting of operators (PISO) is applied. The PRESTO scheme is also used 

for the discretization of pressure term. The first order upwind scheme has been applied for 

discretization of the spatial terms in momentum and turbulence equations. Moreover, the 

modified HRIC scheme is used for the volume fraction equations.  

In the present study, k-ɛ realizable turbulence model has been used to simulate the turbulent 

flow. Equations 6 and 7 represent turbulent kinetic energy (k) and its dissipation rate (ε) as 

follows [18]:  

k equation:  

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑚 + 𝑆𝑘 (6) 

𝜀 equation: 

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2𝜌

𝜀2

𝑘 + √𝜈𝜀
+ 𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝜀 

𝐶1 = max [0.43.
𝜂

𝜂 + 5
] 

𝜇 =
𝑠𝑘

𝜀
 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 

 𝑆𝑖𝑗 = 0.5(𝜕𝑢𝑗 𝜕𝑥𝑖 + 𝜕𝑢𝑖 𝜕𝑥𝑗)⁄⁄  

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
 

𝐺𝑘 = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
 

(7) 

 

Where 𝑣 is the turbulent kinematic viscosity; 𝐶1𝜀 = 1.44, 𝐶2= 1.9, 𝜎𝑘= 1.0, and 𝜎𝜀 = 1.2 are the 

empirical constants. The equations are solved by using fluent software, and the computations are 

continued until a correlation is reached. The residual relative error has been selected for the 

correlation criterion. 

4. Results and discussion 

4. 1. Comparison of numerical results with experimental data 
The numerical results of pressure values comparing to the experimental data of Bai et al. [12] is 

shown in Figure 6 for the 43rd step of V-shaped stepped spillway with θ = 30 ° for different 

points on horizontal surface which is shown in Figure 5. Where B is the model width and Z 

refers to the coordinate value in Z direction.  

According to the Figure 6, a good agreement between the present model results and the 

experimental data is observed. The mean relative error of the numerical pressure results for the 

43rd step of V-shaped stepped spillway on horizontal surface for Z B = 0⁄ , Z B = 0.25⁄  and 

Z B = 0⁄ . 5 is about 7.5%. 

The present model results indicate that it is possible to rely on the numerical model and simulate 

more models and compare the results to achieve a stepped spillway with more energy 

dissipation. 
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Figure 5. The different pressure measurement points on the horizontal surface of the V-shaped 

stepped spillway  
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b) 𝒁 𝑩 = 𝟎. 𝟐𝟓⁄  

 
c) 𝐙 𝐁 = 𝟎⁄ . 𝟓 

Figure 6. Comparison the pressure results of the present model with experimental data of Bai et al. 

[12] for 43rd step of a V-shaped stepped spillway with θ = 30 °  

 

4. 2. Energy dissipation rate 
Various relations for energy dissipation rate on stepped spillway have been presented [22-25]. 

Bai et al. [25] proposed equation 8 for computing energy dissipation rate.  

 

η =
Δ𝐸

𝐸1
× 100% =

𝐸1 − 𝐸2

𝐸1
× 100%   (8) 

 

where 𝐸1 and 𝐸2 are the total energy in the inception and ending of the stepped section, 

respectively; E1 = ∆h + υ1
2 (2g)⁄ , E2 = υ2

2 (2g)⁄ ; which ∆h is the depth difference between the 

two sections, and 𝑣1and 𝑣2 are the average velocities in the two sections. The average velocity 
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and height values can be obtained from the data extracted from fluent software to Tecplot 

software. 

According to equation 8, energy dissipation rate was presented in Figure 7 for 20 cases of 

stepped spillways with various horizontal face angles, two roughness values (n=0.0085 and 

n=0.012) and with or without end sills. It can be observed that for the stepped spillway with end 

sills, θ=-30° and roughness value of 0.012, the highest energy dissipation of 83.8% has been 

obtained. As a result, energy dissipation rate increases about 0.9 to 1.94 percent with increasing 

roughness, and by creating an end sill on the steps, it increases about 2.8 to 3.99 percent. 

Moreover, the simultaneous effect of end sill and enhancement of roughness has been 

investigated. Results showed that the energy dissipation rate was increased about 3.26 to 5.74 

percent. 

 
Figure 7. Energy dissipation rate for 20 cases of stepped spillways with various horizontal face 

angles, two roughness and end sills  

 

4. 3. Areas of steps under negative pressure 
The pressure behavior is investigated at the upside of the vertical surfaces so that negative 

pressures (in this study, pressure under atmospheric pressure is remarked negative) happen. 

Determining the amount of negative pressure and its location is very important in preventing 

cavitation. The negative pressure is mostly happened near both walls in a V-shaped stepped 

spillway and near every step’s axial plane in an inverted V-shaped stepped spillway. In a 

traditional stepped spillway, the pressure does not alter considerably along the cross-section 

[18]. At first, the numerical pressure results on the horizontal surface were compared with the 

results of Bai et al. [12] as it is observed in Figure 6. There was a good agreement between the 

results. Areas of steps under negative pressure were shown in Figures 8 and 9 with the different 

roughness. It can be observed from the figures, the major area of a vertical step face under 

negative pressure. In addition, by locating end sills on the steps the negative pressure area 

becomes smaller. According to Figures 8 and 9, as the roughness increases, the negative pressure 

area decreases slightly. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 8. Areas of steps under negative pressure in the stepped spillway with θ=30° and n=0.0085 a) 

without end sills b) inverted V-shaped without end sills c) V-shaped with end sills d) inverted V-

shaped with end sills 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 9.  Areas of steps under negative pressure in the stepped spillway with θ=30° and n=0.012 

a) without end sills b) inverted V-shaped without end sills c) V-shaped with end sills d) inverted V-

shaped with end sills 
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Figure 10. Variations in the minimum negative pressure on the step surface with different 

horizontal face angles, two roughness values and with and without end sills. 

 

Figure 10 shows variations of the minimum pressures on step surface with various horizontal 

face angles. According to the results, the effect of end sills can be summarized as follows: 

¶ The effect of end sills increases the minimum negative pressure in all models with each 

horizontal face angle. 

¶ In θ=15° and θ=-15°, the effect of end sills is greater than other angles. For instance, in a 

constant value of roughness, the minimum negative pressure difference in the stepped 

spillway without and with end sills is 33% for θ=-15° and is 15%. θ=-30°.  

¶ As the absolute value of horizontal face angle decreases, the effect of end sills is greater 

on the increasing of minimum negative pressure. 

In addition, the effect of roughness can be summarized as follows: 

¶ The roughness has negligible effect on variation of the minimum negative pressure. 

¶ As the roughness increases, the minimum negative pressure increases. 

¶ As the absolute value of horizontal face angle increases, the effect of roughness is 

greater on the increasing of minimum negative pressure. 

5. Conclusion 
In this study, the energy dissipation rate in different types of stepped spillways with various 

horizontal face angles has been determined using numerical modeling. Then by locating end sills 

and changing the roughness, variations in energy dissipation rate were investigated. 

Furthermore, the areas exposed to negative pressure in all spillways were identified. The results 
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obtained can be presented as follows: 

¶ As the absolute quantities of the horizontal face angle increase, the energy dissipation 

rate increases but the negative pressure area decreases. 

¶ The energy dissipation rate is higher in stepped spillways with end sills than those with 

more roughness. The negative pressure area decreases in both of stepped spillways but 

the increasing of minimum negative pressure is negligible in stepped spillways with 

more roughness compared to those with end sills. 

¶ As the absolute values of the horizontal face angle decrease, the effect of end sills and 

roughness are greater on the increasing of negative pressure. In θ=15° and θ=-15°, its 

effect is greater than other angles. 

¶ The simultaneous effect of end sill and enhancement of the roughness increase energy 

dissipation rate about 3.26 to 5.74 percent, which has caused the most energy dissipation 

rate. As a result, with better hydraulic properties, more energy dissipation rate and less 

negative pressure area the stepped spillway with end sills, θ=-30° and roughness value of 

0.012 is selected.  
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