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Abstract: Stepped spillway is a power full hydraulic structure for energy dissipation because of 

the large value of the surface roughness. The performance of the stepped spillway is enhanced 

with the presence of air that can prevent or reduce the cavitation damage. This work aims to 

simulate air entrainment and determine the characteristics of flow at stepped spillways. Within 

this work flow over stepped chute is simulated by using fluent computational fluid dynamics 

(CFD). The volume of fluid (VOF) model is used as a tool to simulate air-water interaction on 

the free surface thereby the turbulence closure is derived in the k −ε turbulence standard model. 

The found numerical results agree well with experimental results. 
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1.0 Introduction 

 
A spillway is a structure designed to discharge the surplus flood water from the dam. 

Evacuating the surplus of water to stalling basin creates high levels of kinetic energy. 

This energy may be achieved by construction of steps on the spillway (Chanson, 

2001a).The energy dissipated with steps was two to three times as great as the energy 

dissipated with a smooth surface (Charles and Kadavy, 1996) and can reduce the size of 

stilling basin at the toe of the dam (Rajaratnam,1990, Christodoulou, 1993 and Chanson, 

2001b). The performance of the stepped spillway is the presence of air which can 

prevent or reduce the cavitation erosion damage. The skimming flow regime down 

stepped chute is characterised by highly turbulence and the water flows as a coherent 

stream. 
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Figure 1:  Position of the inception in stepped spillway 

 

In the skimming flow regime, air entrainment occurs when the turbulent boundary layer 

thickness coincides with the water depth (Chanson, 2001b). This location is called the 

inception point (e.g. Figure 1). At the inception point upstream, the flow is smooth and 

glassy whereas at the downstream of the inception point the flow becomes uniform as 

the depth of the air-water mixture grows. 

 

The topic of the flow over stepped spillway was the object of several experimental 

works, today, with the use of high-performance computers and more efficient 

computational fluid dynamics (CFD) codes, the flow over spillways can be investigated 

numerically in reasonable time and with reasonable expense (Chinnarasri et al., 2012). 

Chen et al. (2002), simulated flow over a stepped spillway using the k –ε turbulence 

model. Bombardelli et al. (2011) Simulated non-aerated region of the skimming flow in 

steep stepped spillways using 3D-FLOW. Numerical study of Mohammed et al. (2012) 

was performed to simulate and investigate flow characteristics over a steeply sloping 

stepped spillway. They used VOF model to simulate interaction between air and water 

and Turbulence was encountered by both RNG k-ε and Large Eddy Simulation (LES). 

Afshin and Mitra (2012) used FLUENT commercial software for examining the 

performance of the volume of fluid (VOF) and mixture models in simulating skimming 

flow over stepped spillway Cheng et al. (2006) used a VOF model to investigate the 

normal velocity profiles responding to the steps as bed roughness. The RNG (k- ε) 

model was chosen and their numerical results successfully reproduced the flow over the 

stepped spillway of the physical model.  

 

This study, present the results of numerical simulation flow in moderate slope stepped 

spillway obtained by using Fluent computational fluid dynamics (2006) to show the 

distribution of velocity, pressure and turbulent kinetic energy along the stepped 

spillway. Likewise the cavitation damage has been discussed in this work. The 

simulation results were compared with the experimental data of Felder and Chanson 

(2009). 
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2.0 Numerical Model 

 

Fluent computational fluid dynamics (CFD) is used to solve Navier-Stokes equations 

that are based on momentum and mass conservation of multi-phase flow over stepped 

spillway. Because the standard k − ε model is still a good tool for numerical simulation 

of flow in stepped spillways and verified by experimental and field data (Chen et al., 

2002), it is used to simulate turbulence.  

 

Continuity equation: 
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Turbulence kinetic energy equation (k): 
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Turbulence dissipation rate energy equation (ε): 
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Where, Gk is production of turbulent kinetic energy which can be given as 
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                                                                                   (5) 

 

µt is the turbulent viscosity that satisfies   

 

μt = ρCμ

k2

ε
                                                                                                           (6) 

 

Cμ=0.09 is a constant determined experimentally; 

σk and σε are turbulence Prandtl numbers for k and ε  equation respectively, σk =1.0, 

σε=1.3,  

C1εand C2ε are ε equation constants, C1ε=1.44, C2ε=1.92. 
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The volume of fluid (VOF) method is applied to simulate the free surface between water 

and air (Fluent 2006). In this approach, the tracking interface between air and water is 

accomplished by the solution of a continuity equation for the volume fraction of water: 

 
𝜕𝛼𝑤

𝜕𝑡
+

𝜕𝛼𝑤𝑢𝑖

𝜕𝑥𝑖
= 0 ; 0 ≤ 𝛼𝑤 ≤ 1                                                              (7) 

 

Where, αw is volume fraction of water. 

 

In each cell, the sum of the volume fractions of air and water is unity. So, volume 

fractions of air denote αa can be given as 

 

𝛼𝑎 = 1 − 𝛼𝑤                                                                                      (8) 

 

The geometry of numerical model and boundary conditions are shown in figure 2.The 

channel was 3.2 m long and 1 m wide. The channel slope is 21,8
°
. The stepped spillway 

contains 20 identical steps with 0.05m height and 0.125 m length by step. The two-

dimensional numerical domain was divided into unstructured grids (triangular cell) that 

had a high adaptability to the complex geometry and boundary. Triangular meshes with 

0.015 m
2
 are used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2:  Boundary conditions and numerical model of a stepped spillway 

 

 

The boundary conditions in this study are pressure inlet as water inlet and air inlet, 

outlet as a pressure outlet type. All of the walls as a stationary, no-slip wall. The 

viscosity layer near to the wall dealt with the standard wall function. The boundary 
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conditions for the turbulent quantities such as k and ε can be calculated from (Fluent 

2006): 

𝑘 =
3

2
(𝑈𝑎𝑣𝑔𝐼)

2
                                                                                  (9) 

 

𝜀 = 𝐶𝑢
3 4⁄ 𝑘3/2

0.07𝐷𝐻
                                                                          (10) 

 

Where, I is turbulence intensity can be estimated from the following formula derived 

from an empirical correlation for pipe flows: 

 

𝐼 = 0.16(𝑅𝑒𝐷𝐻)
−1

8⁄                                                                 (11) 
 

Uavg is the mean velocity of water flow inlet and DH is the hydraulic diameter. 

 

 

3.0 Results and Discussion  

 

In this study, the position of the inception point are computed and compared with the 

existing experimental results (Felder and Chanson 2009).  

 

 

 
Figure 3:  Measured and computed inception point for q=0.0436m

2
/s 

 

 

Figure 3 presents a comparison the air entrainment simulated by VOF model and in 

experiments for unit discharge equal to 0.0436m
3
/s . Good agreement between observed 

and computed inception point from this figure. Figure 3 indicates that, the air 

entrainment started on step edge N°6. At the inception point, the degree of turbulence 

was large enough to entrain air into the black water flow (Cheng 2006), and then the 

volume fraction of water becomes less than unity. 
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Figure 4: Experimental and computational air concentration distribution compared with equation 

(12) 

 

 

Downstream of the inception point of free-surface aeration, air and water are fully 

mixed, forming a homogeneous two-phase flow. In skimming flow, the air concentration 

distribution may be described by an analytical solution of the air bubble advective 

diffusion equation: 
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2𝐷0
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3

3𝐷0
)                                                  (12) 

 

where y is distance measured normal to the pseudo-invert, Y90 is the characteristic 

distance where C = 90%, K is an integration constant and Do is a function of the of the 

mean air concentration Cmean (Chanson,2001b).  In figure 4, the computed air 

concentration profile downstream of the inception point is compared with Felder and 

Chanson experiments (2009) and with equation (12) for q= 0.122 m
2
/s. The relative 

error between the numerical and experimental results is 1.2% to 14.8% except at y/Y90 

ranging from 0.3 to 0.6; the relative error is slightly higher. This increase in error may 

be due to the VOF model which underestimates the value of air concentration (Afshin 

and Mitra, 2012). Equation 12 compares favourably with the numerical and 

experimental air concentration profiles. It is obvious that numerical model is capable of 

computing air concentration in such regions (Mohammed et al., 2012). 
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The comparison of velocity between simulation and measurements in Felder and 

Chanson (2009) are shown in figure 5 for q=0.122 m
2
/s. The percentage difference 

between numerical and experimental data was less than 10%, which shows good 

agreement, except at y/Y90 ranging from 0.1 to 0.2; the relative error is slightly higher. 

This increase in error may be stem from the three-dimensional structure of the flow and 

the anisotropy is not captured in 2D (Bombardelli et al., 2011).  

 

 In the skimming flow, the velocity profile increase from the pseudo bottom at the free 

surface flow. Based on previous studies (Chanson, 2001b and Boes and Hager, 2003), 

the distribution of air-water velocity follows a power law given by: 

 

𝑉

𝑉90
= (

𝑦

𝑌90
)

1 𝑛⁄

                                                                                         (13) 

 

 

 
Figure 5:   Dimensionless velocity at step edge 18 for q=0,122 m

2
/s 

 

 

Where V90 is the characteristic velocity for C = 90%.The exponent n is obtained from 

experiments data. From figure 5, the velocity profiles tended to follow a 1/10 power law 

distribution. 

 

The contour of velocity in stepped spillway is shown in figure 6. The velocity is higher 

in aerated region because the entrained air reduces wall friction; also the fluid is 

accelerated by the gravity along the chute. This result is qualitatively similar to those 

presented by Quian et al. (2009). 
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The recirculation flow which dissipates the energy in step corner is presented in figure 7.  

Most of the energy is dissipated by momentum transfer between the skimming flow and 

the eddy in the interior of the step.  

 

 

 
 

Figure 6:  Velocity distribution along the stepped spillway for q=0.122m
2
/s 

 

 

 
 

Figure 7:  Recirculating vortices in the triangular zone of the step corner for q=0.122m
2
/s 
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Figure 8:  Turbulence kinetic energy along the stepped spillway for q=0.122m
2
/s 

 

 

Figure 8 present the distribution of kinetic turbulent energy (k) along stepped spillway 

for q=0.122m
2
/s. As can be seen from this figure, the maximum of k is located near the 

pseudo-bottom as a region of formation and growth of recirculating vortices. Also it can 

be observed the increasing of turbulent kinetic energy along the stepped spillway which 

is the result of the development of the boundary layer. A gradual decrease of k is 

observed near the water surface, where the flow can be considered irrotational. This 

result is qualitatively similar to those presented by Bombardelli et al. (2011). 

 

 

 
 

Figure 9:  Contour of static pressure along the stepped spillway for q=0.122m
2
/s 
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Figure 9 display the contour of static pressure for q=0.122 m

2
/s. This figure indicate that 

the minimum value of pressure is located in the vertical wall of the step, is due by 

separation flow between skimming flow and the eddy in this region. Also maximum 

pressure exists in the horizontal surface of the step. This maximum pressure is caused by 

the impact of the skimming flow coming from upper step. 

 

The risk of cavitation appears for high velocity flows and when the values of static 

pressure becomes lower then vapour pressure of water, resulting in the local cavitation 

index: 

 

𝜎 =
𝑃 − 𝑃𝑉

𝜌
𝑉2

2

                                                                                            (14) 

 

Where V is reference flow velocity, P is reference flow pressure, PV is water vapour 

pressure and ρ is water density. To prevent the cavitation damage to a stepped spillway, 

it is required to keep σ more than cavitation inception index σi. Based on the study of 

Falvey (1990), the cavitation inception index varies between 0.076 and 1.2 for all 

surfaces roughness. Matos et al. (2014) proposed formulae to evaluate the damage of 

cavitation at the inception point: 

  

𝜎 = 0.064𝐹∗
−0.23 [1 +

4.762 (
𝑃𝑎𝑡𝑚−𝑃𝑉

𝜌𝑔
)

𝑘𝑠𝐹∗
0.59 ]                                                                     (15) 

 

Where: 

𝑘𝑠 = ℎ 𝑐𝑜𝑠𝜃  
h = step height 

θ = channel slope 

F* = Froude number defined in terms of the roughness height:  

𝐹∗ = 𝑞 [𝑔(𝑠𝑖𝑛 𝜃){𝑘𝑠}3]0.5⁄  
q = unit discharge 

g = gravitational constant 

 

In figure 10, equation 15 is plotted as function F* for step height equal 0.05 m and 0.1m. 

This figure shows that, the risk of cavitation increase with increasing of F*   therefore 

when the flow rate increase, also with growing of step height.  
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Figure 10:  Cavitation index versus Froude surface roughness, F* 

 

 

4.0 Conclusion 

 

In the present numerical study, flow over stepped spillway was simulated by using 

fluent. Free surface was treated by VOF model and turbulence flow was estimated by k-

ε Standard Model. The experimental studies of Felder and Chanson (2009) are used to 

validate the numerical results of the air-water two-phase flow over the stepped spillway.  

Good agreement is found   between numerical and experimental results except at y/Y90 

ranging from 0.3 to 0.6; the relative error is slightly higher between numerical and 

experimental air concentration profile. Also at y/Y90 ranging from 0.1 to 0.2; the relative 

error is somewhat higher between computed and measured velocity profile. It was found 

that the calculated inception point is well agreed with that of measurement.  It has been 

verified that the velocity profile follows the one-tenth power law distribution and the 

maximum of kinetic energy of turbulence is found near the pseudo-bottom. Minimum 

and maximum pressure is located in the vertical and horizontal face of step. Finally the 

risk of cavitation damage increase by increasing of flow rates and step height. 
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