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Abstract 
Cavitation is a phenomenon leading to damaging surfaces and usually occurs at steep and 

fast overflows. This can be prevented via decreasing pressure upon the floor of overflows or 
controlling the flow rate. Furthermore, controlling this phenomenon comes about through increasing 
air concentrations in the overflow. One of the methods of increasing air concentrations and 
decreasing the flow rate of the spill is to construct overflows in stepped forms. Dam spillway 
releases are from among shoot overflows which would confront cavitation phenomenon. This 
research tries to control this phenomenon via constructing stepped spillways instead of installing 
aeration systems. Because laboratory models and field researches are costly and time-consuming, 
using numerical modelling via CFD method for designing and simulating hydraulic flows are 
suggested. In this research, stepped fast flowing dam releases were designed instead of spillway fast 
flows, and then simulating flows on spillways, the cavitation phenomenon was studied and 
evaluated. Results from these simulations show that constructing stepped forms upon dam spillway 
releases are effective in controlling cavitation phenomenon, so that via reducing flow rate and 
increasing cavitation index, prevention of this phenomenon becomes possible.  
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Introduction 
Most of engineering fields, which concern fluids and their characteristics, focus on dynamic 

behavior of fluids. One of these fields are called Hydraulics which are mainly related to fluid 
weather. From among these, different natural and unnatural factors can play an important role in 
determining characteristics of flows.  

Experimental and laboratory studies about such flows have long been of utmost importance. 
In laboratory researches, characteristics of flows are studied based on the special model and results 
are presented as physical relations via analyzing dimensions of it. Using laboratory models is costly 
and time-consuming.  

The other method for studying flows is performed via using computational fluid dynamics 
which is based on numerical methods. Moreover, spillways of most medium and large dams of the 
world concern flow rates of more than 10 m/s to 45 m/s. When flow rate gets close to 10 to 15 m/s, 
cavitation phenomenon becomes more and more serious. The existence of small bumps at surface of 
concrete may cause cavitation and damaging concrete at downstream levels. Therefore, for 
preventing such phenomenon, well-constructed details for concrete floors should be considered. If 
flow rates exceed 20 to 30 m/s, the probability of occurring cavitation increases, therefore concrete 
would require more protective operations. The most effective method of decreasing the effects of 
cavitation in damaging concrete is via using ventilation. Ventilation is of two kinds: one method is 
using places to ventilate the shoot spillways; another one is using stepped spillways which lead into 
natural ventilation.  
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Review of Literature 
Kisidi et al (1965) were from among the first who used Laplace Equation for investigating 

spillways flows. They used Finite Difference Method in computing page for determining variables, 
and he used Methods for Complex Arguments for converting physical page into computing page.  

Ikgava and Vashizo (1973) were from among the first who used Finite Element Method to 
solve Laplace Equations at spillways.  

Diresh et al. (19770 used finite element method with flexible grids (non-rigid) for solving 
potential flow equations at spillways.  Lee and Chen (1989) performed their research upon three 
heads of 0.5 Hd, Hd and 1.33 Hd at WES spillway using Limited Analytical Method.  Bergisser and 
Ranchman in 1999 used finite element method to solve Navier-Stokes equations, considering 
Constant viscosity at about 0.001 m2

s� . Assi (2001) solved potential flow equation at spillways 

using limited difference method, considering another forms for Neumann boundary conditions. 
Savage and Johnson (20010 used Reynolds Average Equations for analyzing two dimensional flows 
using FLOW-3D Software. Sorensen (1985) chose stepped spillways as the best choice via 
analyzing construction of the physical model, Cup Launch, Stilling Basin and Shoot in stepped 
forms.  

Rajaratnam (1990) presented the following equation for introducing Coefficient of Friction 
in stepped spillways considering a non-spilling flowing regime:  

 

𝐶𝐶𝑓𝑓 =
2𝑦𝑦𝑛𝑛3𝑔𝑔 sin𝛼𝛼

𝑞𝑞2  

In which 𝛼𝛼 is slope of the spillway, 𝑔𝑔 acceleration of gravity, 𝑞𝑞 overflow discharge per width 
and 𝑦𝑦𝑛𝑛  is normal depth.  

Christo Dolo (1993) investigated the effects of steps in energy dissipation at stepped 
spillways. Furthermore, he showed the results of his experiments and those of Sorensen (1985) in 
the following figure.  
. 

 
Figure 1. The effects of steps in energy dissipation at stepped spillways 
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In this figure, the effects of the number of steps upon energy dissipation is clear, and per 

each amount of  𝑦𝑦𝑐𝑐
ℎ

, the amount of energy increases by adding to the number of steps. Moreover, the 
effects of the number of steps becomes very clear at high discharges.  

Chanson (1994) via analyzing the results obtained by other researchers showed that for non-
spilling flow regimes come true, flow rate should exceed a certain amount. Rice and Cadovi (1996) 
studied a physical sample, at a scale of 1.20 to estimate flow transition at spillways.  Chen et al 
(2002) used fluid volume models for numerical simulation of turbulent flows at stepped spillways.  
Bows and Hedger (2003) performed experiments about flows passing from stepped spillways and 
reported results about velocity distribution and air concentration in their reports.  Tabtra et al (2005) 
used adina software to analyze stepped spillways via FEM, and used standard k-ɛ model to 
determine turbulent flow.  Sanchez et al. (2007) analyzed pressure field at stepped spillway of roller 
compacted concrete dams.  Chanson (2008) expressed his ideas about the effects of scale in samples 
of stepped spillways and said that the complexity of two-state flows at stepped spillways increase 
the scale effects more and more.  Zhang Dong et al (2009) compared different flows at numerical 
models and laboratory samples to conclude that k-ɛ model is effective in simulating flows at stepped 
spillways.  Karvaly and Martinez (2009) analyzed Hydraulic jump in stepped spillways in analytical, 
physical and numerical.  Salmasi et al (2003) investigated the effects of the number of steps on 
energy loss in laboratory samples of stepped spillways and concluded that the relative rate of energy 
dissipation decreases by increasing flow rates.  Samani et al (2004) used laboratory samples to 
investigate principles upon Hydraulic flows and designing stepped spillways and obtain an equation 
for calculating energy loss. Fathi et al (2009) used laboratory methods to study the effects of the 
slope of the downstream head upon the place where natural air is absorbed. Ahmad Yar et al. (1993) 
performed their research on physical samples of steep stepped spillways. Choosing four heights for 
steps such as 40, 30, 24 and 20 mm, and changing four angles of the bottom of steps 25, 20, 15 and 
10 degrees, they investigated 16 physical samples of stepped spillways.  Mousavi et al. (2008) 
simulated Hydraulics of flows at stepped spillways in both spilling and non-spilling steps using 
physical models and ANSYS software. They concluded that ANSYS is able to investigate different 
Hydraulic dimensions of stepped spillways.  Ashourian (2013) compared results from numerical 
models with those obtained from physical models using FLOW-3D software to show that energy 
loss increases when the height of steps increases.  Hossein Nouri (2013) modeled flows on shoot 
spillways and compared it with results from physical model to investigate cavitation phenomenon 
and determine places which require ventilation.    Sar Afraz, Attari and Ma’aroufi (2011) used 
numerical FLOW-3D model to determine the starting ventilation point at a gentle slope of a stepped 
spillway.  Pirestani et al (2010) numerically modelled flows at stepped spillways and compared it 
with physical model via using FLUENT software.  

 
Material and Methods 
Calculating dimensions and the number of steps for numerical modelling 
The model for spillway dam releases and results for Shoot spillways are available at Institute 

of Water Researches. Spillway dam releases are determined based on stepped spillway design 
relations compared to the design of the dimensions of optimized steps. From another point of view, 
because these researches aim at comparing shoot spillways with stepped ones using results from 
shoot spillways, therefore, the dimensions of the spillways will remain constant, and just shoot 
changes into step. So, we have:  

S = 36.4%      ,             θ = 20° 
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From another point of view, the width of the main spillway is 30 m and the width of the 

model is 0.9 m, so we have:  

M =
30
0.9

= 33.33     
This means that the main spillway is 33.33 times larger than the model. The geometric 

similarity relations for flow rate, discharge and length are as follows:  
QP
QM

= M2.5  VP
VM

= M0.5       ,        LP
LM

= M 
PMF discharge for dam release is 2290 m3/s, discharge of 10000 years for 1545 m3/s. First 

for this discharge the maximum amount of flood which is about 2290, we would have:  

QM =
QP

M2.5 =
2290

33.332.5 =
2290

6413.4
= 0.357    cms     

q = QM
bM

= 0.357
0.9

= 0.397       m2
s�   

For designing spillways, we do as follows. We use the following equation to obtain critical 
spillway depth.  

dc = �q2 g⁄3 = �0.3972 9.81⁄3 = 0.252       m 
Based on researches, the optimized conditions for the height of steps are as follows: the most 

optimized heights are 30, 60, 90 or 120 cm. we consider 90 cm and calculate the height of model:  

LM =
Lp

M
=

0.9
33.33

= 0.027  m = 2.7  cm 
So, our first assumption is that the height of steps are 2.7 cm.  
At next stage, we should determine the height of steps for occurring non-spilling regime so 

that 0.25 ≤ h dc ≤ (h dc⁄ )s⁄  in which (h dc⁄ )s = 7
6

(tan α)1 6⁄  for 5.7° < 𝛼𝛼 ≤ 55° would be: 

(h dc⁄ )s =
7
6

(tan α)1 6⁄ =
7
6

(tan 20)1 6⁄ =
7
6

(0.364)1 6⁄ = 0.99 
Therefore, 0.25 ≤ h dc ≤ 0.99⁄  should be considered.  
But, while h dc⁄ = 0.027 0.252⁄ = 0.11  < 0.25 is not true about the above conditions, 

then we have to add the height of steps or decrease discharge designs. While the height of 90 cm is 
reasonable for steps and more height is not economical from an engineering point of view, therefore, 
considering constant height and doubling it for different discharges, we would test the above 
condition.  

 
Table 1. Height of steps in different designs 
800 800 900 900 1545 1545 2290 2290 Qp 
0.125 0.125 0.140 0.140 0.241 0.241 0.357 0.357 Qm 
0.139 0.139 0.156 0.156 0.268 0.268 0.397 0.397 Q 
0.125 0.125 0.135 0.135 0.194 0.194 0.252 0.252 Dc 
0.036 0.027 0.027 0.036 0.054 0.027 0.054 0.027 H 
0.288 0.216 0.200 0.266 0.278 0.139 0.214 0.107 h/dc 

 
Based on the above table for discharge of 2290 m3/s, the height of steps should be more than 

180 cm and if the height of steps is more than 180 cm, then the discharge of 1545 m3/s would meet 
the primary conditions. But as was mentioned previously, the optimized height of steps is maximally 
120 cm. Therefore, we cannot design stepped PMF discharge designs for the above spillways.  
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From another point of view, the discharge in unit of width for stepped spillway should not be 

more than 30 m/s. this means that for width of spillway (B), we would have:  

q =
Q
B
≤ 30        m2

s�  

If we consider  as 30 m/s in prototype, and while the width of spillway is 30 m, then 
optimized discharge that satisfy conditions for discharge in unit of width are as follows:  

QP = qP ∗ bP = 30 ∗ 30 = 900       m3
s�  

QM =
QP

M2.5 =
900

33.332.5 =
900

6413.4
= 0.14    cms     

qm =
0.14
0.9

= 0.156            m2
s�  

dc = �q2 g⁄3 = �0.1562 9.81⁄3 = 0.135      m 
Modelling in FLOW-3D software 
For modelling in FLOW-3D software similar to laboratory samples, we consider the 

following assumptions which gives a sufficiently exact simulation of different discharges.  
 
Table 2. The dimensions for experimental model in this research 

Profile sphere mesh 
Mesh block Meshing at x direction The length of cell 
Mesh block 1 0-2.80 360,000  
Mesh block 2 2.80-5 720,000  
Mesh block 3 5-8.23 1,080,000  
Whole cells in meshing site 2,160,000  

 
- RNG model  
- Fluid: water at 20o C 
- Gravity -9.81 at Z axis 
- Primary conditions: Reservoir is always full of water at the height of upstream 
- Border conditions: according to the defining three mesh blocks, the border conditions for each are 

as follows:  
 
Table 3. Numerical method: GMRES 

  Mesh block 
Mesh block 1 Mesh block 2 Mesh block 3 

Xmin Volume Flow Rate Symmetry Symmetry 
Xmax Symmetry Symmetry Outlet 
Ymin Wall Wall Wall 
Ymax Wall Wall Wall 
Zmin Wall Wall Wall 
Zmax Symmetry Symmetry Symmetry 
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Results 
While physical model for shoot spillway is designed in Institute of Water Researches, all 

features of the spillway are considered similar and only shoot is changed into step, therefore, 
considering different discharges and different dimensions for steps, this spillway is investigated and 
the optimized model is obtained. Features for these models are mentioned in the following tables: 
 
Table 4. Some features of these models 

Scale 1:33.33 Q(m3/s) q(m2/s) Yc(m) The Height of the Head for 
still overflow (m)  

Prototype 2290 76.3 8.406 180.53 
Physical model 0.357 0.397 0.252 5.42 
Prototype 1545 51.5 6.466 180.53 
Physical model 0.241 0.268 0.149 5.42 
Prototype 900 30 4.510 180.53 
Physical model 0.14 0.156 0.135 5.42 
Prototype 800 26.7 4.170 180.53 
Physical model 0.125 0.139 0.125 5.42 

 
Results obtained from discharges on spillways with different heights of the steps are shown 

in the following graphs:  

 
Comparing flowing depth in different discharges, with 90 cm height of the step 

 

 
Comparing flow rate in different discharges with 90 cm height of steps 
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Figure 2. Comparing flowing depth in different discharges at 120 cm height of the step 

 

 
Figure 3. Comparing flow rate in different discharges at 120 cm height of the step 

 

 
Figure 4. Comparing flowing depth in different discharges at 180 cm height of the step 
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Figure 5. Comparing flow rate in different discharges at 180 cm height of the step 

 

 
Figure 6. Comparing flowing depth at 800 m3/s discharge and different heights of the steps 

 

 
Figure 7. Comparing flow rate in 800 m3/s and different heights of the steps 
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Figure 8. Comparing flowing depth at 2290 m3/s discharge with different heights of steps 

 

 
Figure 9. Comparing flow rate in 2290 m3/s discharge at different heights of steps 

 
As it is seen in the above figures, in all simulated models, the flow rate has decreased from 

35 m3/s to about 15 mm/s in stepwise model which decreases the probability of occurring cavitation. 
Furthermore, the depth of flows at the edge of stepped spillways increase compared to similar shoot 
spillways.  

Reducing flow rate and increasing depth, bearing in mind that we would not confront index 
cavitation of less than 0.6, the probability of cavitation at stepped spillways gets close to zero, while 
the probability of occurring cavitation in index is less than 0.25.  

 
Discussion   
As it is clear, this research aims at numerical modelling of Hydraulic flow at stepped 

spillways of dam releases, as well as investigating cavitation phenomenon based on FLOW-3D 
model.  

At the beginning of this research, the model were tested with regard to calibration and 
verification. Because this research aims at investigating dam spillway releases and this has been a 
shoot one, some models were made by changing shoot into steps. In making this model in FLOW-
3D software, the results from previous researchers were used to estimate dimensions of the steps. 
Discharges which were used in designing shoot spillways of dam releases were considered to help 
investigating simulation of the model. According to results obtained from this research, the 
modelled shoot spillway which had been designed for preventing dam releases from cavitation had 
been the best choice, while changing it into stepped spillways requires its width to increase many 
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times which is not economical at all. From another point of view, stepping up dam spillway releases 
is the subject of this research, with Debbie flood of 10000 years and less, models were made for 
simulation and performing researches. Furthermore, optimized dimensions of steps were determined 
and were investigated based on modelling simulations.  

Comparing diagrams of flow rate and flowing depth were determined based on both 
laboratory results and results from numerical simulations which becomes possible through changing 
shoot spillways into stepped ones. The flow rate has decreased to large extent which decreases the 
occurrence of cavitation phenomenon.  

At the end, it was concluded that with constant dimensions of spillways by changing shoot 
spillways into stepped ones, this spillway can answer Debbie flood until 900 m3/s in case we want 
Debbie to increase into PMF level and increase width of the spillway into two times.  

As it is seen in modelling figures, in some cases we have observed hydraulic jump from 
steps which can be solved by changing dimensions of them, i.e. by decreasing its amount. 

While in this research, climatic part and overflow arc is considered constant, and no step is 
built on the overflow arc.  If we did not consider this limitation and we built step on the overflow 
arc, we could decease flow rate at the beginning of step so that we could provide a better model for 
optimizing energy loss.  

 
Conclusion 
Verifying results from numerical model indicate that FLOW-3D software can be used for 

simulating flow on stepped spillways and investigating hydraulic flow.  
Stepped spillway is function of the discharge of the width of spillway. Therefore for using 

stepped spillways at dams, it is suggested that optimized width of spillway for floods of 10000 years 
and PMF be calculated and based on it stepped spillways be selected. In new designs, using roller 
compacted concrete (RCC) dams has solved this problem. In many cases of discharges, higher width 
of spillway is solved.  

Increasing the slope of steps in stepped spillways leads to higher energy loss. In other words, 
in a constant discharge, the more ratio of height to length increases, the more energy loss occurs. In 
constant dimensions of steps, increasing discharge leads to reduction of energy loss.  Also, 
increasing the slope of spillways would decrease the length of steps, if their height is considered 
constant.  

In all cases, ratio of flow rate to shoot spillway will decrease and considerable increase in 
cavitation index (more than 0.6) causes cavitation to get close to zero.  
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