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Abstract

Stepped spillways have a wide range of applicability as a hydraulic structure in large dams to dissipate energy of high-velocity
flows at a downstream area of dams as well as release overflows into the downstream. In this study, the numerical simulation of the
flow over the stepped spillway was investigated by using Flow3D software as an analytic flow field. The RNG k-ε model was
applied as the turbulence model, and Volume of Fluid (VOF) model was used to determine the free surface flow profiles. At the first
stage, the model was verified by reliable experimental data. Then, in order to investigate the various features of skimming flow
regime, 112 numerical spillway models was designed, which 96 models were stepped spillway models and 16 models were smooth
spillway models (i.e., WES profile). In these numerical experiment, two step sizes, six configuration, four passing discharge and four
profile slopes (15, 30, 45 and 60 degrees) with various relative discharges were considered to investigate the energy dissipation and
discharge coefficient rates. The results indicated that discharge coefficient rate and energy dissipation rate have inverse relationship.
Also it was observed that when relative discharges increased, energy dissipation rate decreased and discharge coefficient rate
increased. 
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1. Introduction

A spillway is usually one of the most important appurtenant

facility of a dam. The act of a spillway is to provide an efficient

and safe means of conveying flood discharges to the downstream

area of dams (Azhdary Moghaddam, 1997). Improperly designed

spillways or insufficient capacity of spillways can cause failures

of dams (Frizell, 1991). Several factors such as the design flood,

size and operation of the reservoir, and type and location of the

dam are primarily important in the spillway design procedure.

The spillway’s outlet structure must be designed to ensure that

the spillway discharges will not erode the downstream channel

bed, or undermine the toe of the dam itself because the flow

accelerates along the downstream face and high velocities (i.e.,

Froude numbers greater than 2.5) are attained at the spillway’s

toe. Traditionally, the energy dissipators for spillways can be

classified as (Khatsuria, 2004): (1) Stilling basins, (2) free jets

and trajectory buckets, (3) roller buckets, (4) dissipation by

spatial hydraulic jump, and (5) impact type energy dissipators.

However, it should be noted that stilling basin of multi-

horizontal submerged jets (Chen et al., 2010; 2013; 2014; Zhang

et al., 2013) and vortex drop shaft with two aeration volute

chambers (Zhao et al., 2006; Gang et al., 2011) are available as

new types of energy dissipators. Several factors such as

hydraulic and environmental conditions, geology, topography,

dam type and economic considerations are important for the

selection of the type of the energy dissipator. The use of the

stilling basin is the most common type of the energy dissipator.

The traditional stilling basins are not suggested for heads

exceeding about 100 m because the turbulence problems such as

intermittent cavitation, vibration, uplift, and hydrodynamic loading

appears in these conditions (Khatsuria, 2004). However, the

energy dissipator of stilling basin of multi-horizontal submerged

jets was used in a hydraulic engineering with the water head

about 161 m (Chen et al., 2010; 2013; 2014; Zhang et al., 2013).

Generally, the development of the stilling basin in hydraulic

engineering is based on the form of the hydraulic jump, which

depend on the expected Froude number of the incoming flow.

The form of the stilling basin can range from a simple concrete

apron to a complex structure that may include rows of chute

blocks, baffle piers and a plain or dentate end sill (Peterka, 1958;

USBR, 1977). For more details, the reader is referred to USBR
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(1977) and Khatsuria (2004). The length of the stilling basin

located at the foot of the spillway should be kept as short as

possible. In order to reach this goal, one possible solution is to

consider a stepped spillway instead of the traditional smooth ogee-

profile spillway. Stepped chutes which is a spillway whose face

is provided with a series of steps from near the crest to the toe,

have become a standard hydraulic structure within the past

decades (Vischer and Hager, 1998). The steps significantly

increase the rate of energy dissipation taking place on the

spillway face. Therefore, they can reduce the size of the required

downstream energy dissipation basin. 

On the other hand, the use of a stepped spillway can reduce the

risk of cavitation than more conventional smooth spillways by

increasing self-aerated flow (Peterka, 1953; Frizell and Melford,

1991; Boes and Hager, 2003; Lobosco, 2011; Felder and Chanson,

2014b). It should be stated that no evidence of the cavitation

damage has been seen for a stepped spillway in service because

of relatively steep slopes. According to cavitation indications,

the use of stepped spillways with relatively steep slopes will be

less susceptible to cavitation damage (Frizell et al., 2013).

However, there has been significant uncertainty in how to

address cavitation on stepped spillways (Arndt and Ippen,

1968; Boes and Hager, 2003; Pfister et al., 2006; Gomes et al.,

2007; Amador et al., 2009; Frizell et al., 2013; Khdhiri et al.,

2014). 

The priority of the stepped spillways is not limited to the

aforementioned topics. This type of spillway may be designed in

several forms such as nonuniform steps, downward inclined

steps, changing channel slope and pooled step (Felder and

Chanson, 2014b). Moreover, stepped spillways are compatible

with Roller Compacted Concrete (RCC) as a modern construction

technique and with gabion hydraulic structures as a common

retaining structure. Also, in the case of an auxiliary spillway the

construction program will be much shortened.

From the foregoing reasons, and also low cost of stepped

spillways, there are a most of interest in this form of spillway

(e.g. Sorensen, 1985; Frizell, 1991; Chanson, 2002; Chanson and

Toombes, 2002; Baylar et al., 2007; Baylar et al., 2010;

Emiroglu and Tuna, 2011; Baylar et al., 2011a, 2011b; Meireles

et al., 2012; Frizell et al., 2012; Dolatshah and Vosoughifar,

2012; Zhang et al., 2012; WU et al., 2013; Roushangar et al.,

2014; Felder and Chanson, 2014b). The flow characteristics over

stepped chute were investigated numerically and experimentally

in these studies. Most of them have been focused on the inception

of air entrainment, air concentration, velocity distributions, and

energy dissipation performance of a stepped chute.

Parenthetically, it should be noted that three types of flow

regimes (i.e., nappe, transition and skimming flow) are possible

over a stepped spillway (Essery and Horner, 1978; Sorensen,

1985; Chanson, 1998; Khdhiri et al., 2014). The first flow,

which is a series of small consecutive falls, occurs for low

water flowrates and/or important steps lengths, whereas the

latter, which consists of recirculation zones with horizontals

axes between steps outer edges, arises for high flowrates and/

or small steps lengths. Finally, the transition flow regime,

which was firstly introduced by Ohtsu and Yasuda (1997),

appears for passing from nappe flow regime to skimming

flow regime for a range of intermediate discharges. The main

characteristic of this regime is that the stagnation on the

horizontal step face associated with significant splashing

appears.

Since physical measurements are expensive and time consuming,

computational modeling is an effective and convenient

approach (Barati, 2011; Akbari and Barati, 2012; Barati et al.,

2012; 2013; Barati, 2013). Therefore, the numerical simulation of

flow over stepped spillways would be in a great demand. In the

present study, the computational fluid dynamics model of

FLOW3D software was adopted to simulate the flow over the

stepped spillway under skimming flow regime. Volume of

Fluid (VOF) method was performed for free surface simulation.

Several factors consist of the step size and configuration,

spillways slope and passing discharge were considered in the

numerical experiments. The main objectives of this study are:

(1) Investigation of the effects of step’s configuration on

discharge coefficient and energy dissipation; (2) Comparison

between energy dissipation rate and discharge coefficient rate;

(3) Study of effect of relative discharges on discharge coefficient

and energy dissipation; (4) Analysis of effect of spillway’s

slope on energy dissipation and discharge coefficient rate; and

(5) Find an optimum step’s configuration to reach the

maximum energy dissipation and maximum passing flow.

2. Governing Equation and General Issues

2.1 Problem Formulation

FLOW-3D software which is a general purpose CFD software

for modeling multi-physics flow problems was adopted for the

simulation of the flow over stepped spillway. 

The software utilizes a Hirt-Nichols’ VOF method to compute

free surface motion. It uses an approximate interface reform that

is parallel to one of the co-ordinate axes. While cells in a

neighborhood are utilized to estimate the surface normal, the

interface is marked as horizontal or vertical depending on the

relative magnitudes of the surface normal components (Rudman,

1997). The VOF method not only introduces a VOF function,

F(x, y, z, t), but also consists of the following three ingredients:

(1) a scheme to locate the surface; (2) an algorithm to track

the surface as a sharp interface moving through a computational

grid; and (3) a means of applying boundary conditions at the

surface. The Fractional Area/Volume Obstacle Representation

technique was used to model complex geometric regions.

FLOW-3D uses a finite-volume-finite difference method to

discretize the 3D Reynolds-averaged Navier-Stokes equations in

a fixed Eulerian rectangular grid system. For each computational

cell, average values for the flow variable (i.e., pressure and

velocity field) are computed at discrete times using a staggered

grid technique. The governing equations can be expressed as

(Savage and Johnson, 2001):
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Continuity equation:

(1)

where, ρ is the density of fluid, RSOR is the mass source, u, v, w

respectively are velocity in x, y, z directions in Cartesian

coordinate, and Ax, Ay, Az are differential area in these directions.

R and ξ depends on coordinate system and in Cartesian

coordinate R = 1 and ξ = 0.

Momentum equations:

(2)

(3)

 

(4)

where, VF is the fraction of fluid, Gx, Gy, Gz are body

acceleration, fx, fy, fz are acceleration due to viscosity and bx, by, bz

are flow losses in porous media.

Several turbulence closure are available in FLOW-3D.

Renormalized-group turbulence model (RNG) which is generally

the most robust transport turbulence model available within the

software was adopted for the simulation of the turbulent flow

over the stepped spillway (Yakhot and Smith, 1992; Yakhot et al.,

1992; Flow Science Inc., 2005). The eddy viscosity is calculated

using a single turbulence length scale in the standard k-ε model.

Therefore, the turbulent diffusion is only determined at the

specified scale, whereas all turbulence scales will contribute to the

turbulent diffusion in reality. RNG k-ε model accrues from the

renormalization group mathematical theory. An extra source term

to the turbulence kinetic energy dissipation ε transport equation was

added in RNG model to improve standard k-ε model in

determining the turbulence kinetic energy. Also, some constants of

RNG k-ε model is different than k-ε model’s coefficients.

The governing equations of RNG k-ε model (i.e., k and ε
transport equations, respectively) are:

(5)

(6)

where, k is the turbulence kinetic energy, ε is dissipation rate,

 is the eddy viscosity, v is the kinematic viscosity, and

other parameters defined as:

(7)

(8)

The constants of RNG k-ε model were listed in Table 1.

2.2 Numerical Simulation Issues

Some issues of the numerical simulation such as the mesh

independency investigation, boundary conditions, air entrainment

coefficient, uniform flow conditions, and time step will be

discussed in this section.

The computational domain mesh was adopted using mesh

independency study (i.e., grid convergence tests) using the

experimental data of Azhdary Moghaddam (1995) (see more

details about the experiments in the verification section). Over

100 numerical tests from 30,000 to 811,200 computational cells

were performed to reach the proper mesh. The selected mesh

consists of a total of 625,000 computational cells in the

simulation domain (250 × 250 × 10 in x, z and y directions which

represent stream-wise, normal-wise and span-wise coordinates,

respectively). The mesh grid was composed using three different

mesh blocks, and finer mesh was used near the spillway (see Fig.

1). It should be noted that the numbers of computational cells in

x and z directions have more effects on the simulation results. 

Four types of boundary conditions for inlet, outlet, wall and

free surface were adopted. A specified pressure boundary

condition (i.e., a stagnation pressure condition) was used at the

upstream end of the computational region (i.e., xmin). In this

boundary condition, the velocity at the boundary is zero because

stagnation conditions is assumed in the outside of the boundary.

This assumption needs a pressure drop across the boundary for

flow to enter the computational region (Flow Science, 2005).

Continuative approximation which consist of zero normal
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Table 1. Constants of RNG k-ε Model

β η0 Cµ Cε1 Cε2 σk σε

0.012 4.38 0.085 1.42 1.68 0.7194 0.7194

Fig. 1. Mesh Grid Configuration for the Numerical Simulation
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derivatives at the boundary for all quantities was considered at

the downstream end of the computational region (i.e., xmax). In

this boundary condition, a smooth continuation of the flow

through the boundary was represented by the zero-derivative

condition. In left, right and bottom sides of the computational

region (i.e., ymin, ymax and zmin, respectively), the normal velocity

is set to zero by considering a wall boundary condition. Finally,

normal velocity as well as normal gradients of all variables is set

to zero (i.e., symmetry boundary condition) at zmax.

Oxygen transfer in stepped spillways depends on several

factors such as the step height, flow critical height, steps length,

stepped spillway total height, inflow Reynolds number, and

global spillway slope (Khdhiri et al., 2014). All of these factors

effects on the turbulence that increase air entrainment in water at

interface between air and water. In contrast to transition flows,

the air concentration profiles have a smooth and continuous

shape in skimming flows (Chanson and Toombes, 2002;

Chanson, 2002). In the skimming flow regime, the flow is

smooth and no air entrainment occurs in the upstream steps

while a large amount of flow aeration and strong vortices at the

step toes arises in the downstream of the flow. Based on previous

studies, average concentrations of air (i.e., air entrainment

coefficient) for skimming flow was considered 20%. This average

value can be assigned in the physics menu at air entrainment

section of FLOW-3D software.

The length of upstream water pool was considered 25 m, and

60 m was assigned after the toe of the dam to reach the

developed flow and uniform flow conditions at the downstream

section. It could be stated that FLOW-3D software alert the user

in the simulate menu when the developed flow condition was

obtained. Also, it should be noted that the simulation time for

reaching uniform flow conditions increased by increasing discharge.

Finally, it must be stated that the time step was considered

based on the stability limit and convergence criteria by a trial and

error procedure. The time step increment was performed in the

range of 0.00001-0.01 (s), and the proper value 0.001 (s) was

considered en-route to convergence.

3. Results and Discussion

3.1. Verification using Experimental Data

In order to evaluate the applicability and accuracy of the

model, Experimental data of Azhdary Moghaddam (1995),

which was performed in hydraulic Laboratory University of

Ottawa, was considered. For the comparison propose, free

surface level of model and experimental data was taken.

The spillway crest geometry of Waterways Experiment Station

(1977) with vertical upstream faces was considered. It includes

the three-arc curve upstream from the crest section. Downstream

from the crest, the following power function applies as: 

(9)

where, HD is design head.

The downstream slope with 45o and height of 380 mm was

examined. Discharges passing over spillway, 0.026(m3/s) and

0.05(m3/s) was verified.

The numerical and experimental results for the location of the

free surface are shown in Fig. 2 for two discharges. As most

important variables, the velocity at the toe V, the height of flow at

y

HD

-------⎝ ⎠
⎛ ⎞ 0.5

x

HD

-------⎝ ⎠
⎛ ⎞

1.85

=

Fig. 2. Comparison between Free Surface Height for Numerical

and Experimental Data: (a) Q = 0.026(m3/s), (b) Q = 0.05(m3/s)

Table 2. Verification of Model by Comparing Numerical Results and Experimental Data

Q(m3/s) V(m/s) h(m) Fr E(m)

Experiment results
0.026 1.440 0.0180 3.426 0.1236

0.05 1.851 0.0270 3.596 0.2016

Numerical results
0.026 1.483 0.0184 3.490 0.1305

0.05 1.984 0.0253 3.982 0.2250
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the toe h, Froude number Fr and the energy of flow E= h+V2/2 g

at the toe of experimental and numerical were compared in Table

2. Generally, the results indicated that good agreement between

the computed and measured profiles can be concluded at the

crest and toe portions of the spillway surface for the two passing

discharges.

3.2 Numerical Experiments

In this study, Ogee smooth spillways and Ogee stepped

spillways was considered for the comparison purpose. All ogee-

profile spillways considered in this study had vertical upstream

faces. It should be noted that the spillway was put on zero point

of horizontal axis. The crest geometry of spillway was

considered WES profile with HD = 3.75(m). It includes the three-

arc curve upstream from the crest section. The height of

spillways was 30(m). This shape continues down to the point

where the slope of the curve meets the terminal spillway slope.

Four different terminal slopes were investigated, namely: 15o,

30o, 45o, and 60o and a 10 m radius of curvature was chosen for

the spillway toe transition curve for all models. This ensured a

smooth transition of the flow from the spillway to the downstream

channel. 

Stepped spillway configurations were examined by considering

different downstream slopes, different step sizes, several numbers

of the steps, and different arrangement of the steps. Also, four

passing discharge were considered. 

In Table 3 different downstream slopes (l/p) were listed,

where, l is length of spillways and p is height of spillways.

Each of the base stepped models constructed in three parts: (1)

the crest part, which was 1/3 of the total spillway height (Hdam),

(2) the middle part which was 1/3 of the total spillway height

(Hdam) and bottom part which had a height = 1/3 Hdam. While

each part of the models had a uniform step size throughout its

profile, the step sizes of the base models were different from

each other. Based on the literature review (Sorensen, 1985,

Christodoulou, 1993, Bindo, 1993, Rice and Kadavy, 1996) two

different step sizes were chosen: (1) 1/20 Hdam which considered

as large-step sizes; and (2) 1/30Hdam which considered as small-

step sizes. Six following configuration’s code for stepped spillways

were considered:

(1) LLL: This configuration means that large step in top, mid-

dle and bottom part,

(2) LLS: This configuration means that large step in top and

middle part and small step in bottom part,

(3) LSS: This configuration means that large step in top part

and small step in middle and bottom part,

(4) SLL: This configuration means that small step in top part

and large step in middle and bottom part,

(5) SSL: This configuration means that small step in top and

middle part and large step in bottom part, and

(6) SSS: This configuration means that small step in top, mid-

dle and bottom part.

In order to find the relative energy dissipation rate, energy at

the toe of the stepped spillway models were compared with the

energy at the toe of the smooth models. 

The four relative head passing over the spillways (1) H/HD =

0.7, (2) H/HD = 1, (3) H/HD = 1.5, and (4) H/HD = 2 were selected

for investigation of the amount of energy dissipation rate and the

discharge coefficient, where H is total head at upstream and HD is

design head. 

The discharge coefficients for 96 stepped spillway models and

16 smooth spillway models were determined. For the mentioned

relative head, discharge coefficient for stepped models (Cs) and

smooth models (C) divided to each other (Cs/C) and define as

discharge coefficient rate. Also the percent of step’s influence on

passing flow was analyzed by considering the following equations:

Qstepped = Cs L H3/2 (10)

Qsmooth = C L H3/2 (11)

where, Cs is the discharge coefficient for the stepped spillways, C

is the discharge coefficient for the smooth spillways, L is the

width of spillway, and H is the total head at upstream.

Several criteria were existed to show the onset of skimming

flow that is a function of the discharge, the step height and length

(Chanson, 1994). Based on the experimental data, Essery and

Horner (1978) and Peyras et al. (1991) presented Eq. (12) for the

onset flow condition:

(12)

where, h is the step height, l is the step length and (yc)Onset is the

characteristic critical depth. It should be noted that skimming

flow will occur when yc/h > (yc)Onset/h.

yc( )Onset

h
------------------ 1.01 0.37

h

l
---⎝ ⎠

⎛ ⎞–=

Table 3. l/p for all Spillway’s Slopes

l(m) p(m) l/p

150 114.7500 30 3.8225

300 56.7780 30 1.8926

450 37.0500 30 1.2350

600 27.3325 30 0.9110 Fig. 3. Investigation of the Onset of Skimming Flow Regime
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The criterion was revised by Chanson (1994) by re-analyzing

experimental data as follows:

(13)

Moreover, Rajaratnam (1990) discussed that skimming flow

will occur when (yc)Onset/h > 0.8. All of the aforementioned

criteria along with the numerical results for different spillway’s

slope are presented in Fig. 3. The results showed that skimming

flow was not established in low discharges (H/HD = 0.7, H/HD =

1) and low spillway’s slope; therefore, their data was removed

from comparisons.

The results of the numerical analysis were illustrated in Figs. 4

to 7. In these figures, E and E are E = h+V2/2g, E = Esmooth −

Estepped, where E is energy at the toe of the spillways; h is water

surface height at the toe; and V is velocity of flow at the toe. It

should be noted that the dimensionless energy (E/E) was

calculated as (Esmooth − Estepped)/ Esmooth.

Figure 4 represents energy dissipation rate versus spillway’s

slopes (α) for different relative heads. As it can be seen in Fig. 4,

the energy dissipation rate decreased with increasing relative

head, and also it was observed that the energy dissipation rate

increased by decreasing spillway's slopes. Therefore, for the

design purpose, the use of stepped spillway with lower relative

head and/or spillway's slopes can be considered to reach the

maximum energy dissipation rate.

Figure 5 depicts energy dissipation rate versus spillway’s slops

for all configurations and relative discharges. In Fig. 5(a) and

5(b) (i.e. low discharges), one can find a rational configuration

that was suitable energy dissipation rate. SLL configuration

showed higher energy dissipation rate in Fig. 5(c) and 5(d) but

effects of step’s configuration was low in these relative discharges

because of high discharges. At 60o downstream slope almost for

all discharges, LLL configuration showed maximum energy

dissipation. So, for the design purpose, it should be noticed that

spillways with high downstream slopes and large steps can be

applied. 

Relationship between relative head and discharge coefficient

rate for all step’s configurations and downstream slops were

presented in Fig. 6. The parameter Cs/C increased with increasing

relative head, and also it was observed that discharge coefficient

rate decreased by decreasing spillway's slopes. Therefore, for the

design purpose, the use of stepped spillway with larger relative

head and/or spillway’s slopes can be assigned to reach the

maximum discharge coefficient rate. On the other hand, it was

observed that, among all configurations, SSL generally has

maximum passing flow.

In Fig. 7, the relationship between energy dissipation rate and

Cs/C parameter were illustrated. It was found that energy

yc( )Onset

h
------------------ 1.057 0.456

h

l
---⎝ ⎠

⎛ ⎞–=

Fig. 4. Effect of Relative Head on Energy Dissipation

Fig. 5. Comparison between Energy Dissipation Rate and Spill-

way's Slope: (a) H/HD = 0.7, (b) H/HD = 1, (c) H/HD = 1.5, (d)

H/HD = 2

Fig. 6. Comparison of Ratio of Discharge Coefficients and Passing

Discharge: (a) Spillway 15o, (b) Spillway 30o, (c) Spillway

45o, (d) Spillway 60o
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dissipation rate decreased with increasing slope of spillways,

whereas Cs/C increased with increasing slope of spillways. These

results are consistent with the previous results in Figs. 4 to 6.

Generally, it can be stated that with increasing relative head,

energy dissipation rate decreased and discharge coefficient rate

(Cs/C) increased. On the other hand, energy dissipation rate

decreased and discharge coefficient rate increased with increasing

slope of spillways. Therefore, an optimum relative head and

spillway’s slope must be assigned to reach the best possible

energy dissipation rate and discharge coefficient.

On the other hand, for the optimal step configuration, it can be

concluded that smaller steps at the crest part of the stepped

spillway and larger steps at bottom part of the stepped spillway

must be considered to reach both maximum energy dissipation

and maximum passing flow.

4. Conclusions

Most of the previous studies of a stepped spillway have been

only focused on the energy dissipation performance of it.

However, in the present study, the discharge coefficient rate as

well as the energy dissipation rate were considered for various

flow conditions and several spillway layouts.

First of all, this study shows the priorities of an advanced CFD

model, Flow3D, than expensive laboratory tests for the

investigation of the flow over stepped spillways. At the first

stage, in order to verify the numerical model, the water surface

level of the model were compared with experimental free surface

profiles. Then, the numerical experiments were designed to

evaluate the effects of different factors on the skimming flow

regime of stepped spillways. The stepped models were designed

by considering two step size, six configuration, four different

spillways slope below the contact point and four passing

discharge in the numerical experiments. 

Based on the results of the numerical experiments, the main

conclusions of the present study are:

1. The discharge coefficient increased for the case of a stepped

spillway in comparison with an equivalent smooth spillway.

This issue provides more flood conveying capacity to the

downstream channel in a given time period. On the other

hand, it was previously proved that a stepped spillway

increase energy dissipation rate than a smooth spillway.

2. To reach the maximum energy dissipation rate, the stepped

spillway with lower relative head and/or spillway's slopes

must be assigned in the design procedure of a stepped spill-

way, whereas to reach the maximum discharge coefficient

rate, the stepped spillway with larger relative head and/or

spillway's slopes can be considered in the design procedure

of a stepped spillway. Therefore, an optimum relative head

and spillway's slopes must be considered to reach the best

possible energy dissipation rate and discharge coefficient. 

3. Maximum energy dissipation and maximum passing flow

were achieved when small and large steps respectively are

considered at crest and bottom parts of the spillway. This

issue can consider for the optimum design. 
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