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ABSTRACT

The operation of  stepped spillways is limited by a range of  discharges due to the risk of  occurrence of  the cavitation phenomenon 
and erosion on its steps. Since there is a demand for spillways with the possibility of  overflow of  greater discharges, the designs seek 
to increase the air concentration of  the flow, which can occur through the installation of  piers in the spillway in order to protect 
the structure from the above mentioned damage. The aim of  this work is to analyze flow characteristics and extreme minimum and 
maximum pressures with non-exceedance probability of  0.1% and 99.9% acting next to the step edges of  the spillway with aeration 
induced by piers through an experimental analysis in a physical model. Based on the results obtained, flow behavior was defined and 
equations for predicting the extreme pressures that occur along the stepped spillway with aeration induced by piers were proposed.

Keywords: Pre-aeration; Aerators; Physical model; Aerated flow.

RESUMO

Vertedouros em degraus têm sua operação limitada a faixas de vazões devido ao risco de ocorrência do fenômeno de cavitação e erosão 
em seus degraus. Como há demanda por vertedouros com possibilidade de extravasamento de maiores vazões, procura-se aumentar 
a concentração de ar do escoamento, que pode ocorrer através da instalação de pilares no vertedouro, para assim proteger a estrutura 
contra os referidos danos. O objetivo deste trabalho é avaliar as características do escoamento e as pressões extremas mínimas e 
máximas com probabilidade de 0,1% e 99,9% de não-excedência, atuantes nas quinas dos degraus do vertedouro com aeração induzida 
por pilares, através da análise experimental em um modelo físico. Baseado nos resultados obtidos foi definido o comportamento do 
escoamento e foram propostas equações de previsão das pressões extremas que ocorrem ao longo do vertedouro em degraus com 
aeração induzida por pilares.

Palavras-chave: Pré-aeração; Aeradores; Modelo físico; Escoamento aerado.
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INTRODUCTION
Stepped spillways are characterized by the significant energy 

dissipation that occurs during the passage of  the flow through the 
chute due to the macroroughness imposed by the steps. In addition, 
air entrainment in the flow over these structures is anticipated, 
compared to the flow of  smooth chute spillways, which increases 
the flow length with a biphasic characteristic, reducing the risk 
of  damage by cavitation.

The structure is more susceptible to risks of  damage caused 
by cavitation, especially at the step edges, in the non-aerated zone 
upstream from the inception point of  natural aeration. As the unit 
discharge increases, the inception point of  natural aeration moves 
downstream, exposing a larger region of  the structure to such risks.

Several studies on stepped spillways were developed to 
understand the flow behavior and hydrodynamic efforts that occur 
along the stepped chute, such as the studies published by Povh et al. 
(2004), Sánchez-Juny et al. (2007, 2008), Arantes et al. (2009), 
Takahashi & Ohtsu (2012), Conterato et al. (2015), Estrella et al. 
(2015), Xu et al. (2015), Dai Prá et al. (2016), Zhang & Chanson 
(2016, 2017, 2018), Osmar et al. (2018) and Nóbrega et al. (2020). 
Based on the knowledge of  hydrodynamic pressures on the steps, 
studies found the implementation of  stepped spillways to be limited 
to a range of  discharges due to the risk of  cavitation damage.

Novakoski et al. (2018) found that the range of  maximum 
specific discharge in which cavitation inception occurs lies between 
11 and 17 m2/s. Amador et al. (2009) indicated a maximum 
specific discharge of  approximately 15 m2/s, in order to avoid 
cavitation occurrence. In the study of  Gomes (2006), the critical 
unit discharges that would lead to the occurrence of  cavitation 
are on the order of  11.3 to 15.6 m2/s. According to Matos et al. 
(2000), the phenomenon of  cavitation will begin when the unit 
discharge lies between 20 and 30 m2/s, a limit higher than the limit 
presented by other authors. Frizell et al. (2013, 2015) conducted 
experiments in a non-aerated closed conduit able to induce the 
cavitation phenomenon, which simulates the situation observed 
on stepped spillways. The authors indicated a cavitation number 
between 0.60-0.65 for chutes with a slope of  68.2° and between 
0.30-0.40 for slope of  21.8°.

Taking into consideration the demand for higher flows and 
the advantages associated with stepped spillways, it is important to 
predict methods to prevent cavitation damage in these structures. 
Peterka (1953) suggested that the presence of  small quantities of  
air in the flow, about 7% of  the ratio between the air and water 
volumes, can reduce, or even eliminate erosion damage caused by 
cavitation. That occurs due to the air water mixture compressibility, 
which alleviates the impact of  vapour bubbles implosion. One 
way is to increase the air concentration in the flow upstream from 
the inception point of  natural aeration, which can be achieved 
through induced aeration.

Studies on stepped spillways with induced aeration, i.e. 
with the introduction of  air into the flow through aerator devices 
(deflectors, piers, among others), were developed aiming at increasing 
the operational range of  specific flow that can be discharged into 
the stepped spillways without damaging the hydraulic structures. 
The use of  piers in stepped spillways was investigated in the 
studies of  Si-ying et al. (2012), Calitz (2015), Koen (2017) and 
Koen et al. (2019) through physical models with different pier 
geometries. These studies show that the piers form lateral and 

inferior cavities in the flow, allowing the air to be incorporated 
into the flow, thus anticipating the start of  aeration.

To date, studies have been carried out on stepped spillways 
with aeration induced by piers, however there are still knowledge 
gaps, especially regarding the evaluation of  pressures exerted by the 
flow on the steps. Thus, the aim of  the present work is, through 
the flow behavior submitted to varied discharges, to evaluate 
the flow characteristics and minimum and maximum extreme 
pressures with a non-exceedance probability of  0.1% and 99.9% 
acting next to the step edges of  a spillway with aeration induced 
by piers. This research also aims to determine dimensionless 
parameters, which allows the prediction of  extreme pressures 
and flow characteristics position.

MATERIALS AND METHODS

The experimental study was developed in a physical model 
of  a stepped spillway installed at the Laboratório de Hidráulica 
Experimental of  Furnas Centrais Elétricas with a geometric scale 
ratio of  1:10 for the transposition of  its values. The model, built in 
concrete, has a Creager-type ogee, is 1.15 m wide, a stepped chute 
with a slope of  1V:0,75H (53.13°), and steps that are 0.09 m high.

Piers were installed on the sides of  the spillway, from the 
beginning of  the ogee until the first step (Figure 1). The piers are 
0.075 m wide, and the upstream extremity has a circular geometry 
with a radius of  0.075 m. This allows the width between two 
consecutive piers of  the model to be representative of  the width 
commonly used in a prototype.

The flow depths on the first step (h0) were measured using 
a common point gauge installed in the central axis of  the channel 
perpendicular to stepped chute pseudo-bottom.

The characteristic behaviors of  the flow along the stepped 
chute, related to the flow aeration, were visually identified through 
flow observation during the testing procedure and analysis of  
the videos recorded. The characteristic flow positions recorded 
were (Figure 2): (1) position where the beginning of  air bubbles 
occurs in the inferior layer of  the flow and (2) position where the 
boundary layer reaches the flow free surface.

The dynamic pressures acting on the steps were measured 
with pressure transducers connected to the chute through by hoses 
0.20 m long and with a diameter of  0.017 m, according to the 
recommendation of  Lopardo (1996) and Trierweiler Neto (2006). 
The pressure taps were located in the central line of  the model 
chute, next to the step edges (Figure 1) of  the horizontal faces 
of  steps number 2, 4, 5, 8, 9, 11, 12, 15 and 16 and of  the vertical 
faces of  steps number 2, 3, 5, 7, 8, 11, 12, 14 and 15. ZURICH 
pressure transducers, model PSI.420 and accuracy of  0.1% full 
scale were utilized, operating in the following range according 
to the pressure taps position: -1 to 2 mH2O for the horizontal 
faces of  steps 2, 4 and 5 and all the vertical faces of  the steps 
and -1 to 3 mH2O for the horizontal faces of  steps 8, 9, 11, 12, 
15 and 16. The tests were conducted with a frequency of  100 Hz 
for 10 minutes, simultaneously for all tapping points considered.

Tests were carried out on the stepped spillway model 
considering induced and natural aeration (in this case, without 
any aerator device), in order to compare the behavior of  both 
configurations. Table 1 shows the total and unit discharges tested on 
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Figure 1. Schematic representation of  the physical model, where (a) side view; (b) step parameters and position of  pressure transducers; 
(c) top view; and (d) frontal view.

Table 1. Total and unit discharges on the model and prototype 
and roughness Froude number.

Q model 
(l/s)

q model 
(m2/s)

q prototype 
(m2/s) F*

115 0.100 3.2 2.85
144 0.125 3.9 3.56
173 0.150 4.8 4.27
230 0.200 6.3 5.69
316 0.275 8.7 7.82
380 0.330 10.5 9.38

the model, the unit discharge on the prototype and the roughness 
Froude number (F*), which is represented by Equation 1.

*

  ³
qF

g sen ka
=   (1)

where q is the unit discharge [m2/s], g is the gravitational acceleration 
[m/s2], α is the chute angle with the horizontal [°], k is the step 
roughness [m], as shown in Figure 1.

The characteristic positions of  the flow with induced 
aeration, as well as the lowest minimum pressure with a non-
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exceedance probability of  0.1% and the highest maximum pressure 
with a non-exceedance probability of  99.9% were analyzed in 
dimensional and also dimensionless form.

RESULTS AND DISCUSSION

Behavior of  the flow with aeration induced by piers

The visual analyses of  the flow on the stepped spillway 
with aeration induced by piers show two characteristic regions: 

the region where the lower flow aeration occurs and the region 
of  the superficial flow aeration, as shown in Figure 3.

The flow regions are represented based on the characteristic 
positions (Figure 3a), which were measured longitudinally from the 
spillway crest. For the induced aeration, these positions are called 
starting position of  the lower flow aeration (PLAP) and starting 
position of  the superficial flow aeration (PSAP).

Region of  lower aeration: it occurs in the lower part 
of  the flow, does not reach the whole water depth and evolves 
due to the narrowing of  the chute caused by the presence of  the 
piers (Figure 3b and 3c). The air is incorporated in the lower air 

Figure 2. Characteristic positions of  flow with aeration induced by piers for a unit discharge of  0.200 m2/s.

Figure 3. Behavior of  the flow with induced aeration for the unit discharge of  0.200 m2/s, where (a) schematic drawing; (b) side 
view; and (c) top view.
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water interface through the cavities formed just downstream of  
the piers as also determined by Si-ying et al. (2012) and Calitz 
(2015). The PLAP begins from the second step of  the spillway 
for all unit discharges tested.

Region of  superficial flow aeration: it occurs downstream 
from the lower aeration when the boundary layer reaches the free 
surface of  the flow (Figure 3b and 3c).

The PSAP obtained are shown in Figure 4a and compared 
to the starting positions of  superficial flow aeration for natural 
aeration (PSAN). Figure 4b shows the PSAP made dimensionless 
by the flow depth on the first step (h0), as shown in Figure 1a, on 
the ordinate axis and the roughness Froude number of  the step 
(F*) on the abscissa axis.

The PSAN grows almost linearly with the increase of  
the unit discharge. On the other hand, for the induced aeration, 
the specific flow exerts less influence on the PSAP, i.e. the PSAP 
remains practically constant with the increase of  the specific flow, 
oscillating between the longitudinal positions 1.80 and 1.90 m.

These results indicate that the lower air incorporation 
affected the behavior of  the superficial aeration, since the PSAP 
has occurred on the second step from the deflector, regardless of  
the unit discharge tested, which makes PSAP occur in a practically 
constant longitudinal position. That does not happen with natural 
aeration, in which PSAN is influenced by the unit discharge increase. 
For lower discharges, up to the unit discharges of  0.200 m2/s, 
PSAP has occurred downstream in relation to PSAN, as shown 
in Figure 4a. For higher unit discharges, the PSAP occurred in 
upstream longitudinal positions in comparison to PSAN.

Based on the behavior of  the dimensionless number of  
the PSAP and PSAN, it is observed that, as the F* increases, the 
dimensionless numbers decrease, due to the increase of  the flow 
depth on the first step (h0). Equation 2 and Equation 3 were 
adjusted to represent these behaviors, respectively.

* .. 0 969P

0

PSA 133 36F
h

−=   (2)

* .. 0 302N

0

PSA 52 78F
h

−=   (3)

The power law equations (Equation 2 and Equation 3) 
showed a determination coefficient of  0.99 and 0.94, respectively, 
indicating that the equations allow for an approximate prediction of  
where the superficial aeration of  the flow will begin for a stepped 
spillway with induced aeration (Equation 2) and natural aeration 
(Equation 3) and with F* between 2.5 and 10.0.

The main uncertainties associated with Equation 2 and 
Equation 3 are related to PSA and ho measures, due to the flow 
dynamics. The PSA was determined by the same observer considering 
the same criteria. It was observed that a variation of  1 or 2 steps 
may occur. However, the ho parameter is not significantly influenced 
by the free surface instability due to the presence of  tranquilizers 
which guarantee homogeneous flow distribution. In addition, at 
this location, flow is monophasic, which reduces flow instability, 
thus the observed mean variation is around 1 mm.

Extreme minimum and maximum pressures

Knowledge regarding the pressures acting on a stepped 
spillway structure is important for its correct dimensioning. Lopardo 
(1996) recommends the use of  minimum extreme pressures with 
a non-exceedance probability of  0.1% to identify the cavitation 
inception processes. The extreme pressures associated with the 
non-exceedance probabilities of  0.1% (representing the minimum 
pressures) and 99.9% (representing the maximum pressures) 
allow an estimation of  the minimum and maximum values that 
the pressure can reach along the stepped spillway.

Figure 4. (a) Starting position of  superficial induced aeration and natural aeration; (b) dimensionless number of  the starting position 
of  superficial induced aeration and natural aeration.
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Figure 5a and 5b shows the behavior of  the lowest values 
of  minimum extreme pressures with a non-exceedance probability 
of  0.1% (P0.1%) of  the induced aeration in comparison to the 
natural aeration, for the horizontal and vertical faces. Figure 5c 
and (d) shows, respectively, the behavior of  the highest values of  
maximum extreme pressures with non-exceedance probability of  
99.9% (P99.9%) of  induced aeration in comparison to the natural 
aeration, for the horizontal and vertical faces.

The lowest values of  P0.1% and the highest values of  P99.9% 
for natural and induced aeration presented similar behaviors. In 
general, as the unit discharge increases, the lowest values of  P0.1% 
decrease and the highest values of  P99.9% increase, both for the 
horizontal and the vertical faces. The vertical faces presented the 
highest extreme pressure with a non-exceedance probability 0.1%, 
and the horizontal faces presented the highest extreme pressure 
with a non-exceedance probability of  99.9%.

The pressure loads for the horizontal faces of  induced 
aeration were more extreme for all unit discharges tested. In 

other words, for the lowest values of  P0.1%, the induced aeration 
presented pressure loads an average of  0.10 mH2O lower than 
the natural aeration. For the highest values of  P99.9%, the induced 
aeration presented pressure loads an average of  0.30 mH2O higher 
than the natural aeration.

For the vertical faces, the induced aeration presented the 
lowest values of  P0.1% higher than the natural aeration and the 
highest values of  P99.9% lower than the natural aeration, for unit 
discharges between 0.100 and 0.150 m2/s. However, for the highest 
unit discharges tested, the pressure loads of  induced aeration were 
more extreme for both non-exceedance probabilities.

Therefore, the minimum and maximum extreme pressures 
of  the vertical faces for the induced aeration were attenuated for 
unit discharges lower than 0.200 m2/s, indicating the influence 
of  the lower air incorporated to the flow through the piers, even 
though the superficial aeration of  the flow had not been anticipated 
for these unit discharges.

Figure 5. Extreme pressures (a) P0.1% for the horizontal faces, (b) P0.1% for the vertical faces, (c) P99.9% for the horizontal faces e (d) P99.9% 
for the vertical faces, in function of  the unit discharge, considering both situations of  induced and natural aeration.
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Figure 6 shows the behavior of  the lowest minimum 
pressures with a non-exceedance probability of  0.1% and the 
highest maximum pressures with a non-exceedance probability of  
99.9% for the horizontal and vertical faces, made dimensionless 
by the flow depth on the first step (h0).

The dimensionless numbers that represent the lowest 
minimum pressures with non-exceedance probability of  0.1% 
increase as the F* increases. However, this does not mean that 
the P0.1% values increase with the increase of  the F*. In fact, the 
flow depth on the first step (h0) increases as the F* increases.

The same occurs for dimensionless numbers that represent 
the highest values of  maximum pressure with a non-exceedance 
probability of  99.9%, which decrease with the increase of  the F*, 
due to the increase of  flow depth on the first step (h0).

Equation 4 allows the evaluation of  the value of  the 

dimensionless relation ( %

0

P
h

) to estimate the magnitude of  the 
minimum pressures with a non-exceedance probability of  0.1% 
and the maximum pressures with a non-exceedance probability of  

Figure 6. Extreme dimensionless pressures next to the step edges, in function of  the roughness Froude number of  induced aeration.

99.9% on the horizontal and vertical faces, depending on the F*. 
Table 2 shows the (a, b and c) coefficients and the determination 
coefficient between the adjusted curve and the experimental data 
made dimensionless.

( )
*

% 
* *2

0

P F
h a bF cF

=
+ +

  (4)

The reciprocal quadratic equations for the horizontal 
and vertical faces present a determination coefficient between 
0.86 and 0.99, indicating that the dimensionless numbers allow 
an approximate prediction of  the lowest minimum pressures 
with a non-exceedance probability of  0.1% and of  the highest 
maximum pressures with a non-exceedance probability of  99.9% 
for the horizontal and vertical faces of  the induced aeration, for 
F* between 2.5 and 10.0.

The longitudinal position where the lowest and highest 
extreme pressures occur is close to the starting position of  the 
superficial aeration. Thus Equation 2 allows an approximate 
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Table 2. a, b and c coefficients obtained for Equation 3 and the determination coefficient (R2) for the prediction of  the lowest minimum 
pressures with a non-exceedance probability of  0.1% (P0.1%) and of  the highest maximum pressures with a non-exceedance probability 
of  99.9% (P99.9%) on the horizontal and vertical faces.

a b c R2

P0.1% Horizontal face of  the step 0.130 -0.077 -0.018 0.99
Vertical face of  the step 0.153 -0.159 0.002 0.86

P99.9% Horizontal face of  the step -0.034 0.027 0.005 0.99
Vertical face of  the step -0.250 0.219 0.004 0.97

prediction of  the region in which these values will occur for a 
certain prototype of  stepped spillways with induced aeration and 
the indicated F*.

CONCLUSIONS

Based on the evaluation of  the flow behavior characteristics 
of  the physical model of  a stepped spillway, it has been found 
that flow with induced aeration differs from the behavior of  the 
natural aeration. This occurs due to the installation of  piers, which 
provokes a discontinuity of  the flow that favors the incorporation 
of  air into the lower part of  the flow before the starting position 
of  superficial aeration.

The increase of  the unit discharge has an insignificant effect 
on the superficial aeration, because the longitudinal position in 
which it occurs is practically stable, whereby for the unit discharges 
of  the model that are higher than 0.200 m2/s, the longitudinal 
position of  the superficial aeration start was anticipated in relation 
to the natural aeration.

The lowest values of  minimum extreme pressure load and 
the highest values of  maximum extreme pressure load for the 
horizontal and vertical faces occurred for the configurations of  
induced aeration. In general, the maximum pressure loads were 
not attenuated with the implementation of  air incorporation 
devices into the flow and were more extreme than the natural 
aeration of  the flow. These conclusions were not observed for 
the lowest unit discharges tested in the model (between 0.100 and 
0.150 m2/s), because in these situations of  induced aeration the 
lower air incorporated into the flow through the piers was sufficient 
to attenuate the minimum and maximum extreme pressure loads.

However, based on the visual analysis, for all conditions 
tested the air was introduced into the lower part of  the flow, 
which is in contact with the structure right at the beginning of  
the stepped chute, thus showing the possibility of  protecting the 
concrete structure from possible damage caused by the cavitation 
phenomenon. This hypothesis should be extended by carrying out 
analyses of  the air concentration in the flow with induced aeration.

Besides, it was possible to make an approximate prediction 
of  the minimum and maximum extreme pressures, as well as of  
the starting position of  the superficial aeration, which is close to 
the region where the lowest and highest extreme pressures occur 
for a certain prototype of  stepped spillway with induced aeration 
and F* between 2.5 and 10.0.

NOTATION

The following symbols are used in this paper:

a, b, c = regression coefficients;
F* = roughness Froude number;
g = gravitational acceleration [m/s2];
h0 = flow depth on the first step [m];
K = step roughness [m];
PLAP = starting position of  the lower flow aeration for 

induced aeration [m];
PSAN = starting position of  superficial flow aeration for 

natural aeration [m];
PSAP = starting position of  the superficial flow aeration 

for induced aeration [m];
P0.1% = minimum extreme pressures with non-exceedance 

probability of  0.1% [mH2O];
P99.9% = maximum extreme pressures with non-exceedance 

probability of  99.9% [mH2O];
q = unit discharge [m2/s];
Q = discharge [m3/s];
R2 = determination coefficient;
α = chute angle with the horizontal [°].
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