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ABSTRACT

Stepped spillways can dissipate a great amount of energy during the flow passage over the chute, however these structures have limited
operation due to the risk of cavitation damage. The induced aeration may protect the concrete chute through the air concentration
near the channel bottom. Furthermore, some research studies have indicated that the presence of air in flows may reduce the mean
pressures. The present research aims to analyze mean pressures, air entrainment coefficient and flow behavior over a stepped spillway
with aeration induced by two different deflectors, comparing the results to natural acration flow. Despite the jet impact influence, the
induced aeration does not change significantly the mean pressures compared to natural acration flow. The air entrainment coefficient,
as well as the jet impact position, is higher for the deflector with the longer extension and, although air bubbles can be seen throughout
the extension of the chute due to the air entrainment through the inferior flow surface, the induced aeration did not anticipate the
boundary layer inception point position.

Keywords: Deflector; Physical modelling; Flow aeration.

RESUMO

Vertedouros em degraus dissipam uma grande quantidade de energia durante a passagem do escoamento pela calha, porém essas
estruturas tem sua operac¢do limitada devido a riscos de danos por cavitacdo. A aeracio induzida pode agir protegendo a calha de
concreto através da concentracio de ar proximo ao fundo do canal. Além disso, algumas pesquisas tém indicado que a presenca de
ar em escoamentos pode reduzir as pressdes médias. A presente pesquisa tem por objetivo analisar as pressdes médias, coeficiente
de entrada de ar e o comportamento do escoamento sobre uma calha em degraus com dois diferentes defletores, comparando os
resultados com um escoamento com aera¢io natural. Além da influéncia no ponto de impacto do jato, a aeracio induzida nio alterou,
significantemente, as pressdes medias em relacio a um escoamento com aera¢ao natural. O coeficiente de entrada de ar, assim como
a posicao de impacto do jato, ¢ maior para o defletor mais extenso e, embora bolhas de ar possam ser identificadas ao longo de toda
a extensdo da calha, devido a entrada de ar através da superficie inferior do escoamento, a aeracdo induzida nao antecipou a posicao
de afloramento da camada limite.

Palavras-chave: Defletor; Modelagem fisica; Aeragdo de escoamentos.
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Induced aeration flow over stepped spillways: mean pressures, air entrainment and flow behavior

INTRODUCTION

Stepped spillways are structures that provide the security
of the dam allowing energy dissipation, which reduces the
dimensions of the downstream stilling basin. In addition, since
the decade of 1970, the development of the technique of Roller
Compacted Concrete (RCC) has brought considerable benefits for
the construction process, which lead to several researches about
this subject such as Tozzi (1992), Christodoulou (1993), Chanson
(1994), Chamani & Rajaratnam (1999), Matos (1999), Chanson
(2001), Boes &Hager (2003), Ohtsu et al.(2004), Simoes et al.
(2013), Frizell et al.(2013), Matos & Meireles (2014), Zhang et al.
(2016), among others.

Despite the advantage of energy dissipation and ease of
construction of stepped spillways, these structures cannot be utilized
with specific discharges over approximately 15 m*/s, according to
Amador et al. (2009), Gomes (2006) and Novakoski et al. (2018).
This limit was proposed considering the risk of the occurrence
of cavitation, a phenomenon related to low pressure flows and
high velocities, and which may cause serious damage to hydraulic
structures.

Considering that increasing the discharge capacity to flow
over stepped spillways allows the use of lesser length spillways, which
represents a construction economy and considering the tendency
of the construction of higher discharges spillways, some studies
have been carried out aiming to anticipate the presence of air in the
flow. It is known that the air concentration near the bottom of the
chute can reduce or even prevent cavitation damage. Peterka (1953)
demonstrated that 2% of air concentration reduced significantly
and 8% eliminated the damage caused by cavitation. Semenkov &
Lentyaev (1973) suggested that the stronger the concrete, the less
need for air concentration. According to the authors, considering
a 40 MPa concrete, 3% of air concentration is needed to eliminate
cavitation damage. Russell & Sheehan (1974) proposed that 5% of
air concentration is sufficient to avoid cavitation damage even in
situations whete strong concrete structures would suffer damage.
Additionally, some studies have demonstrated that the presence
of air in the flow may increase the pressures in it, which reduces
the risk of cavitation occurrence. Dong et al. (2007) measured the
mean pressures in a closed conduit with velocities between 20 and
50 m/s and air concentrations between 0 and 14%, concluding

that the air concentration increase causes a significant elevation
in the mean pressures.

Air can be inserted into the flow by aerator elements such as
piers and deflectors combined with an air supply system. Authors
such as Dong et al. (2019), Koen et al. (2019), Ma & Wu (2021)
and Priebe et al. (2021) studied the aeration induced in stepped
spillways by piers and Pfister et al. (2006a), Pfister et al. (2006b),
Mojtaba et al. (2015), Terrier (2016), Novakoski et al. (2020) and
Ferla et al. (2021) with deflectors.

A parameter widely used to verify the performance of
acrators is the air entrainment coefficient (§8), demonstrated in
Equation 1, where Q_ is the water flow discharge and Q_is the
air flow discharge. It is important to emphasize that 3 considers
only the air entrance through the aerator elements and not the
air-water changes through the free surface. Some authors who
proposed equations which allows estimating this coefficient for
different kinds of aerators elements are Kokpinar & Gogus (2002),
Zamora et al. (2008), Pfister and Hager (2010), Terrier (2016)
and Ferla et al. (2021). Generally, the equations proposed are a
function of Froude number, acrator geometry, flow depth, mean
flow velocity, or the reach of the jet. Equation 2 shows Terrier
(2016) proposal for a deflector aerator, as a function of the jet
impact position (L, ) and the flow depth (h,).
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Among the authors who have studied the same aerator
type (deflectors combined with an air supply system) in stepped
spillways, distinct flow behaviors were observed along the chute.
Figure 1a shows the flow behavior observed by Pfister et al.
(20064a), in which a blackwater core is formed by the jet reaching
the chute steps. In this case, the free surface aeration begins before

the blackwater core end. The flow behavior demonstrated in
Figure 1b was obtained by Terrier (2016). The blackwater core is
also formed along the jet, however, when it reaches the stepped
chute, the flow is already fully aerated. Novakoski et al. (2020)
observed a flow that, as well as Pfister et al. (2006a), contains

Figure 1. Flow behavior according to different authors.
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a blackwater core which extends over the steps, but the free
surface aeration begins downstream the core end, originating
a transition zone. The differences in flow behavior pointed out
by each of the above-mentioned authors are mainly related to
the distinctions in the respective devices, as well as the specific
flow rates tested and the aerators geometry. The flow behavior
influences its parameters, such as the pressures on the chute and
the air concentration in the flow.

Considering the above-mentioned, the present paper aims
to analyze mean pressures, the air entrainment coefficient and
the flow behavior over a stepped spillway, considering aeration
induced by a deflector and an air supply chamber.

EXPERIMENTAL SETUP AND
INSTRUMENTATION

The hydraulic model utilized to conduct the experiments is
located at the Laboratério de Obras Hidraulicas (IPH - UFRGS)
and consists in a Creager type ogee crest followed by a 0.50 m
wide chute with 52 steps of 0.06 m high (without transition steps)
and 53° slope. A structure scheme and the adopted parameters are
shown in Figure 2, as well as the two different deflectors geometry
tested. In Figure 2, h_is the critical flow depth, h_is the flow depth

Deflector |

h

Deflector Il

2
%

60 mm

I b=21.5mm

Figure 2. Physical model scheme and deflectors geometry tested.
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Figure 3. Pressures and air discharge measurements

RBRH, Porto Alegte, v. 26, €34, 2021

at the intersection of ogee and deflector g is the acceleration of
gravity; Q_ is the water discharge, V_is the critical flow velocity,
V_is the flow velocity at the intersection of ogee and deflector, Z
is the flow energy on the point analyzed. The induced aeration is
provided by a deflector positioned on the first step of the chute
and an air supply chamber connected to a slot immediately below
the deflector. Tests without aerator elements (hatural aeration) were
also conducted to serve as a reference allowing the comparison
with induced aeration.

The specific discharges tested were 0.20, 0.30, 0.40 and
0.50 m?*/s which, considering a hypothetical model-prototype scale
of 1:15 with Froude similarity, corresponds to 11.6, 17.4, 23.2 and
29.0 m?/s. The measurements performed wete mean pressures,
mean velocities of the air entrance into the aerator system and
flow depths. The mean pressures were measured through pressure
transducers (Omega PX419, Sitron SP96 and Hytronic TM25)
installed near the edges of the vertical and horizontal faces of
the steps, as Figure 3a exemplifies for step 6, as recommended
by Amador et al. (2009), Sanchez-Juny et al. (2007), Osmar et al.
(2018) and Tassinari et al. (2020). The air entrance velocity was
measured by a Pitot-Prandtl probe (Dwyer 166-12) coupled
to a differential pressure transducer (Ricken RTBP-420-DIF).
The Pitot-Prandtl probe was located inside a 0.70 m long air
duct with an internal diameter of 0.069 m connected to the air
chamber, as shown in Figure 3b.

The flow depth (h ) and Froude (F), Reynolds (R ) and
Webber (W) numbers (Equations 3, 4 and 5) were calculated at
the intersection of the ogee and the deflector (Table 1, Figure 2).
In Equations 3, 4 and 5, o_ is the superficial tension of the
fluid, p is the water density, v is the kinematic viscosity of the
flow. In order to verify the scale effects, Figure 4a and Figure 4b
present, respectively, Reynolds and Webber numbers compared
to the limits proposed by Kobus (1984), Koschitzky et al. (1984),
Rutschmann & Hager (1990), Amador (2005) and Takahashi et al.
(2005), above which the scale effects can be negligible. The limits
of Koschitzky et al. (1984), Kobus (1984), Rutschmann & Hager
(1990) and Takahashi et al. (2005) are related to the air entrainment
coefficient estimate and Amador (2005) to pressures measures.
Only the discharge of 0.20 m?/s doesn’t reach the limit indicated

Pitot-Prandtl probe|

0.069 m
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Figure 4. Reynolds (a) and Webber (b) numbers calculated at the intersection of ogee and deflector.

Table 1. Froude, Reynolds and Webber numbers calculated at
deflector beginning;

q Vv,

(m?/s) h (m) (m/s) F®h) RGB) Wh)
0.20 0.064 3.103 3.92 2.00x 10° 91.87
0.30 0.091 3.282 3.47 3.00x10° 115.87
0.40 0.117 3.431 3.20 4.00x 10>  137.36
0.50 0.140 3.563 3.04 5.00x 10° 156.03

by Rutschmann & Hager (1990) and may be prone to major scale
effects.
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RESULTS AND DISCUSSIONS

Pressure measurements

The mean pressures (P_) measured at the edge of vertical
(V) and horizontal (H) faces of the steps with natural acration (NA)
and induced aeration with the two deflectors tested are presented
in Figure 5, considering the two extreme specific discharges
tested (0.20 and 0.50 m*/s). It can be noted that, upstream from
jet impact on the chute, the relative pressures are practically null
(atmospheric pressure), which indicates that the jet’s characteristics
are influenced only by the deflector and air chamber geometry and
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flow discharge. A more detailed analysis of the pressure under
the flow jet is presented in Appendix A. At the jet impact point
(step 6 for deflector I and step 9 for deflector 1I), a peak of positive
pressures can be seen for both vertical and horizontal faces of
steps and, downstream the jet impact, the pressures tend to reach
the natural acration values. The pressures observed on horizontal
faces are positive, while the pressures on vertical faces are minor
and oscillate between negative and positive values. Observing
the jet impact on vertical and horizontal faces, it was noted that
the pressure peak has occurred in the same step number (6 for
deflector I and step 9 for deflector II), probably due to the vortice
formation between the horizontal and the immediately anterior
vertical face of the step.

Comparing the deflector geometry tested, deflector 11
presented a jet impact downstream (step 9), related to deflector I
(step 6). However, downstream from the jet impact influence no
differences can be noted among the pressures associated with each
deflector and natural aeration. The jet impact influence extends
downstream from the jet impact position up to approximately
step 10 with deflector I and step 14 with deflector II, regardless
of the tested discharge. That influence was verified through the
difference between the pressures in natural and induced aeration.

The pressures presented in Figure 5, related to deflectors
I and II, are shown in Figure 6 (horizontal faces) and Figure 7

B
(vertical faces), represented by % , as suggested by Canellas et al.

L-Lig

VA
(2017), as a function of the chute position represented by
0

Pm s the mean pressure, Z is the energy of the point analyzed,

Y
L is the distance along the chute from the first step to the point

analyzed, L, is the distance along the chute between the first step
and the jet impact position observed on the horizontal face and h
is the flow depth at the deflector beginning, Figure 6 refers to the
horizontal faces of steps while Figure 7 refers to the vertical ones.
The upper and lower envelope curves were adjusted through the
quantile regression of 95" and 5™ percentile, and are presented,

RBRH, Porto Alegte, v. 26, ¢34, 2021



0.50

Novakoski et al.

0.45

0.40

0.35

0.30

0.25
0.20 5
0.15

1.. i
b
——
[

Pm/y (m H,0)

0.10
0.05 ¢

0.00

;.--:f#- 1:-:--.!

-0.05

8 30 3 3436?404 44454i850

-0.10

—8— Deflector -V

—&— Deflector |- H

Step

—8— Deflector -V - = NA-V

—g— Deflector Il - H eee@ses NA-H

b) 0.50

0.40

0.30

0.20

P/t (m H,0)

0.00

-0.10

—8— Deflector -V

—=— Deflector I-H

Step
—@— Deflector -V - gam NA -V
—@— Deflector Il - H soe@es NA-H

Figure 5. Mean pressures at the edges of hotizontal and vertical faces of the steps for the discharges (a) 0.20 m?/s, (b) 0.50 m?/s.

respectively, in Equation 6 and 7 related to horizontal faces of

steps and 8 and 9, related to vertical faces.
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In contrast to Dong et al. (2007) results, the mean pressure
values found in the present study have not shown an elevation
with the insertion of air through induced aeration. A possible
explanation is that the results of Dong etal. (2007) were conducted
in a closed conduit, where there was no space allowing flow
expansion, which exists on the chute where the present research
tests were conducted. Another possible explanation is the quantity

of air inserted into the flow, which may not be sufficient to modify
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the pressures at a free surface chute. Information involving the
amount of air inserted by the aerator (8) will be presented next.

Characteristics positions

The characteristic positions of the flow, as shown in
Figure 8 (as a scheme) and in Figutre 9 (physical model photographs),

were presented in Figure 10a, b and ¢ in model dimensions,

as a function of specific discharge, and in Figure 10d, e and f,

represented by Lx  as a function of the Froude number, where
(¢

Lx is the length from the beginning of the deflector to the position

along the chute.

In Figures 8 and 9, as described by Novakoski et al. (2020),
the jet impact (I, ) is the point where the jet originated by the
deflector reaches the chute, causing a peak of mean pressures.
The blackwater end (I, ), is the place where the blackwater core
ends and gradually varied flow beginning (L. ) is the position where
the gradually varied flow begins. The jet impact was determined
through mean pressures at the position where the maximum
pressure peak on horizontal face of the step was observed. I, and
L . were visually verified: I, was identified at the point where the
blackwater core could not be seen from the lateral view of the
model and L  position where waves and droplets start to be seen
in the frontal view of the model. L. was the only characteristic
position that presented differences between deflector I and I, while
L, and L. weren’t significantly influenced by deflector geometry.

The gradually varied flow beginning was compared with
the inception point of natural acration, considering the same flow
characteristics at the same physical model. Such a comparison
considers that the I position in induced acration flow is originated
in the region where the boundary layer reaches the free surface, due
to the macro-turbulence imposed by the presence of steps, as well
as the inception point of natural acration on the NA condition.
The result is shown in Figure 11. The induced aeration does not
result in a significant change in L., which agrees with studies such

Figure 9. Characteristic position on the flow as physical model photographs (a) jet impact (b) gradually varied flow beginning and

(c) blackwater end.

RBRH, Porto Alegte, v. 26, €34, 2021

7/13



Induced aeration flow over stepped spillways: mean pressures, air entrainment and flow behavior

i
S
[y
=]
J

L

let impct step number

O MWW~ 00D

0 01 02 03 04 05 06
q (m?/s)

e [eflector | ==l Deflector |

b

—

20
18
16
14
12
10

[ L T e s

Blackwater end step number

O 01 02 03 04 05 06
q (m?/s)

e Deflector | sl Deflector I

(g
e il

45
40
35

25
20
15 e

10

0 0.1 0.2 0.3 0.4 0.5 0.6

q (m?/s)
s Deflector |1

Gradually varied flow beggining
step number

e Deflector |

Figure 10. Characteristics position on the flow.

as Pfister et al. (2006b) mainly considering that the measurement
was done visually. It was observed that the largest relative deviation
concerning the natural acration was 11% referring to a flow of
0.2 m?*/s, which is equivalent to 2 steps in the model. However,
the presence of air near the pseudo-bottom when the flow reaches
the steps, which means that, although the inception point is not
anticipated, there is induced aeration through the flow inferior
surface in regions where there is only water in natural aeration.
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Air entrainment coefficient

The air entrainment coefficient obtained with the two
deflectors tested is shown in Figure 12a, in which can be noted
that B values decrease as the discharge increases. Therefore, a
higher 3 is related to lower discharges, the lower value measured
being approximately 2% and the maximum above 8%. The §
coefficients related to deflector I are inferior than the coefficients

RBRH, Porto Alegte, v. 26, ¢34, 2021
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Figure 12. Air entrainment coefficient measured (a) for the two deflectors tested and (b) compared to the calculated with Equation 2,

by Terrier (2016).

related to deflector I1. This result agrees with the jet impact result,
whereas a longer jet provides a higher . The 8 values obtained
experimentally were compared with values calculated using
Equation 2, by Terrier (2016) (Figure 12b). The air entrainment
coefficient experimentally obtained for both deflectors is close to
the calculated ones. That regards especially the results of deflector
11, which presented a maximum dispersion of 9%. These results
indicated that Equation 2 can be used for the current research
flow and for the geometry of the tested deflectors.

CONCLUSIONS

The purpose of the present work was to analyze mean
pressures, flow behavior and air entrainment coefficient in an
induced aeration flow over stepped spillways. The main conclusions
are presented bellow.

RBRH, Porto Alegte, v. 26, €34, 2021

Mean pressures

The jet impact leads to a positive peak of mean pressures
in both the horizontal and vertical faces of the steps. Considering
deflector II, the jet impact occurs downstream compared to
deflector I and, consequently, the end of its influence also occurs
downstream for deflector II compared to deflector I. Despite
the influence of the jet impact region, the mean pressures with
induced aeration — regarding the geometry of the two deflectors
tested — did not present significant differences from flows with
natural aeration, differently from the expected according to
literature. A possible reason may be that the studies found in the
bibliography that demonstrate the increase of mean pressure with
the introduction of air were performed in closed conduits where
the flow cannot expand with air entrainment. On the contrary, the
present research was conducted in a free surface chute where the
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flow depth increases with air entrainment. In this situation, maybe
the air concentration is not sufficient to change the mean pressures.

Considering the forecast of mean pressures of induced
acration flow, four equations were developed. Equation 6 and
7 allow estimating superior and inferior mean pressures limits on
the horizontal faces of steps and Equation 8 and 9 were adjusted
to the mean pressure data on the vertical faces of steps.

Flow behavior

The flow behavior observed was the same as presented
by Novakoski et al. (2020). The jet impact position verified was
downstream from deflector II as related to deflector I. The other
characteristic positions were not significantly modified considering
the different deflectors.

Air entrainment coefficient

In agreement with the jet impact position, the air entrainment
coefficient is higher for deflector II. The values obtained follow
the data tendency of Terrier (2016) and the equation proposed
by the author (Equation 2, as a function of jet impact length)
can be used.
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NOTATION

B = air entrainment coefficient;
AP = subpressure under the jet;
Y = water specific weight;
o = fluid density;
v = kinematic viscosity of the flow
F = Froude number;
g = acceleration of gravity;
. = critical flow depth;
h = flow depth at intersection of ogee and deflector;
LL = distance, along the chute, from first step to the point analyzed,
L, . = distance, along the chute, from first step to blackwater
end position;
L., = distance, along the chute, from first step to jet impact;
L, = distance, along the chute, from first step to gradually varied
flow beginning;
L., = characteristic position along the chute;
P_ = mean pressures;

P_ = fluid vapor pressure;
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q = specific discharge;

Q, = air flow discharge;

Q,, = water flow discharge;

V. = flow velocity at intersection of ogee and deflector;
R = Reynolds number;

W. = Webber number;

7 = flow energy on the point analyzed.
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APPENDIX A. SUB PRESSURE ANALYSIS.

Pfister & Hager (2011) indicated that sub pressures below 10% of flow depth at the beginning of the deflector do not influence the flow
behavior. Figure Al shows the relation between sub pressure measured on the horizontal face of the first step (immediately downstream
from the deflector) and flow depth, as a function of the tested discharge and Pfister & Hager (2011) limit. All the present research data are
above the Pfister & Hager (2011) indication, which allows the conclusion that the sub pressure doesn’t have to be considered.

0.02
*
0.00 2 * ’
A
-0.02 g
A
S -0.04 4
~
o
< _0.06
-0.08
-0.10
_0.12 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
q (m?/s)
+ Deflector | A Deflector 1l = == Pfister (2011)

Figure Al. Sub pressures measured on horizontal face of the first step downstream the deflector.
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