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ABSTRACT

In the prototype observation of a huge water conservancy project, flood discharge in the deep outlets showed strong fluctuations in the

downstream of step-type aerators. Intermittent eruption and rise of the water-wing was observed, and the water-wing occasionally impacted

on the structures above the chute. In order to investigate the mechanism of water-wing rise, model tests of the deep outlet have been con-

ducted. High-speed camera, pressure sensors, and hot-wire anemometer are adopted to obtain the characteristics of cavity and water-wing.

Several key parameters are measured, including air pressure in the cavity and air entrainment volume. It is found that variations of net cavity

length, filling water length, and the height of water-wing rise increase with the angle ratio R, and a substantial jump occurs for all related

parameters when R approaches 1.4. The rate of water-wing rise W is less than 10% for R, 1.4, while it suddenly increases to over 25%

for R. 1.4. Correlations among inflow condition, jet impact angle, cavity deformation, pressure fluctuation in the cavity, and the rise of

water-wing are studied, thus the underlying mechanism of abnormal rise of water-wing is proposed.
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HIGHLIGHTS

• Abnormal rise of water-wing downstream of a step-type aerator is studied by the model test.

• The correlation among incoming flow conditions, aeration cavity length, filling water length, air entrainment volume, and water-wing rising

has been studied.

• The mechanism of abnormal rise of the water-wing is revealed.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and

redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
1. INTRODUCTION

With the vigorous development of the hydropower industry in the last 20 years, many high dams or ultra-high dams have been
constructed. In terms of flood discharge and energy dissipation, the majority of these large hydropower projects are charac-
terised with high water head, large flow rate, high discharge power, and complex geological conditions. Generally, the

maximum velocity of flood discharge flow can reach up to 50 m/s, and this leads to a few destructive issues, for example
cavitation erosion on the chute surface (Wu et al. 2013), difficulties in energy dissipation and scour prevention (Zhang &
Niu 2014), eruption and rise of a water-wing (Han et al. 2006), atomisation of flood discharge (Huang et al. 2017a,

2017b), and vibration of hydraulic structures (Ma et al. 2020). These issues have become significant to the design and oper-
ation safety of hydropower projects. Turbulent motions of high-speed flood discharge flow are usually manifested as
cavitation, aeration, water-wing eruption, and strong pressure fluctuations (Huang et al. 2017a, 2017b). In particular, eruption

and rise of a water-wing, caused by step-type aerators under high water head conditions, could potentially lead to safety issues
of certain structures (Toyoshima et al. 2003; Hunt & Kadavy 2015).

In the prototype observation of a huge water conservancy project (Huang et al. 2017a, 2017b), it was observed that, during

the flood discharge under high water head conditions, flow in the open-channel section of the deep outlets showed abnor-
mally strong fluctuations after passing through the step-type aerator. The surface of the flow went up and down
intermittently, with the water-wing impacting on the cover plate of the chute. In addition, noticeable vibration was observed
for buildings on the dam. The eruption and rise of the water-wing caused considerable concerns to the safety of the project. A

typical cycle of the eruption and rise of a water-wing is shown in Figure 1.
A water-wing is a common hydraulic phenomenon during flood discharge of discharge structures with sudden change of

cross section. A water-wing not only causes safety issues of hydraulic structures, but leads to secondary environmental

damages such as scour of downstream slopes and flood discharge atomisation. The water-wing phenomenon has been studied
extensively in the past to reveal its formation mechanism, potential damages, and influence on hydraulic structures, among
others Han et al. (2006) studied different hydraulic characteristics of water-wings on stepped spillways of various sizes. Huang
://iwa.silverchair.com/ws/article-pdf/22/4/4744/1051697/ws022044744.pdf



Figure 1 | A cycle of water-wing rise in the deep outlet of a large water conservancy project. (a) Discharging flow in normal condition.
(b) Initial stage of the water-wing eruption. (c) Rise of the water-wing reached the maximum height and impacted on the cover plate of the
chute. (d) The water-wing went down and discharging flow returned to normal condition.
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et al. (2017a, 2017b) revealed the formation mechanism of shock waves and water-wings of slit-type energy dissipators, and
proposed a novel method for estimating the coverage area of water-wings.

Unlike aeration of flows down stepped chutes (Chanson & Toombes 2002; Felder & Chanson 2013; Zhang & Chanson

2018; Nina et al. 2022) and aeration of hydraulic jumps (Felder & Chanson 2018; Tang et al. 2021), air is mostly entrained
into the high-speed flows over aerators through the lower interface in the cavity, and through the upper free surface in the
atmosphere. It is known that cavity characteristics are critical to the effect of aerators, thus the prevention of cavitation

damage. The process of air entrainment could be divided into four parts, and it is of great relevance to the jet trajectory
(Chanson 1989). In worst cases, an aerator can be fully filled with water, and act as a cavitation generator itself (Chanson
1995). Air-water flow properties and structures of high-speed flows downstream spillway aerators, however, are rather chal-

lenging to obtain by means of prototype observation. Yang et al. (2000) established a predictive model to calculate hydraulic
and aeration characteristics, and proposed formulae to estimate cavity length, negative pressure in the cavity, and air entrain-
ment volume under low Froude number conditions. Ma & Wu (2012) proposed two threshold values for flow regime

conversions (Wu & Ma 2013) below an aerator, and Wu et al. (2011) suggested that the filling water in the cavity affects
directly the air entrainment behaviour. Furthermore, Wu et al. (2013) and Wang et al. (2019) studied characteristics of the
bottom roller inside the cavity below an aerator, and the filling water is found to be controllable for certain impact angles
(Qian et al. 2014). Bai et al. (2018a) divided the chute downstream of the aerator into four characteristic zones, and

found that only part of the air entrained in the cavity was entrained into the flow. A close relationship between the air
bubble frequency and air concentration was also observed for open-channel flows downstream of the aerators (Bai et al.
2018b). Regarding entrained air characteristics at spillway aerators, a few numerical studies using turbulence modelling

demonstrated reasonable agreement with experimental measurements and prototype observations (Shilpakar et al. 2017;
Yang et al. 2019; Aydin et al. 2020; Sarwar et al. 2020), yet typical RANS (Reynolds-averaged Navier-Stokes) simulations
may be somewhat inadequate in investigating instantaneous flow motions similar to that observed in the present study.
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To the authors’ best knowledge, the intermittent eruption and rise of a water-wing behind step-type aerators, as observed in

the present study, has not been reported in other hydraulic projects. Besides, previous studies on spillway aerators mainly
focus on cavity characteristics, and not much attention was paid to the behaviour of the upper free surface. The abnormal
motions of the water-wing are yet to be well investigated, let alone understood.

According to the typical shape of the cavity below an aerator, four parameters are defined in this study, the jet length Ls, the
net cavity length L, the length of filling water Lh, and the impact angle of the jet α, as shown in Figure 2. The Froude number
of the incoming flow Fr is defined as

Fr ¼ vffiffiffiffiffiffiffiffi
gh0

p (1)

where, ho and v are, respectively, the depth and average velocity at the exit of the pressure section of the deep outlet, and g is
the gravitational acceleration.

The amplitude of net cavity length variation ΔL is defined as the difference between the maximum and minimum values of

L. Similarly, the amplitude of filling water length variation ΔLh is defined as the difference between the maximum and mini-
mum values of Lh. In this paper, ho is chosen as the characteristic length for nondimensionalisation of Ls, L, ΔL, Lh, ΔLh.

In order to quantify the intensity of the rise of the water-wing, the rate of rise W is defined as the ratio of the maximum rise

to the water depth at the same position:

W ¼ hw

h
(2)

In order to investigate the abnormal eruption and rise of the water-wing downstream of the step-type aerator, a series of
model tests were carried out in the present study. Variations of jet trajectories, cavity characteristics, and air concentration

were measured, and their relationships with upstream water head analysed. Conditions of emergence and excitation mech-
anism of the rise are also discussed.

2. METHODS

2.1. Experimental setup

In model tests, scale effect usually has some influence on the hydraulic characteristics compared with prototype data such as
air entrainment (Lian et al. 2017). The smaller the model scale, the larger the difference between model and prototype. The
focuses of this study are cavity characteristics below a spillway aerator and unsteady motions of the water-wing. Therefore,

selection of the model scale is of great importance, considering the scale effect on aerated high speed flows. Chen (1992) and
Xia & Zhang (1996) compared the air entrainment concentration between model test and prototype observation for Fengjia-
shan spillway and Foz do Areia spillway, with the model scale range from 1/8 to 1/50. Their results showed that scale effect is

negligible only when flow velocity reaches more than 6 m/s in the model test, such that air concentration obtained can be
converted to that of the prototype by Froude scaling.

In the present experimental work, a physical model of the deep outlet of a huge water conservancy project is designed

according to gravity similarity, and the model scale is 1/25. A flow velocity larger than 6 m/s is achieved in our experiments.
Figure 2 | Schematic of the cavity below a step-type aerator.
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Flow properties and air entrainment characteristics should not be greatly affected by the chosen model scale, according to

previous studies. Thus, the current physical model is considered appropriate for our study.
The deep outlet consists of a short pressure tube with a horizontal length of 18.7 m, a vertical drop of 1.5 m in height, a

horizontal section of 2.85 m, a slope with a ratio of 1/4 (the horizontal projection length is 44.5 m), followed by a flip

bucket with a radius of 40 m at the end. The air intake orifice is set on the sidewall of the 2.85 m horizontal section, and
located at 2.15 m behind the step (see Figure 3). The diameter of the air intake well is 1.4 m. In summary, the deep outlet
adopts a short pressure tube with vertical drop aeration, followed by an open-flow chute with a flip bucket.

The test apparatus is composed of an upstream tank that can provide a 4.0 m water head (equivalent to 100.0 m water head

of the prototype), a step-type aerator, and a downstream pool. To facilitate observation and measurements, the whole deep
outlet model is made of plexiglass.

2.2. Instrumentation

Observation of air–water flow patterns was facilitated with a Revealer™ high-speed camera (Model 5F02M). The flow rate Q
was measured with a Krohen™ electromagnetic flowmeter (OPTIFLUX 6000) installed before the upstream tank. The range
of measurement is 0–200 L/s, and the accuracy is 0.2 L/s. The wind speed or ventilation capacity of the air intake orifice was
measured by a hot-wire anemometer (Testo 425). The range of measurement is 0–20 m/s, and the accuracy is 0.01 m/s. The

fluctuating pressure on the bottom and the sidewall downstream of the step-type aerator was measured by HM90 high-fre-
quency fluctuating pressure sensors. These sensors were excited by an electronic system with a sampling frequency of
1 kHz. The range of measurement of these sensors is 0–100 kPa, with an accuracy of 0.1% FS (full scale).

2.3. Experimental conditions and methodology

According to the actual operating conditions of the prototype project, the upstream water head ranges from 45.0 m to 90.4 m
(the corresponding Fr is in the range of 2.49–3.74). Seven typical test conditions are selected to conduct the experiments (see

Table 1). For all test conditions, the gate is fully opened.
In this experimental work, the measurement of a parameter (L, Ls, Lh, α, etc.) under a certain test condition was repeated at

least four times, and its value presented in this paper refers to the time-averaged value. Considering the influence of the
unsteady cavity motions, the chosen sampling duration and frequency were sufficient to obtain reasonable time-averaged

flow data, and this was confirmed by increasing the sampling duration and frequency.

3. RESULTS AND DISCUSSION

3.1. Overall flow patterns

It is observed in the experiments that a full cavity is formed below the step-type aerator under all test conditions, after the flow

comes out of the short pressure tube. A certain amount of filling water in the cavity is observed for all the cases. Aeration of
flow happens at both the lower and upper surfaces of the jet downstream of the aerator, and air bubbles entrained move with
the flow towards the outlet of the chute. A water-wing occurs on the upper surface of the jet, and its height changes along the
Figure 3 | Schematic of the deep outlet of a huge water conservancy project.
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Table 1 | Test conditions

Conditions C1 C2 C3 C4 C5 C6 C7

H (m) 45.0 55.0 65.0 77.0 82.6 85.0 90.4

Q (m3/s) 1,475 1,673 1,848 2,032 2,097 2,125 2,216

Fr 2.49 2.83 3.12 3.43 3.54 3.59 3.74
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chute. Under some flow conditions, the jet impacts on the bottom surface of the chute within the flip bucket section,
accompanied by splashing and collision of water droplets. High intensity turbulence is observed near the flip bucket.

Figure 4 shows the typical air–water flow patterns downstream of the aerator for both high and low Fr conditions. When the

inflow Fr is low (less than 3.43), the water-wing is observed only just above the upper surface of the discharge flow. Turbu-
lence intensity of the flow is weak, and the flow patterns upstream and downstream of the aerator are relatively stable. No
obvious rise of the water-wing is seen under this condition. However, when the inflow Fr is high enough (reaching 3.43), tur-

bulence to a certain extent is observed for the flow between the exit of the short pressure section and the step-type aerator.
Then, turbulence intensity of the flow is aggravated by the aerator. Downstream of the aerator, intermittent eruption and rise
of a water-wing occur, and it occasionally splashes on the structures above. The frequency and strength of splash increase

with the inflow Fr. When the inflow Fr reaches 3.54, the water-wing sometimes even hits the lower corridor above the chute.
The above observations show that turbulence of flow in the deep outlet becomes more intense with higher inflow Fr. As a

result, the water-wing rises, hitting the structures above. The jet also exhibits strong oscillations downstream of the aerator.
These flow patterns observed in the model test are consistent with those of the prototype.

3.2. Cavity characteristics

Cavity characteristics consist of jet length, jet trajectory, length of filling water, and net cavity length. The relationship
between jet length Ls and inflow Fr is shown in Figure 5. The model test results are in good agreement with the theoretical
calculations proposed by Chanson (1995). It can be seen from the figure that the jet length increases almost linearly with
increasing Fr of the inflow.

Besides the variation jet length, the impact angle of the jet α also varies with the inflow condition. Jet trajectory and the
impact angle α under each test condition are shown in Figure 6.

It is clear that, with the increase of the inflow Fr, the impact angle α first decreases and then increases. With regard to flow

patterns, the larger the impact angle is, the more unstable the flow becomes. Meanwhile, the amount of filling water increases,
leading to a significant variation in the net cavity length. Under conditions C1–C3 (α, 15.5°), variation in the length of filling
water is not obvious, and the cavity is relatively stable, whereas under conditions C4–C7 (15.5°� α, 22°), the length of filling

water fluctuates strongly, and the volume of the cavity changes dramatically.
Wang et al. (2009) carried out numerical simulations to capture detailed flow structures behind a step-type aerator. They

concluded that the filling water in the cavity is mainly affected by the impact angle α, and the distribution range of the jet in
Figure 4 | Typical flow patterns in the open-channel section of the deep outlet. (a) Fr, 3.43; (b) Fr. 3.43.
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Figure 5 | Relationship between the jet length and inflow Fr.

Figure 6 | Impact angle α under each test condition.
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the impact zone. When the impact angle is small, and the distribution ranges of the jet are close in the longitudinal and trans-

verse directions, filling water is hardly seen in the cavity. Xu et al. (2009) studied the aerated flow behind a step-type aerator
using the jet trajectory equation and the cavity filling water equation. They suggest that for a fixed bottom slope, the larger the
impact angle, the easier for the cavity to be filled. When the impact angle is small enough, no filling water exists in the cavity.

The relationship between the length of filling water and the impact angle is shown in Figure 7. The length of filling water
shows a linear increase with the increasing impact angle, and the relationship between them could be expressed by means of
regression analysis as

Lh=h0 ¼ 0:26a� 2:86 (3)
Figure 7 | Relationship between the length of filling water Lh/ho and the impact angle α.
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According to the equation, when the impact angle α is 11.0°, no filling water is present in the cavity. In this study, we define
α¼ 11.0° as the critical impact angle. Based on this, when α is larger than the critical value, filling water occurs in the cavity,

and eventually the oscillation of filling water leads to the change of net cavity length (or volume of cavity).
In order to compare the effect of impact angle on cavity characteristics, a dimensionless parameter R is introduced, and it is

defined as the ratio of the impact angle α to the critical impact angle (11.0°). It is noted from Figure 6 that, when the inflow Fr
is larger than 3.43, the angle ratio R increases with Fr. This is also when abnormal rise of the water-wing happens. Variations
of nondimensionalised ΔL and ΔLh with the angle ratio R are shown in Figure 8.

It can be seen that, under conditions C1–C3, where the angle ratio R is low (R, 1.4), only slight variations are shown for
the net cavity length and the length of filling water. This means that the cavity is relatively stable. However, under conditions

C4–C7, where R. 1.4, an obvious jump appears in both ΔL and ΔLh. Furthermore, ΔL and ΔLh increase linearly with R.

3.3. Air entrainment

The average volume of air entrained into the air intake well is shown in Figure 9, together with the inflow Fr under each test
condition. The prototype data (Duan et al. 2019) obtained from the same water conservancy project are also included for

comparison. Note that, in order to compare with the prototype data, the values of the model test have been converted accord-
ing to the principle of similarity.

It is shown clearly that the volume of air entrainment obtained in the model test is in good agreement with the prototype

observation. This further proves that the present model scale is suitable. It is also observed that, similar to the jet length, the
average volume of air entrainment Qair increases linearly with the inflow Fr.
Figure 8 | Variations of ΔL/ho and ΔLh/ho with the angle ratio R.

Figure 9 | Relationship between average air entrainment volume Qair and the inflow Fr.
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Figure 10 | Relationship between the variation of air entrainment volume ΔQair and the angle ratio R.
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Fluctuation of the air entrainment volume also represents the stability of the cavity. The relationship between the variation
of air entrainment volume ΔQair (defined as the difference between the maximum and minimum values of volume of air

entrainment) and the angle ratio R is shown in Figure 10.
Overall, ΔQair increases with the angle ratio R (or the impact angle). It is worth noticing that a sudden jump again appears

when R approaches 1.4. The behaviour of ΔQair is similar to that of ΔL and ΔLh as shown previously in section 3.2. This result

indicates a certain correlation between the cavity instability and air entrainment fluctuation.

3.4. Rise of the water-wing

A water-wing was formed downstream of the short pressure tube under all the test conditions. The height of water-wing rise,
however, differs between test conditions, in particular when the angle ratio R reaches 1.4. Trajectories of the water-wing rise
under typical conditions were observed, and the outlines of water-wing rise under typical conditions are shown in Figure 11.

It can be seen that the rise of the water-wing becomes distinctively large from condition 4. When the inflow Fr is high, tur-
bulence of the flow is intensified, and the water-wing occasionally rises and impacts on the structures above.

As observed in the experiments, the intermittent eruption and rise of the water-wing is often accompanied by strong turbu-

lence of the flow, dramatic changes in the cavity shape, and a large variation of air entrainment volume. Variation of the rate
of water-wing rise with the angle ratio R is shown in Figure 12. Overall, the rate of water-wing rise W increases with the angle
ratio R. Yet again, an evident jump in W appears when R approaches 1.4. Under conditions C1–C3, where the angle ratio is

smaller than 1.4, no obvious rise of the water-wing is observed, and the rate of water-wing rise W is less than 10%. While
Under conditions C4–C7, where the angle ratio R is greater than 1.4, the height of the water-wing suddenly rises to more
than 25% of the water depth, and then increases linearly with the angle ratio R. When the impact angle α is twice the critical

impact angle, i.e. R¼ 2, the amplitude of water-wing rise reaches 33% of the water depth. The relationship between W and R
could be expressed by means of regression analysis as follows.

W ¼ 4:58Rþ 3:05 R , 1:4
W ¼ 10:22Rþ 12:70 R � 1:4

�
(4)
Figure 11 | Outlines of water-wing rise under typical conditions.
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Figure 12 | Relationship between the rate of water-wing rise W and the angle ratio R.
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The behaviour of water-wing rise is very similar to that of ΔQair as shown in Figure 10. It seems that a higher rate of water-
wing rise is associated with a larger variation of air entrainment volume.
3.5. Mechanism of water-wing rise

Similar relationships with the angle ratio R are shown for variations of net cavity length ΔL/ho and filling water length

ΔLh/ho, variation of air entrainment volume ΔQair, and the rate of water-wing rise W, as in Figures 8, 10 and 12. Under con-
ditions C1–C3, where the angle ratio R is small (R, 1.4), ΔL/ho, ΔLh/ho, ΔQair, andW increase moderately with R. As soon as
the angle ratio reaches 1.4, a dramastic jump occurs. Then these parameters keep increasing with R at a higher rate. The
experimental results suggest intrinsic correlations of these four parameters.

To further investigate the underlying mechanism of abnormal rise of the water-wing, temporal variations of pressure fluc-
tuation in the cavity and height of water-wing rise were monitored in the experiments. Time histories of the variations are
shown in Figure 13. A short phase difference of approximate 2 seconds is noted from the figure, and sharp pressure increase

in the cavity occurs ahead of the substantial rise of the water-wing. It can be seen that the dramastic rise of the water-wing is
highly correlated with pressure fluctuation in the cavity.

Based on the above analysis, a mechanism is proposed for the abnormal rise of the water-wing downstream of a step-type

aerator. That is, the impact angle of the jet is determined by the inflow condition, i.e., Fr. When the impact angle becomes
larger than a critical value, variations of net cavity length and filling water length, which show a sudden increase, cause
Figure 13 | Time histories of pressure fluctuation in the cavity and height of water-wing rise.
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pressure fluctuations in the cavity. As a result, a dramastic rise of the water-wing emerges. The whole process keeps going, and

the abnormal rise of the water-wing is observed from time to time.

4. CONCLUSIONS

(1) During flood discharge in the deep outlets of a huge water conservancy project, abnormal eruption and rise of a water-

wing were observed downstream of the step-type aerators. Model tests have been conducted to reproduce and investigate
this phenomenon. The rate of water-wing riseW is found to increase with the Froude number Fr of the inflow upstream of
the aerator. Under the condition of Fr, 3.43, W is less than 10%. However, a dramastic jump occurs when Fr reaches
3.43 or higher, and W increases up to 25–33%.

(2) Variations of net cavity length ΔL/ho and length of filling water ΔLh/ho, variation of air entrainment volume ΔQair, and the
rate of water-wing rise W all have a similar relationship with the angle ratio R. When the angle ratio R is small (R, 1.4),

these parameters increase moderately with R. A substantial jump occurs when R approaches 1.4, and then these par-
ameters keep increasing with R at a higher rate.

(3) The abnormal rise of the water-wing downstream of step-type aerators is related to the impact angle of the jet. The under-
lying mechanism of the emergence of this phenomenon could be summarised as follows. The impact angle of the jet

varies with the inflow condition (Fr). As a result, the shape of the cavity deforms. Then the pressure in the cavity changes
accordingly. It is shown that sharp pressure increases in the cavity are responsible for the dramastic rise of the water-wing.
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