
Vol.:(0123456789)

Environmental Fluid Mechanics (2024) 24:465–488
https://doi.org/10.1007/s10652-024-10001-5

ORIGINAL ARTICLE 

Self aeration and energy dissipation on a steep stepped 
chute: how does physical modelling compare to prototype 
observations?

Hubert Chanson1  · Jiayue Hu1 

Received: 15 October 2023 / Accepted: 17 July 2024 / Published online: 1 August 2024 
© The Author(s) 2024

Abstract
For the last five decades, a number of overflow stepped chutes were built because the stair-
case shape is conducive to reduced construction costs and increased rate of energy dis-
sipation. The stepped chute operations are characterised by air‐water flows that are highly 
turbulent flows with a large rate of energy dissipation, in comparison to smooth chutes. 
Herein, physical measurements were performed in a large‐size 1 V: 0.80H stepped chute 
model, with a steep slope typical of modern concrete gravity dams. The results are com-
pared to visual observations of prototype spillway operation under Froude similar condi-
tions. The detailed two‐phase flow measurements were conducted to characterise finely the 
self‐aeration and air diffusion process downstream of the inception region of free‐surface 
aeration. The bubble count rate profiles scaled with the instantaneous void fraction vari-
ance, and the relationship was biased close to the stepped invert under the influence of 
large‐scale vortical structures. The rate of energy dissipation was carefully estimated based 
upon the two‐phase flow measurements and the results are compared to earlier results on 
similar steep invert slopes and prototype data estimates. At the downstream end of the 
stepped chute, the rate of energy dissipation ranged from 43 to 46%, i.e. more than twice 
that on a smooth-invert chute for a similar chute length and discharge range.
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Graphical abstract
Characteristics of self-aerated stepped chute flows for dc/h = 1.3—(I) Prototype flow at 
Hinze Dam (Re = 4.0 × 107); (II) Air-water flow properties in the large-size laboratory 
model (1:15) stepped spillway (Re = 6.1 × 105)

Article Highlights

• Air-water measurements were performed in a large‐size 1V:0.8H stepped chute 
model.

• The results are compared to visual observations of prototype stepped chute opera-
tion under Froude similar conditions.

• The energy dissipation was estimated, taking into account the air-water flow prop-
erties inclusive of air-water pressure and velocity correction coefficients.

• The rate of energy dissipation ranged from 43 to 46%, i.e. more than double that 
on a smooth-invert chute.

• The contribution paves the way for future research to close the knowledge gap on 
self-aerated chute flows in full-scale structures.

Keywords Self-aerated flows · Stepped spillways · Free-surface flows · Residual head · 
Physical modelling · Prototype observations

List of symbols
A  Clear-water flow area  (m2)
B  Rectangular channel width (m)
b  Characteristic value of the maximum range of the correction factor β
C  Time-averaged void fraction
CFmax  Local void fraction where F =  Fmax

Cmaen  Depth-averaged void fraction: Cmean =
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DH  Hydraulic diameter (m):  DH = 4 × A/Pw
Do  Constant function of depth-averaged void fraction
D’  Dimensionless turbulent diffusivity
dc  Critical flow depth (m)
dI  Flow depth (m) in the inception region
F  Bubble count rate (Hz)
Fmax  Maximum bubble count rate (Hz)
g  Gravity acceleration (m/s2)
H  Total head (m)
Hmax  Upstream total head (m)
Hres  Residual head (m): Hres = Λ × d × cos � + zo + � ×

V2

mean

2×g

h  Vertical step height (m), measured from step edge to step edge
K  Integration constant
Lcav  Step cavity length (m):  Lcav =  (h2 +  l2)1/2

LI  Longitudinal location (m) of inception region
l  Horizontal step length (m)
N  Invert of velocity power law exponent
Pw  Wetted perimeter (m)
Q  Water discharge  (m3/s)
q  Water discharge per unit width  (m2/s): q = Q/B
Re  Reynolds number defined in terms of the mean velocity and hydraulic diameter: 

Re = � ×
Vmean×DH

�

V  Velocity (m/s)
Vc  Critical flow velocity (m/s):  Vc = (g ×  dc)1/2

Vmean  Cross-sectional mean velocity (m/s):  Vmean = Q/A
V90  Characteristic air–water velocity (m/s) where C = 0.90
x  Longitudinal distance (m) positive downstream
Y90  Characteristic air–water elevation (m) where C = 0.90
y  Normal distance (m) measured perpendicular to and above the invert or pseudo-

invert formed by the step edges
y’  Dimensionless distance measured perpendicular to and above the invert or 

pseudo-invert formed by the step edges: y’ = y/Y90
α  Air–water kinetic energy correction factor introduced in the energy equation: 

� =

Y90

∫
0

(1−C)×V×
V2

2
×dy

1

2
×Vmean×d

3

∆H  Total head difference (m)
Λ  Air–water pressure correction factor introduced in the energy equation: 

Λ =

Y
90

∫
0

V ×

(

Y
90

∫
y

(1 − C) × dy� + (1 − C) × y

)

× dy

Vmean × d2

λa  Smallest discrete air element
λw  Smallest discrete water element
μ  Dynamic viscosity (Pa.s) of water
Ω  Air–water pressure correction coefficient introduced in the energy equation: 

Λ =

Y
90

∫
0

V ×

(

Y
90

∫
y

(1 − C) × dy� + (1 − C) × y

)

× dy

Vmean × d2
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θ  Angle between longitudinal invert or pseudo-invert slope and horizontal
ρ  Water density (kg/m3)

Subscript
c  Critical flow conditions
90  Characteristic air–water property where the void fraction is C = 0.90

1 Introduction

Dams must be equipped with a spillway system to discharge excess flood waters during 
major rainfall and runoff events [61, 77]. The spillway design must account for both a safe 
conveyance of flood flows and safe dissipation of the kinetic energy of the waters before 
the downstream end of the spillway structure, and before rejoining the downstream natural 
stream channel. During major flood flows, the rate of energy dissipation can be very large 
and exceeds the electrical outputs of large nuclear power plants [26]. As an illustration, a 
typical nuclear power reactor has an electrical output of 600 MW to 900 MW, although 
larger reactors can have electrical outputs of 1300 MW. At the Paradise Dam stepped spill-
way, the rate of energy dissipation was 2.8 GW on 20 December 2010, when the discharge 
was less than 10% of the PMF event. With the Hinze Dam stepped spillway during a 1:100 
AEP flood event as on 31 March 2017 ( +), the rate of energy dissipation corresponded to 
108 MW. Both events were observed by Prof. Chanson.

With both dam spillways and urban storm waterways, the design of steep chutes may 
incorporate macro-roughness, such as a stepped invert, to reduce the size and cost of the 
downstream stilling structure [5, 16, 69]. Figure 1 presents some overflow stepped spill-
ways which equip modern concrete gravity dams, and the figure caption lists the vertical 
step height h and chute slope. Stepped chutes have been in use for several millennia [20, 
21]. During the 19th and up to the mid-twentieth centuries, a large amount of dam spill-
ways were designed with a stepped chute worldwide. Stepped spillways have equipped 
gravity dams as well as embankment dams. During the last two centuries, embankment 
dam spillway designs encompassed overtopping embankment stepped spillways [23, 27, 
41], stepped spillways on embankment dam abutment [20, 21], and unlined rock cascades 
[16, 21]. Examples of stepped spillways on embankment dam abutments include the Bil-
berry Dam spillway (UK, 1867), Malmsbury dam spillway (Australia, 1870), Gold Creek 
dam spillway (Australia 1890), Upper Coliban dam spillway (Australia 1903). All of which 
are still in use today, with Gold Creek dam being the world’s first concrete stepped spill-
way [32]. Similarly, a number of gravity dams were equipped stepped spillway location 
with along embankment dam abutment directly excavated in the rock. For example, Tillot 
dam (France 1834), Pas-du-Riot dam (France 1873), Le Pont dam (France, 1882). Relevant 
reviews include Chanson (1995a, 2001), Novak et al. [61], Icold [49], and Hager et al. [44]

For the past 50 years, the advancements in concrete construction technology, including 
Roller Compacted Concrete (RCC) and Immersion Vibrated Roller Compacted Concrete 
(IVRCC), led to a strong interest for the stepped chute design, especially with concrete 
gravity dams. Figure 1 shows two RCC gravity dams equipped with an un-gated stepped 
chute. More, the combination of some re-evaluation of the Probable Maximum Flood 
(PMF) magnitude and local geographical constraints at a dam site can favour the stepped 
design because of the reduced footprint of the spillway structure for the same unit dis-
charge, e.g. Hinze Dam, Australia.



469Environmental Fluid Mechanics (2024) 24:465–488 

During the last 20 years, a number of detailed laboratory studies were performed with 
stepped chute slopes ranging from 1 V:3.5H to 1 V:2H typical of embankment structures 
[31], Gonzalez [40], Bung [8], [48], Felder [38]. Physical studies on steeper stepped chutes 
covered slopes from 1 V:1H to 1 V:0.6H Chamani [13], Matos [58, 59], Boes [4], Zhang 
[91], [1, 2]. In the current study, new physical measurements were conducted in a large‐
size stepped spillway model, with a chute slope (1 V:0.80H) typical of modern concrete 
gravity structures. A key feature of the present physical measurements was the selection 
of boundary conditions and inflow conditions that were in similitude (geometry similarity, 
Froude similarity and Morton similarity) with spillway operation conditions during which 
field observations were conducted. Detailed two‐phase flow measurements were conducted 
to finely characterise the self‐aeration, the air–water flow properties and the rate of energy 
dissipation. The results are discussed in comparison to visual observations of large flood 

Fig. 1  Concrete gravity dams 
equipped with stepped chute 
spillways (Photographs Hubert 
Chanson)—A Pedrogao Dam, 
Portugal on 4 September 2006, 
h = 0.6 m, 1 V:0.75H slope; B 
Riou Dam, France in June 1998, 
h = 0.43 m, 1 V:0.6H slope
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flows over a 1 V:0.80H stepped spillway under Froude similar conditions, and other field 
observations of self-aerated flows.

2  Experimental approach, apparatus and instrumentation

2.1  Presentation

Any physical laboratory study aims to provide a reliable prediction of prototype hydrau-
lic structure operation [45]. The modelling approach must be based upon the fundamental 
principles of similitude and dimensional analysis [3, 66, 78]. Considering the operation of 
a spillway chute (Fig. 2), a basic dimensional analysis shows a large number of relevant 
parameters [18, 84]. A true similarity would require having all dimensionless dependant 
parameters to be identical in model and prototype, and it is physically unachievable unless 
working at full-scale, i.e. field works.

Herein, the laboratory chute was designed as a simplified scale model of the Hinze Dam 
stepped chute [28, 62], in which field observations were conducted during the 2021 and 
2022 floods. Figure 2 shows the Hinze Dam stepped chute during small events, thus pro-
viding a greater insight into the downstream stilling basin and its 3.2 m high baffle blocks, 
and Fig. 4 presents photographs of the Hinze Dam spillway during the 2021 and 2022 flood 
overflows. The physical facility had the same 1 V:0.80H chute slope (i.e. θ = 51.3°) as the 
Hinze Dam stepped spillway, and the vertical step height h was scaled at 1/15th size of the 
prototype step dimensions. The physical model simplification was the crest, whereby the 

Fig. 2  Hinze Dam stepped spillway, Australia during low overflows, h = 1.5  m, 1  V:0.80H slope—A 
q = 0.062   m2/s,  dc/h = 0.04, Re = 2.5 ×  105, nappe flow regime on 25 April 2013 (Photograph Davide 
Wüthrich); B q = 1.7   m2/s,  dc/h = 0.45, Re = 6.8 ×  106, transition flow regime on 3 May 2015 (Photograph 
Hubert Chanson)
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prototype is equipped with an ogee crest starting with three 1 m high, whereas the physical 
model was instead equipped with a broad-crest with rounded edges followed by 14 identi-
cal steps.

The laboratory experiments were undertaken based upon a combined Froude and Mor-
ton similitude in a relatively large-size facility, operating at relatively large Reynolds num-
bers, defined in terms of hydraulic diameter, up to Re = 7.8 ×  105.

2.2  Experimental facility and instrumentation

The physical experiments were performed in a new stepped spillway physical model 
(1 V:0.80H) located at the University of Queensland (UQ). Three adjustable altering cur-
rents (AC) pumps delivered the flow into the 1.7 m deep and 5 m wide concrete basin. 
The water was smoothly converged by a 2.8 m long symmetrical sidewall profile before 
entering the 0.985 m wide test section surrounded by glass sidewalls. The concrete side-
wall convergent with a contraction ratio of 5.08:1 resulted in a smooth and waveless flow 
into the upstream broad-crested weir (Chaokitka and [28, 29]). The weir was followed by a 
1.4 m high stepped chute, with step height h = 0.10 m and step length l = 0.08 m. The steps 
were horizontal and made of smooth PVC.

The water discharge was estimated from the measured upstream head above crest based 
upon a careful discharge calibration (Chaokitka and [28, 29]). The upstream water level 
was recorded with a MeasumaX™ Single Column Digital Height gage with an accuracy 
of ± 0.05 mm. Clear-water flow depths were measured with a pointer gauge on the channel 
centreline. The air–water flow measurements were undertaken with a dual-tip phase-detec-
tion conductivity probe, designed and manufactured at the University of Queensland. The 
dual-tip probe was equipped with two identical needle sensors, each having an inner needle 
diameter of 0.25 mm and a longitudinal separation of probe tips of 9.0 mm in the stream-
wise direction. Each probe tip was sampled at 20  kHz for 45  s, with the sampling fre-
quency and duration selection derived from previous sensitivity analysis results conducted 
at the University of Queensland (Felder [38], Zhang [91]). The distributions of air–water 
flow properties were recorded at different cross sections, with each vertical profile contain-
ing a minimum of 20 to 30 points on the chute centreline. The translation of the dual-tip 
phase-detection probe in the vertical direction was measured by a Mitutoyo™ digital scale 
unit with an accuracy of ± 0.025 mm.

The dual-tip phase-detection signal outputs were post-processed using a single thresh-
old technique set at 50% of the voltage difference between air and water [11], Toombes 
[73], assigning an instantaneous void fraction value of 1 for air and of 0 for water. The 
time-averaged void fraction C was equal to the average time spent by the probe sensor in 
air relative to the total sampling time. The bubble count rate F was defined as the number 
of detected particles per unit time. The air–water interfacial velocity V was derived from a 
cross-correlation technique, based upon the time lag corresponding to the maximum cross-
correlation coefficient between leading and trailing tip signals [10, 22, 67].

2.3  Experimental flow conditions

Prototype observations on the Hinze Dam stepped chute (Australia) took place during 
the March 2021 and February–March 2022 floods (Table 1 & Fig. 3). In 2021, a coastal 
trough developed near the North Coast of New South Wales. The trough deepened and 
expanded North along the South-East Queensland coast, with major rainfalls on 20–23 
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March 2021. The daily total at a nearby coastal station exceeded 100 mm with a rainfall 
total of 546.8 mm. The 2022 floods in South‐East Queensland were the result of an unusual 
weather system, which moved slowly south from the Sunshine Coast to the Gold Coast, 
before continuing into New South Wales. The Hinze dam catchment received over 433 mm 
of rain in 72 h between 24 and 27 February 2022. Both the 2021 and 2022 weather sys-
tems led to some large overflows at the Hinze Dam spillway (Fig. 3). Further details on the 
observation method were reported in Chanson (2022a,b).

In the simplified scale model of the Hinze Dam stepped chute, basic observations were 
conducted for unit discharges between 0.009 and 0.195  m2/s (Table 1). Detailed air–water 
flow measurements were performed in the stepped chute model for three different water 
flow rates, corresponding to dimensionless discharges  dc/h = 1.0, 1.33 and 1.58, with  dc the 
critical flow depth  dc =  (q2/g)1/3, q the unit discharge, g the gravity constant and h the verti-
cal step height. These flow conditions were selected to be Froude-similar to the prototype 
spillway observations (Fig. 3, Table 1), with the same dimensionless discharges  dc/h, while 
the model Reynolds numbers were Re = 3.8 ×  105, 6.1 ×  105 and 7.8 ×  105 (Table  1). The 
three flow conditions corresponded to some skimming flow.

2.4  Basic observations and air–water flow features

At low flow rates corresponding to dimensionless discharges  dc/h < 0.45, the water flowed 
down the laboratory stepped chute as a series of free-nappes without hydraulic jump: i.e. 
a nappe flow regime. Figure 2A shows the prototype spillway operating for such a nappe 
flow regime. For 0.45 <  dc/h < 0.9, the overflow discharge was highly turbulent, with very 
strong splash and intense spray, i.e. a transition flow. Figure 2B presents a photograph of 
transition flow in the prototype spillway; we can see the spray and splashing overtopping 
the training walls. For dimensionless discharges  dc/h > 0.9, the flow skimmed over the 
pseudo-bottom formed by the step edges and the streamlines were approximately paral-
lel to the invert: i.e., a skimming flow (Fig. 4). A turbulent boundary layer formed down-
stream of the spillway crest, and the free surface features varied longitudinally along the 
steep chute. Once the outer edge of the developing boundary layer reached the free surface 
region, the turbulent shear stresses operating close to the free surface dominated over the 

Fig. 3  Spillway discharge at Hinze Dam stepped spillway, Australia during the 2021 and 2022 flood events
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combined effects of surface tension and buoyancy, leading to air entrainment [37, 89]. A 
close inspection of the cavity vortices, in the laboratory model, highlighted irregular ejec-
tions of fluid from the cavity into the mainstream towards the upper portion of the verti-
cal step face, as well as the replacement of cavity fluid along the step edge, indicating a 
high degree of mainstream-cavity interaction, as noted by Rajaratnam [64] and Chanson 
et al. [33]. The flow was self-aerated downstream of the region where free-surface aera-
tion began, and the air–water flow measurements revealed that the velocity profiles were 
fully-developed.

Visually, the laboratory flow conditions were similar to prototype observations on 
1  V:0.80H stepped chute, as illustrated in Fig.  4. In Fig.  4, the geometric scaling ratio 
between prototype and laboratory model is 15:1, and the chute aspect ratio B/h is similar: 
i.e., B/h = 8.2 and 9.85 in the prototype and model respectively with B the chute breadth. 
For three different dimensionless discharges  dc/h, the photographs present a side-by-side 
comparison of prototype and laboratory stepped chute flows with the same chute slope 
(Fig. 4). The main visual differences between laboratory and full-scale observations were 
(a) the dark brown colour of the prototype flow at the upstream end, and (b) the intense 
air–water turbulence in the self-aerated flow region of the prototype spillway chute. The 
former indicated some sediment-laden inflow into the spillway structure and is common 
in prototype hydraulic structures. The latter might hint for a more dynamic and energetic 
air entrapment process in the prototype, implying that the air bubble diffusion process in 
laboratory might not be in similitude with that in large prototype spillways. This aspect 
was previously highlighted and argued by Chanson (1995b, 1997) and Zhang and Chanson 
[93].

2.5  Inception of free‑surface aeration

On a steep chute, the onset of free-surface aeration takes place when the outer edge of the 
developing boundary layer starts to interact with the free-surface [60, 83]. The interactions 
are very dynamic transient processes in prototype chutes [25, 28], and free-surface aeration 
is caused by the very strong turbulence acting next to the free surface in the water phase 
[7, 24, 37]. Several studies emphasised the role of longitudinal vortices developing during 
the rapid flow acceleration at the spillway crest and from the first step edge, leading to the 
instantaneous deformation of the free surface as a result of vortical structure interactions 
further downstream [56, 76], Zabatela and Bombardelli 2020).

The location of the inception region of free-surface aeration was clearly seen in both 
prototype and model stepped chutes, as illustrated in Figs. 2 and 4. At the Hinze Dam, the 
prototype data were based upon photographic and cinematographic observations recorded 
during the flood events and compared to well-defined ground reference points [28]. Both 
the location of the inception region and water depth at inception were estimated as the 
mean value obtained from dozens of high-resolution photographs and several video mov-
ies. Some differences of results were seen for the prototype data corresponding to  dc/h = 1.6 

Fig. 4  Comparative photographs of prototype and laboratory model stepped chute (1  V:0.80H) flows: 
Hinze Dam stepped spillway (Left) and UQ stepped chute model (Centre & Right) (Photographs Hubert 
Chanson)—On the prototype photographs, the mean location of free-surface aeration onset was super-
posed in yellow—All photographs are high-shutter speed (i.e. less than 1 ms exposure time), A  dc/h = 1, 
Re = 2.3 ×  107 (Hinze Dam) and Re = 3.8 ×  105 (UQ model), B  dc/h = 1.35, Re = 4.0 ×  107 (Hinze Dam) and 
 dc/h = 1.33, Re = 6.1 ×  105 (UQ model), C  dc/h = 1.6, Re = 5.1 ×  107 (Hinze Dam) and Re = 7.8 ×  105 (UQ 
model)—Centre: top view of laboratory chute flow (arrow show flow direction)

▸
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(A) dc/h = 1, Re = 2.3×107 (Hinze Dam) and Re = 3.8×105 (UQ model)

(B) dc/h = 1.35, Re = 4.0×107 (Hinze Dam) and dc/h = 1.33, Re = 6.1×105 (UQ model)

(C) dc/h = 1.6, Re = 5.1×107 (Hinze Dam) and Re = 7.8×105 (UQ model) - Centre: top view of laboratory chute flow (arrow show flow direction)
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(3 March 2022) and  dc/h = 1.58 (24 March 2021). In both cases, the discharge estimates 
were accurate, but the weather conditions were markedly different, with heavy rainfall and 
rainstorms on 3 March 2022 in contrast to sunny weather on 24 March 2021. It is conceiv-
able that the weather conditions adversely impacted onto the quality of the photographs 
and video movies, and on the quality of the data interpretation on 3 March 2022.

Both laboratory and prototype data sets are reported in Fig. 5A, showing a close agree-
ment. They are further compared to previous data sets with the same chute slope (Table 1), 
highlighting an increasing distance of the inception region with increasing flow rate. The 
finding was close to the relevant literature (e.g. [14], Chanson et  al. [26]). The dimen-
sionless inception depth data  dI/h in the inception region are presented in Fig.  5B. The 

Fig. 5  Location and water depth at the inception region of free-surface aeration on 1 V:0.80H steep stepped 
chutes—Comparison between prototype data and laboratory model data (Table 1)
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difference between prototype and laboratory model data is puzzling, but "nature is the 
final jury" [65]. Importantly, it is critical to stress the excellent accuracy of the Hinze Dam 
data set linked to the access ease [28], as well as some difference in stepped chute shape 
between the ogee profile at Hinze Dam and the simplified laboratory model. Noteworthy, 
the trend of an increasing trend of  dI/h with  dc/h is primarily based upon laboratory data. 
Except for the Hinze Dam, the few prototype data in terms of  dI/hare very scattered (Chan-
son et al. [26], p. 52).

2.6  Air–water flow properties

The air–water flow property measurements were conducted at all step edges downstream of 
the inception region of free surface aeration. In the direction normal to the flow, measure-
ments were obtained above the pseudo-bottom formed by the step edges up to the upper 
spray area. Typical results are presented in Fig. 6, where  dc is the critical flow depth,  Vc is 
the critical velocity,  Cmean is the depth-averaged void fraction defined in terms of 90% void 
fraction,  Fmax is the maximum bubble count rate in the section, and  V90 is the characteristic 
air–water velocity at 90% void fraction.

The void fraction profiles followed an inverted S-shape, illustrated in Fig. 6B and C. In 
Fig. 6B and C, the void fraction data are compared to the advective diffusion theoretical 
model of Chanson and Toombes [31]:

Fig. 6  Air–water flow properties in the large-size laboratory model stepped spillway (1  V:0.80H) for 
 dc/h = 1.33 and Re = 6.1 ×  105—A Longitudinal variation of depth-averaged void fraction  Cmean, dimension-
less maximum bubble count rate  Fmax ×  dc/Vc, and dimensionless characteristic air–water velocity  V90/Vc; 
B Dimensionless distributions of void fraction, bubble count rate and interfacial velocity at step edge 9; 
C Dimensionless distributions of void fraction, bubble count rate and interfacial velocity at step edge 12; 
D Dimensionless relationship between bubble count rate and void fraction at several step edges in the air–
water flow region
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where y’ = y/Y90, y is the distance normal to the pseudo-invert formed by the step edges, 
 Y90 is the distance when the void fraction is 90%, and the dimensionless turbulent diffusiv-
ity D’ profile is assumed to be:

with  Do a function of the depth-averaged void fraction and K an integration constant:

The void fraction data implied the strong flow aeration and fragmentation of the 
skimming flow regime, with increasing aeration with increasing distance downstream 
of the inception region of free-surface aeration. This is seen in Fig. 6A with the lon-
gitudinal variation in depth-averaged void fraction  Cmean, reaching about 40% near the 
downstream end of the chute, for all three discharges (Table 1).

The air–water flow fragmentation may be quantified by the bubble count rate, also 
called bubble frequency and bubble impaction rate [67]. At each step edge, the distribu-
tions of bubble count rate presented a marked maximum, seen in Figs. 6B and C. The 
bubble count rate profiles scaled with the instantaneous void fraction variance, reaching 
a maximum for void fraction between 0.35 and 0.5 (Fig. 6). The relationship between 
bubble count rate and void fraction presented a pseudo-parabolic shape, although it 
was biased close to the invert under the influence of large‐scale coherent structures 
(Fig. 6D). The present data followed closely a theoretical model [75]:

with  CFmax the local void fraction where the bubble count rate is maximum (F =  Fmax), and 
α’ and β’ two correction factors that are functions of the local void fraction such as:

with the ratio λw/λa being a constant linked to the ratio of the smallest discrete air element 
to smallest discrete water element in the mixture, and b a characteristic value of the maxi-
mum range of the correction factor β’: i.e., 1-b < β’ < 1. Note that α ’ and β ’ are related to 
the local void fraction  CFMax:
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Equation  (5) is shown in Fig.  6D for step edge 10. All the present data showed an 
increasing maximum bubble count rate with increasing downstream distance, without 
reaching an asymptotic value (Figs.  6A and D). The finding implied that the air–water 
structure typology, and the bubble-turbulence interactions, continued to evolve and did not 
reach an equilibrium. This longitudinal pattern with monotonic increase in bubble count 
rate was observed in earlier studies (e.g. [88], Bung [8]) and might be linked to scaling 
issues [24, 39].

The air–water velocity profiles showed a power law for void fractions less than 90%:

as illustrated in Fig. 6 B and C. The power law exponent 1/N varied between 1/3.5 and 
1/6, in line with experimental observations in steep stepped spillway models by Matos 
[58, 59] [1  V:0.75H] and Boes [20] [1  V:0.84H]. In contrast, observations on embank-
ment dam stepped spillway models yielded a velocity power law exponent 1/N between 1/7 
and 1/12 (Gonzalez [40], Bung [8], Felder [38]). The difference in velocity profile shape 
was very likely linked to differences in momentum transfer between the main flow and the 
cavity region, associated with differences in step cavity shapes and different step cavity 
recirculation processes, between steep concrete gravity dam and embankment dam stepped 
spillways.

2.7  Energy dissipation and residual head

In a skimming flow down a steep stepped chute, the dissipation of the kinetic energy is 
primarily a form drag process driven by the cavity recirculation in the stepped cavities [33, 
64]. Both the fluid acceleration and the boundary layer development in the non-aerated 
region affect the rate of energy dissipation and residual energy. In the present study, the 
rate of energy dissipation was estimated, taking into account the air–water flow proper-
ties inclusive of the air–water pressure and velocity correction coefficients [1]. That is, the 
residual head was estimated as:

with d the equivalent clear-water depth,  zo the bed elevation, and α and Λ some air–water 
kinetic energy and pressure correction coefficients respectively [34]. The present results 
are reported in Figs. 7 and 8.

At the downstream end of the stepped chute, the rate of energy dissipation ∆H/Hmax 
ranged from 0.43 to 0.46 (Fig. 7). In comparison, for a similar chute slope, chute length 
and unit discharge range, the smooth-invert chute flow would be non-aerated [42, 85], and 
experimental data [42] and theoretical calculations [19] yield a rate of energy dissipation 
between 0.1 and 0.2, consistent with steep smooth invert prototype tests [6].

The present data are further reported in Fig. 8 in terms of the dimensionless residual 
head  Hres/dc as a function of the dimensionless longitudinal distance. The physical data are 
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Fig. 7  Energy dissipation in the large-size laboratory model stepped spillway (1  V:0.80H) taking into 
account the air entrainment: longitudinal variation of dimensionless rate of energy dissipation H/Hmax and 
comparison with steep smooth chute data [42]

Fig. 8  Longitudinal variation of dimensionless residual energy  Hres/dc in the large-size laboratory model 
stepped spillway (1  V:0.80H) taking into account the air entrainment and at the Hinze Dam spillway—
Comparison with the design method of Matos (2000) for steep stepped chutes and with Eq. (11)
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compared to Hinze Dam spillway data estimated in the inception region for 1 <  dc/h < 2, 
which were best correlated by:

with Eq. (11) drawn in Fig. 8. The Hinze Dam prototype data compared reasonably well to 
both the air–water flow data in laboratory and the design method of Matos [59] for steep 
concrete gravity dam stepped spillways. Despite some difference between prototype and 
laboratory data, both data sets presented a similar trend and the agreement is notable. The 
results may be used to estimate the residual head for a given step height, chute height and 
design unit flow.

Altogether, the present data showed an increasing residual head with increasing dis-
charge (Fig.  8 and Eq.  (11)), linked to the further downstream location of the inception 
region at larger discharges. For much larger discharges, the stepped chute free-surface flow 
would become non-aerated, and the flow would not be fully-developed before the down-
stream end of the spillway. The residual head would be significantly larger and a different 
design calculation method would be required, e.g. Chanson [21], Gonzalez [40].

3  Discussion

Today, there remains a critical need for more prototype spillway data sets, as discussed 
more than 40 years ago (Kobus [52], [36, 54]). This knowledge gap has been very rarely 
addressed, except for too few seminal studies, e.g. at Aviemore Dam, Grande Dixence Dam 
[10, 79]. The present study aimed to add to the topic with a direct comparison between 
laboratory and prototype data, with the physical measurements being conducted using 
boundary conditions and inflow conditions that were in similitude with prototype spillway 
operation conditions of a large dam during which field observations were conducted. To 
date, one may wonder about the apparent lack of progress to address the knowledge gap in 
the last four decades.

For the past two decades, alone, there have been numerous hydraulic structure failures 
[63, 80] and a key challenge is the absence of prototype high-speed flow data sets during 
major flood events and the re-iterated need for “new field measurements, performed in situ 
at the full-scale” because “no prototype data means no definite validation of any kind of 
modelling!” [25], p. 237). In high-velocity free-surface chute flows, some large amount of 
air may be entrained and advected with the water, forming a complicated two-phase mix-
ture (Figs. 2 and 4). The resulting self-aerated flows make an intricate air–water mix with 
air entities within water, water droplets surrounded by air, and more complicated air–water 
structures for void fractions about 40–60% [7, 18]. For the last six decades, moderately 
successful analytical models of the void fraction distribution and air bubble diffusion in 
self-aerated flows have been formulated to describe the development of air entrainment 
and interfacial aeration in high-velocity free-surface flows. Noteworthy among these are 
the diffusion analyses of Straub and Anderson [70], Wood [82], Chanson (1995b, 1997), 
Chanson and Toombes [31] and Zhang and Chanson [93], and the free-surface theories of 
Killen [51], Toombes and Chanson (2007, 2008) and Kramer and Valero [55]. In parallel, a 
number of mechanistic air bubble entrainment models were implemented computationally 
and successfully tested in wave breaking [12, 46, 57]. The proliferation of so many theories 
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might suggest that there still is not unanimity on the question of precisely what processes 
are responsible for the inception and early development of self-aeration.

On the other hand, detailed high-speed and ultra-high-speed video imaging records 
successfully showed no discontinuity in the air–water flow structure from the bubbly flow 
region next to the invert up to upper free-surface where the void fraction reaches 90% to 
95% [2, 9, 94]. The outcome was consistent with fine intrusive two-phase flow measure-
ments of void fraction, bubble frequency and interfacial velocity (Matos [58], Boes [4], 
Zhang [91], Present study). In the case of air–water flows in steep prismatic chutes, the 
available physical data, with both prototype and laboratory data sets, are adequate to pre-
dict the principal features of air–water flows [15, 18, 83, 84], Matos [59], Gonzalez [40], 
Present study). The inception region is characterised by a brutal transition from non-aer-
ated to self-aerated flow motion as evidenced in prototype spillways (Keller [50], [10, 28]. 
Further downstream of the inception region, and at a given location, the air bubble tur-
bulent diffusion normal to the invert is counterbalanced by the buoyancy effect, and the 
longitudinal variation of mean air concentration is gradual. Both prototype and large-size 
laboratory data sets reported a smooth, continuous, prismatic increase in both void fraction 
and air–water interfacial velocity with increasing distance normal to the invert [10], Matos 
[58], [31]. Several experimental data sets showed a pseudo-parabolic relationship between 
local void fraction and bubble count rate across the entire air–water column [31], Gonzalez 
[40], [75], Bung [8], Present study). Such a quasi-parabolic relationship implied a pseudo 
linear relation between the root mean square of instantaneous void fraction and bubble 
count rate. By extension, the finding implied a monotonic relationship between bubble fre-
quency and interfacial turbulence intensity [92].

A number of prototype observations emphasised that the prototype self-aerated flows 
are highly unsteady: at Aviemore Dam’s smooth-invert spillway, Keller ([50], p. 122) 
highlighted “the extremely broken, unsteady nature of the surface of an aerated flow”; at 
the Hinze Dam’s stepped spillway, “visual, photographic, and cinematographic observa-
tions suggested that the instantaneous location of the inception region varied with both 
time and transversal location” [28], p. 9). In parallel, a number of field studies showed 
that high-velocity air–water chute flows are three-dimensional: "the unstable nature of 
the flow surface is evident from the vastly dissimilar surface aeration patterns, implying 
that the assumption of two-dimensional flow is not altogether justifiable near the surface" 
(Keller [50], pp. 102–104); "the effects of a multitude of irregular high-energy vortices 
result in a contorted three-dimensional free surface" [53], p. 4),"the OF surface velocity 
maps further suggested the presence of longitudinal “streets” of lower surface velocities, 
with streaks of faster flowing fluid in between, near the inception region" [29], p. 5). The 
strong three-dimensionality of the air–water free-surface flows implies that the inflows into 
a downstream energy dissipator include some regions of kinetic energy peaks. The finding 
is directly relevant to the safe design of downstream energy dissipators (e.g. Figs 1, 2) and 
infers the need for some form of safety factor in the design process.

Intriguingly, the effects of chute sidewalls on the air–water flow characteristics were 
rarely investigated and documented. Notable exceptions included the laboratory works of 
Halbronn et al. [43] and Straub and Lamb [71] in smooth-invert chute flows, Zhang and 
Chanson [94] on stepped chute flows, Tang et  al. [72] and Wüthrich et  al. (2020, 2023) 
in hydraulic jumps, and Shi et  al. [68] in transient breaking bores. In steady flows, all 
the air–water flow data showed systematically a lesser depth-averaged void fraction, a 
slower air–water interfacial velocity, and a lesser bubble count rate next to the sidewall 
boundaries, compared to the chute centreline data [43, 72, 86, 87, 94]. Very detailed trans-
verse measurements implied the existence of some lateral air–water boundary layer for a 
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relatively wide range of air–water flow typology and air–water flow conditions [72, 86, 
87]. The existence of these well-documented sidewall effects raises a number of questions 
about any assumption that sidewall data could be representative of the centreline data. This 
constitutes an important challenge for the applicability of optical techniques and associated 
image-processing techniques based on pictures and videos collected near the sidewalls, i.e. 
in laboratory.

4  Conclusion and future outcomes

The current study focused on the hydraulics of air–water flows on a steep stepped chute 
with a 1 V:0.80H slope, typical of concrete gravity structures. The goals were to accurately 
estimate the hydrodynamics, interfacial aeration, and energy dissipation of a steep stepped 
stream in a large-size facility, as well as to compare laboratory and prototype flow features 
under identical Morton- and Froude-similar conditions. In both prototype and laboratory, 
the upstream flow motion was a non-aerated skimming flow motion and the free-surface 
appeared relatively smooth up to the inception region of free-surface aeration. Downstream 
of the inception region, the free-surface became extremely turbulent and strong air entrain-
ment was observed. The laboratory experiments were consistent with prototype observa-
tions for Froude-similar flow conditions and identical slope, although the air–water surface 
turbulence in the self-aerated flow region appeared to be more intense in the prototype 
spillway chute (Fig. 4).

Detailed air–water flow measurements were performed at the step edges downstream of 
the region when the free-surface aeration occurred. The laboratory data demonstrated con-
sistent patterns in skimming flow regimes, despite quantitative variations. The void frac-
tion distribution compared well with a theoretical model of advective diffusion. The rela-
tionship between void fraction and bubble count rate presented a quasi-parabolic shape, for 
void fractions between 0 and 100%, skewed towards the invert. The velocity profiles tended 
to follow a power law from the invert up to the location where the void fraction equal 90%, 
with an exponent typical of steep stepped spillways, which differed from observations on 
embankment dam stepped spillways. The rate of energy dissipation and residual energy 
data are presented for fully-developed air–water flows on steep stepped spillways, showing 
a massive increase in rate of energy dissipation along the steep chute compared to smooth-
invert chute flows: i.e. two to four times more than that on a smooth-invert chute for a simi-
lar chute length and discharges.

A comparison between self-aerated flow prototype and laboratory chute observa-
tions, including the present study, emphasised some smooth distributions in terms of the 
air–water flow properties from the bubbly flow region next to the invert up to the upper 
free-surface where the void fraction reaches 90% and more, without any form of discon-
tinuity. Prototype observations showed the occurrence of highly unsteady transient pro-
cesses, and the air–water flows presented some three-dimensional velocity field, with direct 
implication in terms of safe design of downstream stilling structures. Sidewall effects were 
recently evidenced in terms of air–water flow properties, including void fraction, bubble 
count rate and air–water velocity, challenging the applicability of sidewall-based optical 
techniques image-processing techniques. In this context, the current contribution paves the 
way for future research to close the knowledge gap on self-aerated chute flows in full-scale 
structures. Further advancements would require newer prototype studies and field observa-
tions during major floods. Field measurements should encompass traditional approaches, 
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e.g. intrusive probe data, as well as newer non-intrusive methods, e.g. optical techniques. 
In itself, the range of potential field work measurement equipment is very broad, and could 
lead to a longer argumentation. Potential field measurement sensors in dam spillways may 
include pressure sensors located on steps, pressure impact probe and ADCP in developing 
flow region, phase-detection probes in air–water flow region, as well as ultrasonic displace-
ment meters, video imaging (e.g. LSPIV, Optical flow (OF), RGB-D sensor), laser tech-
niques (e.g. LiDAR), Lagrangian sensors (e.g. robot fish with bionic or chemical sensors).

The present research is a step forward in the design of steep stepped spillways, particu-
larly regarding self-aerated flow characteristics Since the experimental data were collected 
in large-size hydraulic model and successfully compared to prototype data, some robust 
expressions for the characteristics of self-aeration inception region and rate of energy dis-
sipation on steep stepped spillways are now available.
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