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Strong free-surface turbulence in breaking bores:
a physical study on the free-surface dynamics and
air–water interfacial features
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Highly turbulent free-surface flows are characterised by complex and rapidly varying
air–water surface features, leading to enhanced surface roughness, breakup and
disintegration processes. Such a strong free-surface turbulence has an impact on a number
of environmental flows, and a deeper understanding of its physical nature is fundamental.
Unsteady breaking bores are of particular interest because of their recirculating motion,
with large air entrainment and splashes, resulting in highly fluctuating and rapidly
varying free-surface flows. Herein, new methodologies and innovative approaches are
used in support of a deeper understanding of the physical processes within a breaking
roller, inclusive of a comprehensive assessment of its free-surface dynamics. Because
of the unsteadiness of the flow, multiple repetitions were necessary and all results were
based upon an ensemble statistical analysis. Ultra-high-speed videos recorded from both
top and side views allowed for a detailed characterisation of the roller’s free surface,
providing a description and classification of the most recurring air–water surface features.
A quantification of their main properties in terms of geometry, duration and frequency of
appearance revealed an evolution of these features during their lifespans. In parallel, the
use of optical flow techniques provided a characterisation of the surface velocity fields,
yielding information on the free-surface kinematic properties and revealing a strong link
between air–water surface features, energy dissipation and time/length scales.
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1. Presentation
This supplementary material presents the application of the two-state model to more than 500
concentration profiles from different data sets, comprising smooth chute data from Straub
and Anderson (1958, 74 profiles), Killen (1968, 17 profiles), Bung (2009, 28 profiles),
Severi (2018, 261 profiles), and stepped chute data from Bung (2009, 151 profiles), Zhang
(2017, 6 profiles), and Kramer and Chanson (2018, 34 profiles). A summary of key

parameters is given in Table 1.

In the following, the chute angle (𝜃), specific discharge (𝑞), and streamwise location
(𝑥) of the respective profile are indicated in the top left corner of each subfigure, while
the background of the first profile of each series of measurements is shaded in gray. The
parameter 𝑥 is presented as distance (in m) from the upstream crest for smooth chutes or as
step edge (SE) number for stepped chutes.

Laboratory flows with depth-averaged air concentrations ⟨𝑐⟩ ⪅ 0.25 are dominated by free-
surface instabilities and turbulent waves (air transported between wave crests and troughs),
and an analytical solution for the air concentration (𝑐) involves the Gaussian error function
[Eq. (2.2); blue lines]. In general, Eq. (2.2) is applicable to flows where the bubbly flow layer
does not protrude to the channel bottom, which holds true for small chute angles (𝜃 < 15◦) or
for locations upstream or immediately downstream of the inception point of air entrainment.
For ⟨𝑐⟩ ⪆ 0.25, air bubbles are diffused deeper into the water column, and the time-averaged
air concentration is described by the two-state principle, involving a convolution of the Rouse
profile and the Gaussian error function with the interface probability [Eq. (2.8); red lines].

† Email address for correspondence: m.kramer@adfa.edu.au
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Table 1: Key parameters of the re-analysed data sets - smooth chutes (upper part) and

stepped chutes (lower part)

Reference Straub and Anderson (1958) Killen (1968) Bung (2009) Severi (2018)
chute type smooth smooth smooth smooth
𝑞 (m2/s) 0.13 to 0.92 0.39 and 0.78 0.07 to 0.11 0.03 to 0.38
𝜃 (◦) 7.5 to 75 30 and 52.5 18.4 10.8
𝑘𝑠 (mm) 0.71 0.71 8 1.6 to 9.5
𝐿chute (m) 15.24 15.24 7.6 8
𝐵chute (m) 0.46 0.46 0.3 0.8
comment granular roughness granular roughness micro-roughness micro-roughness

Reference Bung (2009) Zhang (2017) Kramer and Chanson (2018)
chute type stepped stepped stepped
𝑞 (m2/s) 0.07 to 0.11 0.14 0.032 to 0.11
𝜃 (◦) 18.4 and 26.6 45.0 45.0
ℎ (m) 0.03 to 0.06 0.1 0.1
𝑘𝑠 (mm) 26.8 to 56.9 70.7 70.7
𝐿chute (m) 5.4 to 7.6 1.7 1.7
𝐵chute (m) 0.3 0.99 0.99
comment skimming flow skimming flow transition + skimming flow
𝑞 = specific discharge; 𝜃 = chute angle; 𝑘𝑠 = roughness height; ℎ = step height (stepped spillways)
𝐿chute = chute length; 𝐵chute = chute width
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2. Smooth chute data sets
2.1. Straub and Anderson (1958, 74 profiles)
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2.2. Killen (1968, 17 profiles)
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2.3. Bung (2009, 28 profiles)
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2.4. Severi (2018, 261 profiles)
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𝑞 = 0.031 m2/s
𝑥 = 5.76 m

𝑐
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2
(76) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 6.76 m

𝑐
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2
(77) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 7.76 m

𝑐
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(78) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 0.76 m

𝑐
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1.5

2
(79) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 1.76 m

𝑐
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1.5

2
(80) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 2.76 m

𝑐
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0
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1

1.5

2
(81) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 3.76 m

𝑐
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2
(82) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 4.76 m

𝑐
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2
(83) 𝜃 = 10.8◦
𝑞 = 0.07 m2/s
𝑥 = SE16

𝑐
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2
(84) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 6.76 m

𝑐
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2
(85) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 7.76 m

𝑐
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2
(86) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 0.76 m

𝑐

0 0.5 1
0
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1.5

2
(87) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 1.76 m

𝑐
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2
(88) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 2.76 m

𝑐
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2
(89) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 3.76 m
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2
(90) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 4.76 m

𝑐
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2
(91) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 5.76 m

𝑐
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2
(92) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 6.76 m

𝑐
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(93) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 7.76 m

𝑐
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2
(94) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 0.76 M

𝑐
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0
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2
(95) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 1.76 M

𝑐
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2
(96) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 2.76 M

𝑐
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2
(97) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 3.76 M

𝑐
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(98) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 4.76 M

𝑐
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2
(99) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 5.76 m

𝑐
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2
(100) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 6.76 m

𝑐
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2
(101) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 7.76 m

𝑐
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2
(102) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 0.76 m

𝑐
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2
(103) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 1.76 m

𝑐
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2
(104) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 2.76 m

𝑐
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2
(105) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 3.76 m

𝑐
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2
(106) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 4.76 m

𝑐
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2
(107) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 5.76 m

𝑐
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2
(108) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 6.76 m

𝑐
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2
(109) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 7.76 m

𝑐
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2
(110) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 0.76 m

𝑐
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2
(111) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 1.76 m

𝑐
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2
(112) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 2.76 m

𝑐
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2
(113) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 3.76 m

𝑐
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(114) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 4.76 m

𝑐
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2
(115) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 5.76 m

𝑐

0 0.5 1
0
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2
(116) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 6.76 m

𝑐
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(117) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 7.76 m

𝑐
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(118) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 0.76 m

𝑐
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2
(119) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 1.76 m

𝑐
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2
(120) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 2.76 m

𝑐
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2
(121) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 3.76 m

𝑐
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(122) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 4.76 m

𝑐
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2
(123) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 5.76 m

𝑐
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0
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2
(124) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 6.76 m

𝑐
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2
(125) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 7.76 m

𝑐
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(126) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 0.76 m

𝑐
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0
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2
(127) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 1.76 m

𝑐
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2
(128) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 2.76 m

𝑐
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2
(129) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 3.76 m

𝑐

𝑦
/𝑦
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2
(130) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 4.76 m

𝑐
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2
(131) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 5.76 m

𝑐
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2
(132) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 6.76 m

𝑐
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2
(133) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 7.76 m

𝑐

𝑦
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2
(134) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 0.76 m

𝑐
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2
(135) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 1.76 m

𝑐
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2
(136) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 2.76 m

𝑐
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2
(137) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 3.76 m

𝑐

𝑦
/𝑦
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2
(138) 𝜃 = 10.8◦
𝑞 = 0.376 m2/s
𝑥 = 4.76 m

𝑐
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2
(139) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 5.76 m

𝑐

0 0.5 1
0
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2
(140) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 6.76 m

𝑐
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(141) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 7.76 m

𝑐
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(142) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 0.76 m

𝑐
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2
(143) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 1.76 m

𝑐
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2
(144) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 2.76 m

𝑐
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2
(145) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 3.76 m

𝑐
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2
(146) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 4.76 m

𝑐
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2
(147) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 5.76 m

𝑐
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2
(148) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 6.76 m

𝑐
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2
(149) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 7.76 m

𝑐

𝑦
/𝑦
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2
(150) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 0.76 m

𝑐
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2
(151) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 1.76 m

𝑐
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2
(152) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 2.76 m

𝑐
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2
(153) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 3.76 m

𝑐
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2
(154) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 4.76 m

𝑐
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2
(155) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 5.76 m

𝑐
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2
(156) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 6.76 m

𝑐
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2
(157) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 7.76 m
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2
(158) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 0.76 m

𝑐
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2
(159) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 1.76 m

𝑐
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2
(160) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 2.76 m

𝑐
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2
(161) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 3.76 m

𝑐
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2
(162) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 4.76 m

𝑐
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2
(163) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 5.76 m

𝑐
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2
(164) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 6.76 m

𝑐
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(165) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 7.76 m
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(166) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 0.76 m

𝑐
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(167) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 1.76 m
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(168) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 2.76 m
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(169) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 3.76 m
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(170) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 4.76 m

𝑐
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(171) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 5.76 m

𝑐
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(172) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 6.76 m

𝑐
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(173) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 7.76 m
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(174) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 0.76 m

𝑐
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2
(175) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 1.76 m

𝑐
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(176) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 2.76 m

𝑐
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(177) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 3.76 m
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(178) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 4.76 m

𝑐
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(179) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 5.76 m

𝑐
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2
(180) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 6.76 m

𝑐
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2
(181) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 7.76 m
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(182) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 0.76 m

𝑐
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2
(183) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 1.76 m

𝑐
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2
(184) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 2.76 m
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(185) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 3.76 m
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(186) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 4.76 m
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(187) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 5.76 m
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(188) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 6.76 m

𝑐
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(189) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
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(190) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 0.76 m
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(191) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 1.76 m
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(192) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 2.76 m
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(193) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 3.76 m
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(194) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 4.76 m
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(195) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 5.76 m
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(196) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 6.76 m
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(197) 𝜃 = 10.8◦
𝑞 = 0.031 m2/s
𝑥 = 7.76 m
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(198) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 0.76 m
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(199) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 1.76 m
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(200) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 2.76 m
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(201) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 3.76 m
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(202) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 4.76 m
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(203) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 5.76 m
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(204) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 6.76 m
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(205) 𝜃 = 10.8◦
𝑞 = 0.05 m2/s
𝑥 = 7.76 m
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(206) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 0.76 m
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(207) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 1.76 m
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(208) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 2.76 m
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(209) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 3.76 m

𝑐

𝑦
/𝑦

90

0 0.5 1
0

0.5

1

1.5

2
(210) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 4.76 m

𝑐

0 0.5 1
0

0.5

1

1.5

2
(211) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 5.76 m

𝑐

0 0.5 1
0

0.5

1

1.5

2
(212) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 6.76 m

𝑐
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(213) 𝜃 = 10.8◦
𝑞 = 0.075 m2/s
𝑥 = 7.76 m
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(214) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 0.76 m
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(215) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 1.76 m
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(216) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 2.76 m
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(217) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 3.76 m
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(218) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 4.76 m
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(219) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 5.76 m
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(220) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 6.76 m
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(221) 𝜃 = 10.8◦
𝑞 = 0.10 m2/s
𝑥 = 7.76 m
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(222) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 0.76 m

𝑐

0 0.5 1
0

0.5

1

1.5

2
(223) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 1.76 m
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(224) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 2.76 m
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(225) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 3.76 m
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(226) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 4.76 m

𝑐
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(227) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 5.76 m
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(228) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 6.76 m
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(229) 𝜃 = 10.8◦
𝑞 = 0.125 m2/s
𝑥 = 7.76 m
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(230) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 0.76 m

𝑐

0 0.5 1
0

0.5

1

1.5

2
(231) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 1.76 m
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(232) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 2.76 m
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(233) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 3.76 m
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(234) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 4.76 m

𝑐
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(235) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 5.76 m

𝑐
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(236) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 6.76 m

𝑐
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(237) 𝜃 = 10.8◦
𝑞 = 0.188 m2/s
𝑥 = 7.76 m
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(238) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 0.76 m
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(239) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 1.76 m
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(240) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 2.76 m
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(241) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 3.76 m
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(242) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 4.76 m
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(243) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 5.76 m

𝑐
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(244) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 6.76 m

𝑐
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(245) 𝜃 = 10.8◦
𝑞 = 0.25 m2/s
𝑥 = 7.76 m
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(246) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 0.76 m

𝑐

0 0.5 1
0

0.5

1

1.5

2
(247) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 1.76 m

𝑐
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(248) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 2.76 m

𝑐
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(249) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 3.76 m

𝑐
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(250) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 4.76 m

𝑐
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(251) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 5.76 m

𝑐
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(252) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 6.76 m
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(253) 𝜃 = 10.8◦
𝑞 = 0.313 m2/s
𝑥 = 7.76 m
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(254) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 0.76 m

𝑐
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(255) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 1.76 m

𝑐
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(256) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 2.76 m

𝑐
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(257) 𝜃 = 10.8◦
𝑞 = 0.11 m2/s
𝑥 = 3.76 m
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(258) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 4.76 m

𝑐
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(259) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 5.76 m

𝑐
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(260) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 6.76 m

𝑐
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(261) 𝜃 = 10.8◦
𝑞 = 0.375 m2/s
𝑥 = 7.76 m
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3. Stepped chute data sets
3.1. Bung (2009, 151 profiles)
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(2) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE14
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(3) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE17
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(4) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE18
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(5) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE21
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(6) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE22
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(7) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE25
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(8) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE26
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(9) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE29
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(10) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE30
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(11) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE33
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(12) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE34
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(13) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE37
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(14) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE38
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(15) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE41
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(16) 𝜃 = 18.4◦
𝑞 = 0.07 m2/s
𝑥 = SE42
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(17) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE17
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(18) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE18
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(19) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE21
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(20) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE22
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(21) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
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(22) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE26
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(23) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE29
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(24) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE30
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(25) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
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(26) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE34
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(27) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE37
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(28) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE38
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(30) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE42
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(31) 𝜃 = 18.4◦
𝑞 = 0.09 m2/s
𝑥 = SE45
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3.2. Zhang (2017, 6 profiles)
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3.3. Kramer and Chanson (2018, 34 profiles)
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PhD thesis Bergische Universität Wuppertal, Germany.
Killen, J. M. 1968 The surface characteristics of self aerated flow in steep channels, PhD thesis University

of Minnesota, 145 pages.
Kramer, M. and Chanson, H. 2018 Transition flow regime on stepped spillways: air–water flow

characteristics and step-cavity fluctuations, Environmental Fluid Mechanics Vol 18 pp 947–965.
Severi, A. 2018 Aeration performance and flow resistance in high-Velocity flows over moderately sloped

spillways with micro-rough bed, PhD thesis Water Research Laboratory, School of Civil and
Environmental Engineering, UNSW Sydney, 345 pages.

Straub, L. and Anderson, A. G. 1958 Experiments on self-aerated flow in open channels, Journal of the
Hydraulics Division Vol 84 (7) pp 1–35 Transactions of the ASCE.

Zhang, G. 2017 Free-surface aeration, turbulence, and energy dissipation on stepped chutes with triangular
steps, chamfered steps, and partially blocked step cavities, PhD thesis School of Civil Engineering,
The University of Queensland, Australia.


	Presentation
	Smooth chute data sets
	[74 profiles]Straub1958
	[17 profiles]Killen1968
	[28 profiles]Bung2009
	[261 profiles]Severi2018

	Stepped chute data sets
	[151 profiles]Bung2009
	[6 profiles]Zhang2017DISS
	[34 profiles]Kramer2018Transiton


