
Contents lists available at ScienceDirect

Journal of Hydro-environment Research

journal homepage: www.elsevier.com/locate/jher

Nappe flows on a stepped chute with prototype-scale steps height:
Observations of flow patterns, air-water flow properties, energy dissipation
and dissolved oxygen
Stefan Feldera,⁎, Margaux Geuzaineb, Benjamin Dewalsc, Sebastien Erpicumc
aWater Research Laboratory, School of Civil and Environmental Engineering, UNSW Sydney, 110 King St, Manly Vale, NSW 2093, Australia
b Structural and Stochastic Dynamics (SSD), ArGEnCo Department, Liege University, Allée de la Découverte, 13 – B52, B-4000 Liege, Belgium
cHydraulics in Environmental and Civil Engineering (HECE), ArGEnCo Department, Liege University, Allée de la Découverte, 13 – B52, B-4000 Liege, Belgium

A R T I C L E I N F O

Keywords:
Air-water flows
Dissolved oxygen
Nappe flows
Physical modelling
Prototype-scale steps height
Stepped spillway

A B S T R A C T

Air-water flows occur commonly in stepped spillways including the nappe flow regime for low flow rates. The
present laboratory experiments researched the nappe flow regime in a stepped chute with prototype-scale steps
height providing unique insights into the evolution of nappe flows along a stepped chute. Detailed visual ob-
servations highlighted the varying flow features along the stepped chute including the evolution of flow aera-
tion, of jet properties and of instationarities in form of jump waves and cavity fluctuations with typical fre-
quencies of around 1 Hz. These instationarities were caused by complex flow interactions at the impingement of
the jet on the horizontal step face. Detailed air-water flow measurements revealed the complexity of the flows
highlighting both S-shape and jet-like void fraction distributions and jet-like interfacial velocity distributions
downstream of the jet impact and at step edges. This resulted in a downwards shift of the bubble count rate
distributions closer to the step face. The nappe flows showed strong energy dissipation and reaeration perfor-
mances along the stepped chute. The present study provided a robust and extensive characterisation of nappe
flows and due to the large scale of the experiments, the results should provide confidence for the design of
stepped chutes with embankment dam slope.

1. Introduction

Stepped cascades have been the subject of extensive study over
decades (e.g. Chanson, 1995; Chanson et al., 2015). Flows on stepped
chutes are characterized by strong energy dissipation and complex in-
teractions between air and water entities within the flows downstream
of the inception point of free-surface aeration (e.g. Gonzalez and
Chanson, 2008; Bung and Valero, 2016; Felder and Chanson, 2016a;
Zhang and Chanson, 2018). Stepped spillways for flood mitigation
purposes are typically designed for maximum flow conditions, which
take place in the skimming flow regime. Research has particularly fo-
cused on such skimming flows which are characterized by stable re-
circulation motions within the step cavities (e.g. Rajaratnam, 1990;
Meireles and Matos, 2009; Felder and Chanson, 2011; Bayon et al.,
2018).

For intermediate flow rates, the flow may be characterized by in-
stationary and unstable motions in the transition flow regime which is
associated with unsteady movements of air pockets within the step

cavities and associated cavity ejection processes (Ohtsu and Yasuda,
1997; Chanson and Toombes, 2004; Felder and Chanson, 2015a;
Kramer and Chanson, 2018). For the lowest flow rates, in the nappe
flow regime, the flows propagate along the stepped chute as a succes-
sion of free-falling jets or nappes (Horner, 1969; Chamani and
Rajaratnam, 1994; Chanson, 1995) (Fig. 1). Spillways with mild slopes
may be designed to operate in the nappe flow regime to reaerate
oxygen-depleted waters (Essery et al., 1978; Toombes and Chanson,
2005; Baylar et al., 2007) (Fig. 1b). While steep stepped spillways are
typically not designed for nappe flows, in the lead up to higher design
flow rates any stepped chute is exposed to a nappe flow regime at least
temporarily.

Researchers have differentiated between two nappe flow sub re-
gimes comprising nappe flows with hydraulic jumps and without hy-
draulic jumps (Chanson et al., 2015). For the first case, the energy
dissipation along the stepped chute may be expressed as a succession of
single steps (Moore, 1941; Rand, 1955; Chanson, 1995) combining the
individual energy dissipation contributions of a free-falling jet and a
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hydraulic jump (Peyras et al., 1992; Chanson, 1994). Experimental
evidence suggests however that this sub regime only occurs for very low
flow rates while the more common nappe flow regime is without hy-
draulic jumps and supercritical flow throughout. Little research on the
development and propagation of the flow properties along stepped
cascades under such flow conditions exists albeit research by Chanson
and Toombes (2002a) on a stepped chute with ventilated first step
cavity and slope θ=3.4°. As emphasized by Chanson et al. (2015), the
ventilation of the first step cavity may prevent instabilities along the
stepped chute which may be caused by nappe oscillations. In contrast to
this statement, Essery and Horner (1978) reported that there is no effect
of cavity ventilation for nappe flows without hydraulic jump. Many
prototype stepped spillways with mild slope and without ventilated first
step cavity have performed well (Fig. 1). While nappe flows for very
low flow rates appear regular, with increasing flows some instabilities
may be observed within the nappe flow regime at both laboratory and
prototype scale. Herein the present study provides detailed observa-
tions of nappe flows without hydraulic jumps along a stepped chute
without ventilation of the first step cavity, providing a unique data set
for the evolution of such flows along a stepped chute including the
propagation of instabilities and the establishment of equilibrium air-
water flow parameters.

Despite its relevance for any stepped chute, research of the nappe
flow regime is limited. Table 1 summarizes past experimental studies of
nappe flows including information about the chute slope θ, the step
height h, the channel width W and the discharge per unit width qw.
Table 1 lists also the focus of previous experimental studies including
the observations of the flow patterns (e.g. Peyras et al., 1992; Toombes
and Chanson, 2008a), the threshold levels of occurrence of the nappe
flow regime (e.g. Pinheiro and Fael, 2000; Renna and Fratino, 2010;
Chanson et al., 2015) and the energy dissipation performance (e.g.
Stephenson, 1991; Chamani and Rajaratnam, 1994; Chanson, 1994;
Pinheiro and Fael, 2000). Research of flow patterns suggests that nappe
flows with hydraulic jumps may be very similar from step to step
(Fig. 1), while research by Toombes and Chanson (2008a) highlighted
the three-dimensional nature of nappe flows without hydraulic jump
(θ=3.4°) including sidewall standing waves and shockwaves which do
not reach equilibrium flow conditions. Herein the present study adds

missing research of flow patterns on a steeper sloped stepped spillway
(θ=15°) in nappe flows without hydraulic jumps.

Also, very little research has been conducted of the air-water flow
properties in nappe flows despite research by Toombes and Chanson
(2005, 2008b) and the recording of some basic air-water flow proper-
ties by Takahashi et al. (2007) on a stepped spillway with θ=19°.
Herein the present study investigated the air-water flow properties and
energy dissipation performances in nappe flows systematically along a
stepped chute with prototype-scale steps height.

Several studies have also measured the re-aeration efficiency of
stepped cascades including direct dissolved oxygen measurements
(Essery et al., 1978; Toombes and Chanson, 2005; Baylar et al., 2007)
and indirect quantification via air-water flow data (Toombes and
Chanson, 2005; Felder and Chanson, 2015b). Direct measurements of
aeration efficiency along a stepped cascade were conducted with in-
strumentation at the upstream and downstream ends of the stepped
chute ignoring the flow processes and the evolution of reaeration in
between. Herein, the present study provided a more detailed picture of
the reaeration along a stepped cascade measuring the aeration effi-
ciency with several dissolved oxygen meters distributed along the
stepped chute. The present study investigated the interaction between
air-water flow properties, dissolved oxygen concentration and energy
dissipation providing the most detailed characterization of nappe flows
to date. To limit potential scale effects in the air-water flows which
have been reported on stepped spillways (Kobus, 1984, Felder and
Chanson, 2017), the stepped chute in the present study consisted of a
series of steps with prototype-scale height.

2. Experimental facility and instrumentation

New nappe flow experiments were conducted at HECE Laboratory,
University of Liege in a stepped spillway model with 6 identical pro-
totype-scale steps with height h=0.5m, length L=1.87 (i.e. θ=15°)
and width W=0.2m (Fig. 2a). The model represented a slice of a
157m wide aerating weir built downstream of a large dam in Cameroon
to increase the dissolved oxygen concentration (Erpicum et al., 2016)
(Fig. 1b). The horizontal step faces as well as the broad-crested weir
upstream of the first step edge were made of rubble masonry, consistent

Notation

a Interfacial area (1/m)
b coefficient of maximum variation in chord sizes
C Void fraction
Cd Dissolved oxygen concentration in step cavity (mg/L)
Cmean Cross-sectional mean void fraction: =Cmean

× ×C dyY
Y1

090
90

CFmax Void fraction corresponding to location of maximum
bubble count rate

Cs Dissolved oxygen concentration at saturation (mg/L)
Cu Dissolved oxygen concentration at the upstream end (mg/

L)
chair Average chord sizes of air bubbles (m)
chwater Average chord sizes of water droplets (m)
d Equivalent clear water flow depth (m):

= ×d C dy(1 )Y
0

90

dc Critical flow depth (m)
dpool Water depth in step cavity (m)
dpool′ Fluctuations of water depth in step cavity (m)
E20 Aeration efficiency at 20 °C
F Bubble count rate (Hz)
Fmax Maximum bubble count rate in a cross-section (Hz)
g Gravity acceleration constant (m2/s)
H Total head (m)

Hdam Height of dam to respective step (m)
Hmax Maximum upstream head (m) above chute toe
Hres Residual energy (m)
h Step height (m)
L Step length (m)
LJet Distance from the start of a step cavity to the midpoint of

the impinging jet (m)
LJet,min Distance from the start of a step cavity to the minimum of

the impinging jet (m)
N Number of steps
Q Flow rate (m3/s)
qw Specific flow rate (m2/s)
Re Reynolds number defined in terms of the hydraulic dia-

meter (-)
Uw Equivalent clear water flow velocity (m/s): =Uw

q
d
w

V Interfacial velocity (m/s)
V90 Characteristic interfacial velocity where C=0.9 (m/s)
W Channel width (m)
y Coordinate perpendicular to horizontal step face (m)
yFmax Flow depth corresponding to location of maximum bubble

count rate (m)
Y90 Characteristic flow depth where C=0.9 (m)
θ Slope of spillway
ν Kinematic viscosity (m2/s)
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with the prototype weir. The vertical step faces and one of the sidewalls
were made of PVC, while the other sidewall was made of Perspex for
flow visualisation.

The water supply system of the laboratory was a closed loop with
regulated pumps and an underground reservoir with a 400m3 max-
imum volume. The reservoir was filled with tap water. Water was
pumped from the underground reservoir to the 1m long, 1m wide and
3m high upstream header tank via a submerged supply pipe. A smooth
contraction channelled the flows calmly into the experimental test
section via a broad-crested weir of length 1.01m (Fig. 2a). Downstream
of the model, an open channel returned the water to the underground
reservoir. The discharge was measured using an electromagnetic SIE-
MENS MAG 5100 flow meter on the 0.15m diameter supply pipe (ac-
curacy of 0.5% at full scale).

Extensive measurements of the air-water flow properties along the
stepped chute were conducted with a double-tip conductivity probe
which was designed at the Water Research Laboratory, UNSW Sydney

and recently benchmarked against commonly used RBI fiber-optical
probes (Felder and Pfister, 2017; Felder et al. 2019). The conductivity
probe had two identical needle tips with inner electrodes of 0.125mm
diameter which were separated in streamwise and transverse directions
by 5.8mm and 1mm respectively. The raw data were acquired with a
NI-9222 data acquisition system and LabVIEW software sampling both
sensors simultaneously for 45 s and at 20 kHz, as recommended by
Felder and Chanson (2015a). The raw voltage data were post-processed
with the Fortran software of Felder (2018) providing the full range of
air-water flow properties including void fraction C, bubble count rate F,
interfacial velocity V and interfacial area a. The calculation of C and F
was based upon a single threshold technique using a 50% threshold of
the bimodal peaks of the raw voltage signals of the conductivity probe.
Herein C represented the average void fraction which is the time a
probe tip spends in the air phase over the sampling duration, while the
bubble count rate provided the average number of changes from the air
to the water phase (and from the water to the air phase) per second. The

(a) Stepped spillway of Gold Creek Dam (Brisbane, Australia) operating in nappe flows with hydraulic 

jump in April 2015 (step height h = 1.5 m, spillway slope θ = 21º)

(b) Stepped spillway of the Lom River (Cameroon), downstream of the Lom Pangar Dam operating in 

h = 0.5 m, θ = 15º, flow rate Q ≈ 100 m3/s) nappe flows without hydraulic jump in November 2016 (

(Photo courtesy of Thibaut Guillemot, ISL Ingénierie)

Fig. 1. Nappe flow regime in prototype stepped spillways.
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interfacial velocities were calculated based upon a cross-correlation
analysis of the simultaneously sampled leading and trailing tips of the
conductivity probe which provided the average travel time of air-water
interfaces between the two probe tips. The interfacial area, i.e. the area
between the air and water phases, was calculated based upon the air-
water flow data as a=4× F/V. Both bubble count rate and interfacial
area are important for the estimation of the reaeration efficiency of air-
water flows. Further details on the data processing and the air-water
flow properties can be found in Chanson and Toombes (2002b) and
Felder (2013). Air-water flow measurements were conducted along the
stepped chute in the channel centerline, including at all step edges as
well as two positions towards the downstream end of the step cavity,
i.e. locations where the flow was parallel to the horizontal step face
(Table 2, Fig. 2b). These two locations comprised two equally spaced
positions downstream of the center point of the impinging jet at each
step edge LJet, i.e. step edge – 2/3×(L− LJet) and step edge – 1/
3×(L− LJet) (Fig. 2b). The measurement accuracy of the conductivity
probe provided void fractions within ΔC/C=4% and interfacial velo-
cities within ΔV/V=10%. The accuracy was assessed in comparative
analyses with other commonly used phase-detection probes (Felder and
Chanson, 2016b; Felder and Pfister, 2017; Felder et al. 2019). Further
research for the operation of all types of phase-detection intrusive
probes in high-velocity air-water flows is needed to determine their
accuracy more comprehensively.

Direct measurements of the dissolved oxygen concentrations along
the stepped chute were conducted with 6 identical HACH LDO sensors
(optical measure by luminescence with an accuracy of± 0.2mg/l ac-
cording to the probe manufacturer). The sensors sampled with a fre-
quency of 1 Hz and the signal was acquired with portable HACH multi
meters HQ40D. The sensors were located within the step niches along
the stepped chute, just upstream of the minimum jet impact with length
LJet,min (Fig. 2b), including at the upstream and downstream ends of the
chute and in several step cavities. Additional tests were conducted at
several positions along the same step cavity to document the evolution
of dissolved oxygen concentration along a single cavity. Additional
oxygen concentration measurements were conducted by Winkler tests
performed on water samples from different locations along the
spillway. A comparison of these tests with the dissolved oxygen probes
confirmed the accuracy and proved limited influence of air bubbles on
the sensors (differences less than 0.2 mg/l). Erpicum et al. (2016)
summarized the dissolved oxygen measurements in more detail and
presented preliminary results. Table 2 summarizes the experimental
flow conditions for the direct measurements of dissolved oxygen.

Detailed observations of the flow patterns were documented with a
video camera (Canon Legria HF R68) and a digital camera (Panasonic
DMC-GH4) for a wide range of unit discharges
0.005 < qw < 0.637m2/s corresponding to Reynolds numbers Re
defined in terms of the hydraulic diameter
2×104 < Re < 2.5×106. The visual observations of the flow pat-
terns revealed fluctuations of the water level within the step cavities
and time series of the pressure variations within the step cavity were
recorded with a pressure sensor (Keller PR-41X 0–0.1 bar, accuracy
of± 10−4 bar according to the sensor manufacturer). The pressure
sensor was installed behind the vertical step face at an elevation of
about 2–3 cm above the horizontal step face. The sensor was connected
to a NI USB 9210 data acquisition unit and the raw pressure data within
the step cavity were acquired with LabVIEW Signalexpress for at least
30min at 100 Hz. The post-processing of the cavity pressure signals
yielded the mean flow depth in the cavity dpool, the standard deviation
of the flow depth dpool' and the characteristic frequencies of the fluc-
tuations in each cavity.

Table 2 provides an overview of the flow conditions and the con-
ducted measurements in the present study including the dimensionless
discharge dc/h, where dc is the critical flow depth. Note that the flows at
step edge 1 were unaerated. The two-dimensionality of the flows across
the width of the chute were verified with additional profiles of air-Ta
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water flow properties at locations 1/4×W and 3/4×W for all dis-
charges and towards the downstream end of the flume. For the smallest
flow rates, some small flow bulking towards the sidewalls of the flume
was observed which decreased for the largest nappe flow rates.

3. Flow patterns

For a range of unit discharges 0.005 < qw < 0.637m2/s
(0.027 < dc/h < 0.692) detailed observations of the flow patterns
were conducted including visual observations of the propagation of jets

along the stepped chute, of the pool depths and fluctuation frequencies
in the step cavities and of the lengths of the jets. The observations
provided the most detailed report of nappe flow patterns along a
stepped chute to date. To highlight the air-water flow patterns in the
nappe flow regime, four movies are provided as supplementary material
presenting the flow features for discharges of dc/h=0.13,
qw=0.05m2/s (Movie 1), dc/h=0.27, qw= 0.16m2/s (Movie 2), dc/
h=0.44, qw=0.32m2/s (Movie 3) and dc/h=0.69, qw=0.64m2/s
(Movie 4).

3.1. Visual observations of flow patterns

3.1.1. Nappe flows with hydraulic jump
For all flow conditions, a nappe flow regime was observed. For the

smallest flow rates qw≤0.015m2/s (dc/h≤0.057), the flow patterns
resembled a nappe flow regime with hydraulic jumps. The flows were
very regular with a distinct pattern of clear water flows upstream of
each step edge followed by a 2-dimensional jet which impacted upon
the horizontal step face underneath. The jet impact led to small flow
aeration, to the filling of the cavity underneath the nappe with a small
layer of water which varied slightly in depth and on the other side to
the formation of a hydraulic jump with undulations and standing waves
which transitioned the flows to subcritical before the next step edge.
The jet was stable and there was no aeration along the jet, while small
amounts of air were entrained at the impingement point. The nappe
flows appeared very regular along the flume and agreed well with the
commonly applied definition of a nappe flow regime with hydraulic
jump (NA1) highlighting that for such low flow rates, an analysis of the

(a) Overview of stepped spillway model (dimensions in m) with numbering of step edges and step 

cavities (italic numbers)

(b) Definition of step cavity parameters and measurement locations

Fig. 2. Sketches of the experimental setup in the present study.

Table 2
Summary of nappe flow conditions and experimental measurements in the
present study (all experiments in channel centerline) (CP= conductivity probe;
PS=pressure sensor; DO=dissolved oxygen sensor).

dc/h (–) Air-water flow
properties along
chute (CP)

Energy
dissipation at
last step edge
(CP)

Cavity
processes
along chute
(PS)

Dissolved
oxygen in
cavities along
chute (DO)

0.162 ✓ ✓ ✓
0.274 ✓ ✓ ✓ ✓
0.360 ✓
0.436 ✓ ✓ ✓ ✓
0.506 ✓
0.571 ✓ ✓ ✓ ✓
0.632 ✓
0.668 ✓
0.692 ✓ ✓ ✓ ✓
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energy dissipation may be regarded as a succession of free-falling jets
(Chanson, 1995).

3.1.2. Nappe flows without hydraulic jump
For larger flow rates, i.e. 0.015 < qw≤0.637m2/s (0.057 < dc/

h≤0.692), nappe flows without hydraulic jump were observed and the
flows remained supercritical throughout. Note that qw=0.637m2/s
was the maximum possible flow rate in the present study and no onset
of transition flows was observed. The observation of the nappe flow
regime for these flow conditions was consistent with data from the
literature for the presence of nappe flows (References in Table 1;
Chanson et al., 2015; Kramer and Chanson, 2018).

The present observations confirmed that nappe flows without hy-
draulic jump should not be simply regarded as the succession of equal
free-falling jets. While the flows looked steady and equal from top view,
i.e. the flows appeared to exist of a succession of equal fully aerated jets
along the stepped chute, the observations through the side wall high-
lighted the evolution of the nappe flows along the stepped chute (Fig. 3;
Movies 1–4). Visual observations showed that the lengths of the jets, the
flow aeration and instabilities increased along the stepped chute. To-
wards the downstream end of the stepped chute (i.e. downstream of
step edge 4), visually, the flow aeration, the jet lengths and the cavity
properties appeared to reach some equilibrium while some instable
jump waves and the ejection of droplets above the flume continued to
increase. With increasing discharge, the flows became more instable
including unstable cavity processes, intermittent closing of step cavities
at the upstream end of the chute as well as instationary propagation of
small jump waves along the chute associated with strong splashing
(Figs. 4 and 5; Movies 3 and 4). The nappe flows in the present study
resembled features typically referred to in transitions flows. This ob-
servation is significant since it highlights that the nappe flow regime
without hydraulic jump can be partially unsteady and careful design
considerations need to be applied. The present observations appear to
be consistent with the flow patterns description in Essery and Horner

(1978). Observations on prototype stepped chutes in nappe flows also
confirm the present observations of irregular and varying nappe flow
patterns (Fig. 1b and Fig. 8 in Chanson and Toombes, 1998).

For all nappe flows without hydraulic jump, the flow remained
unaerated upstream of step edge 1 and further downstream the flows
were aerated throughout. Air was entrained at the impingement point
of the jet upon the horizontal step face (Fig. 3; Movies 1–4), along the
jet itself (e.g. Fig. 4; Movies 1–4) and along the free-surface of the su-
percritical flows on the horizontal step face (Movies 1–4). With in-
creasing flow rate, the flow aeration increased. Downstream of the
impingement point a large standing wave existed for the lower flow
rates (dc/h < 0.2) (Fig. 3a; Movie 1), while strong aeration and equal
flow bulking was observed for larger flow rates (Fig. 3b; Movies 3 and
4). The impingement of the jet resulted in highly unstable entrainment
and recirculation motions (Figs. 3 and 4; Movies 1–4) which resulted in
irregular air entrainment into the step cavity and strong flow aeration
of the flows in the downstream part of the step face. With increasing
discharge, the jet length and the width of the jet increased (Fig. 3;
Movies 1–4). Within each step cavity, some unaerated waters pooled in
front of the vertical step face; the water levels increased with increasing
flow rate and decreased along the stepped chute (Fig. 3; Movies 1–4).
The waters within the step cavity fluctuated linked with the irregular
impingement of the jet upon the horizontal step face. The combination
of irregular impingement and cavity fluctuations resulted in in-
stationarities including jump wave propagation along the stepped chute
and strong droplet ejections of about 4 times step height (Fig. 4; Movies
1–4). With increasing flow rate and with increasing distance along the
stepped chute, the jump wave instabilities and the splashing increased,
while the intensities of the water level fluctuations within the cavities
did not increase. The present observations indicated that the nappe flow
instabilities were not caused by the unventilated step cavities, but by
complex interactions between jet impingement, step cavity fluctuations
and amplifications along the stepped chute, rather than by jet oscilla-
tions due to an unventilated first step cavity.

(a) Jet impact downstream of step edge 4 with clear water in the step cavity and strong aeration and flow 

bulking downstream of the jet impact: qw = 0.073 m2/s, dc/h = 0.162, Re = 2.9×105

(b) Increasing aeration and instabilities along stepped chute: qw = 0.319 m2/s, dc/h = 0.436, Re = 1.3×106

Fig. 3. Photos of evolution of nappe flows in present study.
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For dc/h=0.38, the cavity downstream of the first step edge was
fully filled with water intermittently resulting in a change in flows
within the step cavity, i.e. stable recirculation motions as typical for
skimming flows. The filling of the cavity with water was not regular and
appeared random. For dc/h > 0.43, the step cavity downstream of step
edge 1 was permanently filled with water, while the other step cavities
remained unaerated. For dc/h=0.608, the step cavity downstream of
step edge 2 became intermittently and randomly filled with waters
(Fig. 5). When the step cavity was aerated, small amounts of air were
entrained into the step cavity, while a fully submerged cavity resulted
in intense aeration and unsteady recirculation motions within the step
cavity (Fig. 5). A similar process was observed for dc/h=0.69, where
the step cavity downstream of step edge 3 became intermittently and
randomly filled with waters (Movie 4). These unsteady processes con-
tributed to the instationary jump waves along the chute.

3.2. Lengths of the jets

Downstream of each step edge, the jet impacted upon the under-
lying horizontal step face. With increasing flow rate, the jets increased
in size linked with increasing flow aeration (Figs. 3 and 4). The jet
lengths LJet was defined as the distance from the step edge to the center
of the impinging jet (Fig. 2b). The jet lengths were observed visually for
a range of flow conditions with an accuracy of± 2 cm independent of
the flow conditions. Fig. 6 summarizes the dimensionless jet lengths
LJet/h as a function of dc/h. The data highlighted an increase in jet
lengths with increasing discharge as well as an increase in LJet along the
flume. Towards the downstream end of the flume, i.e. downstream of
step edge 4, the jet lengths were close indicating that the flows ap-
proached uniform flow conditions (Fig. 6). With increasing discharge,
step cavities at the upstream end became intermittently and then fully

Fig. 4. Photo sequence of instabilities and droplet ejections along the stepped chute: qw=0.637m2/s, dc/h=0.692, Re=2.6× 106 (irregular time step between
images of a few seconds).

Fig. 5. Photo sequence of instable cavity processes in cavity downstream of step edge 2: qw=0.525m2/s, dc/h=0.608, Re=2.1× 106 (irregular time step between
images of a few seconds).
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filled with waters which resulted in a reduction of jet lengths at sub-
sequent step edges (Fig. 6).

The present data were compared with the well-accepted equation of
Rand (1955) who expressed the jet length above a ventilated cavity as:

= × × + ×L
h

d
h

d
h

1.98 1 0.357Jet c c

(1)

The data were further compared with the semi-empirical equation
by Hong et al. (2010) for ventilated jets:

= ×L
h

d
h

1.855Jet c
(2)

While the present data followed a similar trend compared to Eqs. (1)
and (2), some clear differences were observed (Fig. 6). The authors
believe that these differences were caused by the unventilated first step
cavity. The data at subsequent step edges were not directly comparable
since Eqs. (1) and (2) were only developed for the first ventilated jet.
Downstream of the first drop, all present jet conditions were fully
aerated and hence not directly comparable.

3.3. Depths and frequencies in step cavities

Visual observations included also the average flow depth in the
cavities, which were assessed with an accuracy of± 5mm. Fig. 7a il-
lustrates all observations of the dimensionless water depth dpool/h as a
function of dc/h for a wide range of nappe flow discharges without
hydraulic jump (hollow symbols). The observations highlighted an in-
crease in flow depth with increasing discharge and a decrease in flow
depth along the stepped chute. For dc/h=0.43, the first step cavity was
always filled with water resulting in a constant water depth for higher
discharges, while the same occurred for the second step cavity at higher
discharges (Fig. 7a). The present data were compared with an analytical
solution by Rand (1955) for a fully ventilated jet. While the data were
in good agreement for the lowest discharges (dc/h < 0.3), with the
intermittent filling of the step cavity with water, the differences in-
creased. The present observations highlighted that the theoretical so-
lution of the jet properties for a ventilated jet cannot be directly applied
to an unventilated jet cavity and that care must be taken. Also, the
theory was not applicable at any subsequent step cavity since the water
became fully aerated downstream of the first step edge.

The water elevation dpool/h in the step cavities were also directly
estimated with a pressure sensor installed within the vertical step face
and the data are also shown in Fig. 7a (bold symbols). Both visual
observations and pressure data were in good agreement for the lowest
flow rates, while some differences were observed for the larger flow

rates (dc/h > 0.4). These differences were linked with the strong
fluctuations of the water levels within the step cavity and the difficulty
to record these fluctuations visually as well as some fundamental flow
processes. For the larger flow rates, the pressure data were below the
visual water levels (Fig. 7a). For these flow conditions, the step cavities
were intermittently or always filled with water resulting in stable re-
circulation movements within the cavity similar to typical skimming
flow observations (Felder and Chanson, 2011). As reported by Sanchez-
Juny et al. (2000), in a skimming flow regime, the pressures within the
step cavity may be reduced due to such recirculation motions. For the
lowest nappe flows in the present study, the pressure was hydrostatic
within the step cavity, i.e. the pressure measured by the pressure sensor
was equal to the elevation of the water level dpool. For a fully filled step
cavity, the pressure was no more hydrostatic because of the recircula-
tion in the cavity and the jet effects and the measured pressure was
smaller than dpool (Fig. 7a).

Fig. 7b illustrates the fluctuations of the flow depth dpool′/h in the
step cavities recorded with the pressure sensor where dpool′ is the
standard deviation of the water depth in the step cavity. Fig. 7b high-
lights an increase in fluctuations of the water depth in the step cavities
with increasing discharge. While some variations in values were ob-
served, the fluctuations remained overall stable along the stepped
chute.

For all raw data, FFT analyses identified the characteristic fre-
quencies of the cavity movements. Fig. 7c illustrates all characteristic
frequencies in the step cavities along the stepped chute including the
dominant frequencies (bold symbols) as well as secondary frequencies
(hollow symbols). Note that for some flow conditions several fre-
quencies were identified including two dominant frequencies. For the
first step cavity, no characteristic frequencies were identified. For all
nappe flow rates in the present study, a dominant frequency between
0.75 and 1.3 Hz was observed; the characteristic frequencies decreased
slightly along the stepped chute (Fig. 7c). For the smallest flow rates, an
additional dominant frequency of about 4–4.5 Hz was observed, while
several secondary frequencies were found between 1.5 and 4 Hz
(Fig. 7c).

The frequency analysis yielded well-defined frequency spikes of the
water depth fluctuations within the step cavities. It is believed that
these cavity frequencies resembled the characteristic frequencies of the
jump waves. Visual observations confirmed the occurrence of jump
waves approximately every second, which is consistent with the ob-
servation of the dominant frequency of about 0.75–1.3 Hz.

Previous analysis of frequencies in stepped spillway flows are lim-
ited to skimming flows (Guenther et al., 2013) and transition flows
(Kramer and Chanson, 2018). Within transition flows on a stepped

Fig. 6. Development of jet lengths along the stepped chute downstream (d/s) of step edges; Comparison with equations for ventilated nappes (Eqs. (1) and (2)).
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(a) Average flow depth in step cavities (VO = visual observation; PS = pressure sensor); Comparison 

with theoretical prediction for fully ventilated step cavity

(b) Fluctuations of water levels in step cavities

(c) Frequencies of fluctuations in step cavities (Bold symbols = major frequencies; Hollow symbols = 

secondary frequencies)

Fig. 7. Development of water depths and characteristic frequencies in step cavities downstream (d/s) of step edges along the stepped chute.
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chute with θ=45°, Kramer and Chanson (2018) observed pool depth
frequencies between 1.5 and 3 Hz with an average of 2.7 Hz, based
upon a visual technique. Guenther et al. (2013) visually analyzed the
cavity ejection frequencies in skimming flows on a stepped spillway
with θ=26.6° identifying frequencies between 0.33 and 0.66 Hz. The
dimensionless frequencies of Guenther et al. (2013) were
0.03 < Freq× h/Vc < 0.06 and of Kramer and Chanson (2018)
0.26 < Freq× h/Vc < 0.38, while the present data were within a
wider range 0.2 < Freq× h/Vc < 2.4 (including secondary and mul-
tiple dominant frequencies). While the transition flow frequencies were
of a similar order of magnitude compared to the present nappe flow
observations, there appears to be a distinct difference in characteristic
frequencies for the different flow regimes. Further research is needed to
identify the effect of channel slope and scale upon the characteristic
frequencies.

4. Air-water flow characteristics

Detailed measurements of the air-water flow properties were con-
ducted with the double-tip conductivity probe at step edges and at two
locations along the horizontal step face, characterized by air-water
flows mostly parallel to the horizontal step face (Fig. 2b, Table 2). At

each measurement location, the raw data provided information about a
range of air-water flow properties and parameters. Herein, typical
distributions of void fraction, bubble count rate, interfacial velocity and
interfacial area are presented in Section 4.1, while typical air-water
flow parameters along the stepped chute are shown in Section 4.2. The
data represented the most detailed documentation of air-water flow
properties in nappe flows to date. All distributions of the basic air-water
flow properties C, F and V are added as supplementary materials to aid
the interpretation of results.

4.1. Distributions of air-water flow properties

4.1.1. Void fraction
Fig. 8 illustrates typical void fraction distributions as a function of

the dimensionless vertical elevation above the horizontal step face y/
Y90, where Y90 is the characteristic flow depth with C=0.9. Fig. 8a
shows the evolution of void fraction distributions along the stepped
chute for one discharge, highlighting the difference in void fraction
profiles at and between step edges as well as the evolution of C along
the chute. For the discharge in Fig. 8a, at the upstream end, the void
fraction distributions resembled typical S-shape profiles while the
profiles further downstream were similar to a jet-like profile. The

(a) Void fraction distributions for qw = 0.319 m2/s, dc/h = 0.436, Re = 1.2×106

(b) Void fraction distributions at last three step edges for all flow rates

Fig. 8. Dimensionless distributions of void fractions along the stepped spillway in nappe flows; comparison with adjective diffusion Eqs. (3) and (4).
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shapes of the void fraction profiles depended upon the discharge and
the location downstream of the jet impact. For the lower discharges dc/
h≤0.436, both S-shape and jet-like void fraction profiles were ob-
served including at step edges for dc/h=0.436 (Fig. 8a) as well as
along the horizontal section downstream of the jet impact (dc/
h≤0.274). For the largest discharges, all data at and upstream of step
edges showed S-shape profiles. Fig. 8b illustrates void fraction profiles
for the last three step edges and for all flow configurations, highlighting
S-shape profiles for all flow rates apart from dc/h=0.436. Fig. 8 shows
also the close agreement in void fraction distributions at and upstream
of consecutive step edges, highlighting the uniformity in void fractions
towards the downstream end of the stepped chute independent of the
flow rates.

In Fig. 8, the void fraction data were compared with the advective
diffusion equation for air-bubbles in skimming flows with S-shape
profiles (Chanson and Toombes, 2002b):

=
×

+
×

C tanh K y Y
D

y Y
D

1 /
2

( / 1/3)
3o o

2 ' 90 90
3

(3)

and with the jet-like void fraction profiles which were developed for
transition flows (Chanson and Toombes, 2004):

= × ×C K exp y Y(1 ( / ))90 (4)

In Eqs. (3) and (4), K' is an integration constant and Do, K“ and α are
functions of the mean void fraction in a cross-section Cmean only:

=C K (0.9/ )mean (5)

=K e0.9/(1 ) (6)

Both Eqs. (3) and (4) are added in Fig. 8 for selected data to high-
light the close resemblance between advective diffusion equation and
void fraction data in nappe flows. Note that the void fraction data de-
viated from the advective diffusion equation downstream of the first
step edge for all discharges (Fig. 8a). The present observations high-
lighted the complexity of nappe flows including the evolution of void
fractions along the stepped chute and the non-uniformity for different
flow rates. These observations were consistent with the visual ob-
servations of unsteadiness and cavity fluctuations commonly associated
with transition flows.

4.1.2. Bubble count rate and interfacial area
Fig. 9a illustrates typical dimensionless bubble count rate distribu-

tions F× dc/Vc as a function of y/Y90 for one discharge. Similar bubble
count rate distributions were also observed for all other flow rates in
the present study. Downstream of the jet impact of the first jet, the flow
became rapidly aerated. Further downstream, the number of air

(a) Bubble count rate distributions for qw = 0.159 m2/s, dc/h = 0.274, Re = 6.3×105

(b) Self-similarity in bubble count rate distributions towards the downstream end of the stepped chute for 

selected flow rates

Fig. 9. Dimensionless distributions of bubble count rate and interfacial area along the stepped spillway in nappe flows.
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bubbles increased approaching equilibrium conditions in the maximum
number of bubbles recorded in a cross-section Fmax as well as in the
shapes at and upstream of the step edges. Fig. 9b shows typical di-
mensionless bubble count rates F/Fmax as a function of the dimension-
less flow depth y/yFmax where yFmax is the flow depth corresponding to
Fmax. Towards the downstream end of the stepped chute, the bubble
count rate distributions showed self-similarity and uniformity for re-
spective discharges and at consecutive step edges (Fig. 9b). Fig. 9b
shows also that there is no self-similarity for different flow rates. The
bubble count rate distributions for dc/h=0.436 were above the other
distributions indicating a stronger flow aeration across the full air-
water flow column. This observation was consistent with the void
fraction for dc/h=0.436 which formed the lowest envelope in void
fraction distributions (Fig. 8b).

All data in the present study showed significant numbers of air
bubbles, much larger than reported previously in nappe flows (e.g.
Toombes and Chanson, 2008b). It is believed that the large scale of the
present study limited scale effects which strongly affect bubble count
rates and other microscopic air-water flow properties (Felder and
Chanson, 2017).

All bubble count rate profiles highlighted typical profiles with very
low values of F close to the step face and above the air-water flows as

well as maximum values in the bulk of the flows. While the bubble
count rate distributions were consistent with previous studies of air-
water flows on stepped spillways, it appeared that the maximum bubble
count rate values were much closer to the horizontal step face (Fig. 9).
Fig. 9c emphasizes this observation in an illustration of void fraction C
as a function of dimensionless bubble count rate F/Fmax. For the lowest
discharge dc/h=0.162 and for the upstream profiles for all other dis-
charges, the maximum bubble count rate was close to C=0.5, i.e.
within the bulk of the flow typically associated with the strongest air-
water flow interactions (Felder and Chanson, 2016a). The data for the
lowest discharge compared reasonably well with a parabolic relation-
ship between void fraction and bubble count rate (Fig. 9c). However, at
all other locations and for dc/h≥0.274, the maximum bubble count
rate occurred for much lower void fractions than reported before, i.e.
0.2 < C < 0.4. It appears that the nappe flow regime in the present
study was characterized by strong concentrations of small bubbles next
to the horizontal step face. It is believed that this feature is a char-
acteristic feature of nappe flows and linked with the impact of the jet
upon the horizontal step face and a jet-like propagation of the air-water
flows further downstream. The relationship between C and F/Fmax was
also compared with the modified parabolic model of Toombes and
Chanson (2008b) accounting for the different average air bubble and

(d) Interfacial area distributions for qw = 0.637 m2/s, dc/h = 0.692, Re = 2.5×106

(c) Relationship between void fraction and bubble count rate for all present data; Comparison with 

parabolic distribution and Equation (7)

Fig. 9. (continued)
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water droplet chord sizes chair and chwater and the variation of these
chord sizes with the local void fraction:

=
+ × × × ×

× ×

( )( )
F

F C b C

C C
C

1

1 1 (1 (1 2 ) )

(1 )
max chwater

chair
Fmax4
2

(7)

where b is a coefficient of maximum variation in chord sizes and CFmax
is the void fraction corresponding to Fmax. For the data in the present
study, on average chwater/chair=3.45 and b=0.4. Eq. (7) is added in
Fig. 9c showing a strong agreement with the experimental data. While
the magnitude of the coefficient b was comparable to previous studies,
the magnitude of chwater/chair was larger in the present study compared
to previously reported results in nappe flows (Toombes and Chanson
2008b) and transition and skimming flows (Felder 2013).

Fig. 9d shows typical dimensionless distributions of the interfacial
area a. The interfacial area distributions had similar shapes compared
to the bubble count rate data including small values of a next to the step
face and above the flow as well as largest values within the bulk of the
flow. Fig. 9d shows the distributions for the largest nappe flow dis-
charge in the present study highlighting the close agreement between
interfacial area distributions towards the downstream end of the chute.
The present observations showed also the large interfacial area values
and the reaeration potential of stepped spillways in nappe flows.

4.1.3. Interfacial velocity
The interfacial velocities represent the average travel time of the

air-water flow mixture at each measurement location irrespective of the
local void fraction. Typical dimensionless interfacial velocity distribu-
tions V/V90 are shown in Fig. 10 as function of y/Y90, where V90 is the
characteristic velocity with C=0.9. Fig. 10a shows typical distribu-
tions of V/V90 for one discharge at and upstream of step edges while
Fig. 10b illustrates velocity data for all discharges at the last three step
edges of the chute. All velocity distributions were different from pre-
viously reported velocity data on stepped spillways which were closely
correlated with a power law. At the measurement location just down-
stream of the jet impact, the velocity distributions increased almost
linearly within a cross-section with the steepest increase for the larger
flow rates (Fig. 10a). At the location closer to the step edge, the velocity
distributions became more uniform for all discharges. The velocity
profiles at the two locations downstream of the jet impact were con-
sistent with the velocity profiles downstream of an overfall presented
by Moore (1941).

At the step edges, the distributions depended upon the discharges
(Fig. 10b). For the two lowest discharges dc/h≤0.274, the velocities
remained mostly uniform close to the step face and increased towards
the free-surface (Fig. 10b). In contrast, for the largest discharges, the
velocity distributions were markedly different with largest velocities
close to the step face and an almost linear decrease in velocities with

(a) Interface velocity distributions for qw = 0.478 m2/s, dc/h = 0.571, Re = 1.9×106

(b) Interface velocity distributions at last three step edges for all flow rates

Fig. 10. Dimensionless distributions of interfacial velocity along the stepped spillway in nappe flows.

S. Felder, et al. Journal of Hydro-environment Research xxx (xxxx) xxx–xxx

13



increasing flow depth. The velocity profiles were consistent with velo-
city profiles reported of a free overfall (e.g. Hager, 1983) and of a wall
jet (e.g. Rajaratnam, 1965) independent of the step edges. In particular
for the last two step edges, the velocity profiles were very similar for all
discharges suggesting uniform conditions towards the downstream end
of the stepped chute (Fig. 10).

4.2. Basic air-water flow parameters along the stepped spillway

In addition to the detailed documentation of the air-water flow
properties, several characteristic air-water flow parameters were cal-
culated for all data and at all measurement locations. These char-
acteristic air-water flow parameters are illustrated in Fig. 11 as a
function of the dimensionless distance downstream of step edge 1, x/L.
The characteristic parameters are the mean void fraction Cmean
(Fig. 11a), the maximum bubble count rate Fmax (Fig. 11b), the char-
acteristic flow depth Y90 (Fig. 11c) and the characteristic flow velocity
V90 (Fig. 11d). The uniformity of these parameters at step edges to-
wards the downstream end of the chute are indicated with a dashed line
(Fig. 11).

The development of Cmean and Fmax highlighted a steep increase in
flow aeration downstream of the first step edge approaching uniform
flow conditions of these parameters towards the last two step edges of
the chute (Fig. 11a and b). Upstream of the step edges, both parameters
showed stronger variation indicating the complexity of the flows in-
cluding instabilities. Furthermore, the measurement locations varied
upstream of the step edges since the jet length was not identical, i.e. L-
LJet differed between step cavities (Fig. 2b and 6). The two lowest

discharges were characterized by flow bulking just downstream of the
jet impact resulting in an increase in Cmean while Cmean decreased along
the horizontal step face towards step edges linked with buoyancy effects
on entrained air bubbles (Fig. 11a). Downstream of the third step edge,
little differences at and upstream of step edges were observed for Fmax
with increasing number of bubbles and increasing discharge. A com-
parison of the five present discharges suggested that the intermediate
flow rate of dc/h=0.436 might be best for optimum flow aeration and
air-water mass transfer processes. For this flow rate, Cmean was largest at
step edges, while Fmax values were relatively close to the largest two
discharges.

The distributions of Y90 and V90 were consistent with the other two
parameters highlighting very uniform parameters for the two lowest
discharges and a good agreement at step edges for the largest discharges
(Fig. 11c and d). Despite some strong data scatter upstream of the step
edges, the present data suggested that the flow may be close to uniform
conditions at the downstream end of the chute. Further research is
however recommended to test if an increase in sampling duration may
be needed to eliminate some of the strong data scatter linked with the
flow instabilities towards the downstream end of the flume.

4.3. Discussion

Previous research by Felder and Chanson (2014) found instationary
motions on a pooled stepped spillway including jump waves which
propagated along the pooled stepped chute. Felder and Chanson (2014)
developed a triple decomposition technique to separate the in-
stationarities from the air-water flow signal. The instationary motions

(a) Mean void fraction in a cross-section Cmean

(b) Maximum bubble count rate in a cross-section Fmax

Fig. 11. Characteristic air-water flow parameters along the stepped spillway; dashed lines highlight uniformity of parameters (Note: integer numbers indicate step
edges; x/L=1 corresponds to step edge 2).
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in the present study were similar and an application of a triple de-
composition technique may be useful for advanced air-water flow
properties including turbulence intensities and integral turbulent time
and length scales.

Recently Kramer et al. (2019) developed an adaptive window cross-
correlation technique which could be applied to the present data set.
This method would provide a pseudo-instantaneous velocity time series
at each measurement location. These velocity time series could be used

for further analysis of the instationary motions in the nappe flow regime
including the calculation of turbulence intensities as well as the appli-
cation of a triple decomposition technique.

5. Energy dissipation performance

The energy dissipation performance at the last step edge was cal-
culated for a range of discharges 0.162≤ dc/h≤0.692 based upon the

(d) Characteristic flow velocity V90

(c) Characteristic flow depth Y90

Fig. 11. (continued)

Fig. 12. Energy dissipation rate at the downstream
end of the present stepped chute (present
Hdam=2.5m); comparison with other nappe flow
data and semi-empirical equations for energy dis-
sipation (Eqs. (9) and (10)); Experimental data
based upon CP= conductivity probe; PG=pointer
gauge; PT=Pitot tube; IM= Indirect method with
hydraulic jump.
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conductivity probe measurements. Fig. 12 illustrates the dimensionless
energy dissipation rate ΔH/Hmax as a function of the dimensionless dam
height Hdam/dc, where Hmax is the maximum head above the broad-
crested weir Hmax=Hdam+1.5× dc, Hdam is the height of the dam
above the last step edge and ΔH is the dissipated energy between the
upstream head and the residual head Hres at the last step edge,
ΔH=Hmax – Hres, with:
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The present data were compared with available nappe flow data
from previous experimental studies with similarly sloped stepped
spillways 3.4≤ θ≤30°. Overall, the present data were in good
agreement with these previous data revealing a decrease in energy
dissipation performance with increasing flow rate. The energy dis-
sipation measurements were based upon different experimental
methods and conducted on different experimental facilities which can
explain the differences in experimental energy dissipation data
(Fig. 12). Fig. 12 shows also a comparison of the present data with two
semi-empirical equations including the equation by Chanson (1995) for
nappe flows with fully developed hydraulic jumps:
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and the equation by Chamani and Rajaratnam (1994) which was
developed from the data of Horner (1969) for 0.421≤ h/L≤0.842:
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with
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and N the number of steps. Eq. (9) did not match the present data well.
Eq. (9) is only valid in nappe flows with hydraulic jumps and therefore
not directly applicable to the experimental data in Fig. 12. Eq. (10) did
match the present data quite well (Fig. 12) and it has been tested
successfully against other experimental nappe flow data. Therefore, the
authors recommend using Eq. (10) for any calculation of energy dis-
sipation performances in nappe flows and for h/L > 0.25.

6. Reaeration efficiency

Dissolved oxygen measurements were conducted at 0.1 Hz within
step cavities 3–6 (Fig. 2) and the aeration efficiency at 20 °C E20 was
computed as:

=E C C
C C

d u

s u
20 (12)

where Cd is the dissolved oxygen concentration in step cavities 3 to 6,
Cu the dissolved oxygen concentration in the header tank and Cs the
dissolved oxygen concentration at saturation. The time-averaged data
are presented in Fig. 13a as a function of Hdam/dc. The data are shown
for different dam heights representing the drop from the upstream end
of the stepped chute to the respective step cavity 3–6. For each of the
present data series, multiple data points for the same value of Hdam/dc
corresponded to the results of independent tests. This enabled appre-
ciating the variability of the results. The present data were compared
with dissolved oxygen measurements by Essery et al. (1978), Toombes
and Chanson (2005) and Baylar et al. (2007) for similar dam height and
for the nappe flow regime. The present data were in agreement with

these previous studies despite strong data scatter for all data (Fig. 13a).
For Hdam=2m, the present data agreed particularly well with the re-
sults of Essery et al. (1978), while the data of Toombes and Chanson
(2005) indicated much lower aeration efficiency which may be linked
with the mild slope of θ=3.4° in their study (Fig. 13a). Overall, the
aeration efficiency decreased with increasing discharge for constant
dam heights. At constant discharge and step height, the oxygen transfer
increased with increasing dam height.

The present data with h=0.5m and θ=15° were well correlated
by a simple linear equation to Hdam and the specific discharge

= ×E H
q

0.1993 dam

w
20 0.125 (13)

The close agreement between experimental data of E20 and Eq. (13)
is shown in Fig. 13b. Selected nappe flow data of Essery et al. (1978)
with h=0.5m are added in Fig. 13b showing also a good agreement.
However, other data of Essery et al. (1978) with smaller step heights
are not well correlated by Eq. (13) and further large-scale experiments
are needed to assess the influences of step height and channel slope
upon the aeration efficiency.

Additional dissolved oxygen measurements were conducted at sev-
eral locations within the non-aerated flow region of the same step
cavity to assess potential variations in dissolved oxygen along the step
cavity. These results showed little differences in reaeration within the
step cavity and only the data at LJet,min were further considered.

For the air-water flow data, the aeration efficiency was also esti-
mated based upon the conductivity probe measurements following the
approach by Toombes and Chanson (2005) and Felder and Chanson
(2015b). The resulting aeration efficiencies were significantly smaller
compared to the direct dissolved oxygen measurements resulting in

(a) Comparison of present aeration efficiency with previous nappe flow data

(b) Comparison of measured aeration efficiencies with those predicted from Eq. (13) for h = 0.5 m

Fig. 13. Aeration efficiency at various steps of the present stepped chute.
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estimated values of 12.7 < E20 < 21.5 with decreasing efficiency with
increasing discharge. The calculation of the efficiency based upon the
air-water flow data had several shortcomings including the start of the
calculation just upstream of step 2 which ignored potential reaeration
upstream of this location. The air-water flow measurements were lim-
ited to cross-sections at the downstream end of the horizontal step faces
and the step edges resulting in a very rough averaging of the aeration
between successive steps including missing aeration data of the jet it-
self, the impact region and the additional contributing area underneath
the jet. Additional limitations were linked with the probe tip sizes of the
conductivity probe, and the calculation approach itself which relied on
assumptions of uniform circular bubbles, a constant liquid film coeffi-
cient and the missing contribution of the ejected droplets above the
flow. Further research is needed to link the air-water flow data and
energy dissipation performances with the aeration efficiency in stepped
spillways particularly in the nappe flow regime which is characterized
by strong variations in air-water flows along the chute.

7. Discussion

Air-water flows at laboratory scale can be affected by scale effects
(Kobus, 1984). Previous scale studies of air-water flows on stepped
spillways highlighted that particularly microscopic air-water flow
properties including bubble count rate and bubble sizes are strongly
affected by scale effects (Felder and Chanson, 2017). The steps in the
present study had prototype-scale height (h=0.5m) allowing the most
detailed observation of the nappe flow regime to date including the air-
water flow features. For example, the bubble count rate in the present
study, i.e. the number of air-water interfaces within the flows, were
significantly larger compared to previous nappe flow experiments at
smaller scale. The present study was conducted for Reynolds number
with two orders of magnitude range and up to a maximum of
Re= 2.5× 106. Such Reynolds numbers were one order of magnitude
larger compared to previous experimental studies of air-water flows in
nappe flows. At this large scale, the experiments allowed also a more
detailed observation of the nappe flow features compared to previous
scale experiments including the development of the nappe flows and
the occurrence of instationarities along the stepped chute as well as the
uniform flow conditions downstream of the fourth step edge for all flow
conditions. Due to the large-scale experiments, the findings may be
directly applicable to the design of stepped spillways operating within
the nappe flow regime.

To facilitate the dissolved oxygen measurements for prototype-scale
step heights, the width of the stepped chute in the present study had to
be minimized toW=0.2m. This channel width is smaller compared to
most previous studies (Table 1). The channel width resulted in sidewall
effects which may have dampened some of the three-dimensional flow
features of nappe flows typically observed in prototype stepped chutes
with much larger width (Fig. 1). Little information is known about the
effects of channel width upon the air-water flow features in stepped
spillway flows, apart from a numerical study which suggested effects of
channel width on the three-dimensional flows features in the skimming
flow regime (Lopes et al. 2017), while experimental air-water flow data
in skimming flows for two different channel width showed little effects
of the channel width upon the air-water flow data in channel center line
(Felder, 2013; Felder and Chanson, 2015c). To assess potential width
effects upon the flow features in the present study, air-water flow ex-
periments were conducted at locations 1/4×W and 3/4×W at step
edge 6 and along the horizontal step face upstream. A comparative
analysis of the air-water flow properties at these quarter locations and
the centerline was conducted for all discharges showing close similarity
between all air-water flow properties independent of the discharge and
the cross-flume location. While the void fraction distributions showed
no differences, the flow velocities were slightly larger and the flow
depth slightly smaller in channel centerline. These observations in-
dicated small effects of the sidewalls. Visual observations from top view

showed little differences in flow patterns across the channel width.
Further research at similar large scale is needed to identify potential
effects of the channel width upon nappe flows.

8. Conclusions

A unique experimental study was conducted on a stepped spillway
model with prototype-scale steps height providing the most detailed
characterization of nappe flows to date. The experiments were con-
ducted for a wide range of nappe flow discharges highlighting that
nappe flows is mostly associated with supercritical flows without hy-
draulic jumps, while only for very small flow rates (dc/h≤0.057)
nappe flows with hydraulic jumps were found. This finding is valid for
the present slope of 15 degrees, but also likely applicable for any
stepped spillway with steeper slope.

Detailed observations of the flow patterns documented the evolu-
tion of nappe flows along the stepped chute including the development
of instationarities such as jump waves and fluctuations of the water
levels within the step cavities, which were associated with the im-
pingement of the jet upon the horizontal step face. With increasing
discharge and increasing distance along the stepped chute the free-
surface instabilities increased resulting in droplet ejections of four times
the step height. The jet characteristics and the flow depth within the
step cavities were documented showing some deviation from theory
linked with a non-ventilated first step cavity. A pressure sensor within
the step cavity provided the characteristic frequencies of the nappe
flows resulting in a range of frequencies between 0.75 and 4.5 Hz with
the most dominant frequency of about 1 Hz for all flow rates. Visual
observations confirmed the occurrence of jump waves about every
second. The visual observations highlighted that the common percep-
tion of nappe flows as a regular occurrence of similar nappes is not
correct at this large scale confirming prototype observations of some
unsteadiness in the nappe flow regime.

Detailed measurements of the air-water flow properties were con-
ducted with a double-tip conductivity probe at all step edges and at
locations along the horizontal step face upstream of the step edges. The
results highlighted the strong aeration of the flows for all discharges
and the evolution of the air-water nappe flows along the chute. While
the air-water flow properties were varied at the first few step edges, the
flows appeared to be uniform downstream of step edge 4 for all flow
rates despite some data scatter associated with the instationarities. The
void fraction distributions showed both S-shape and jet-like profiles
highlighting the complexity of the flows while the intermediate flow
rate of dc/h=0.436 appeared to be the most aerated flow condition.
The bubble count rate and interfacial area followed typical distributions
with maximum number of bubbles just above the step face for void
fractions between 0.2 < C < 0.4, i.e. lower compared to previously
reported values for stepped spillway flows. It is believed that this is
associated with the jet-like flows downstream of the jet impact which
was also visible in the jet-like interfacial velocity distributions at and
upstream of the step edges. Several characteristic air-water flow para-
meters confirmed the uniformity of the flows towards the downstream
end of the chute.

The energy dissipation rate was recorded at the last step edge
showing strong dissipation potential of stepped spillways in nappe
flows. A comparison with previous studies showed relatively good
agreement with strongest differences with studies not conducted with
conductivity probes but with indirect methods to assess the energy
dissipation. The data were well correlated by a semi-empirical equation
for energy dissipation in nappe flows. At several steps, the dissolved
oxygen content was measured highlighting an increase in aeration ef-
ficiency with increasing dam height. The present data were overall in
agreement with the limited previous studies of aeration efficiency and
all present data collapsed into a simple linear prediction of aeration
efficiency for stepped chutes with h=0.5m.

The present study provided important insights into the nappe flow
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regime at large scale which should provide spillway designers with
confidence of the air-water flow features and patterns in nappe flows.
However further research is recommended to document the evolution
of the air-water flow features along the stepped chute in more detail
including the jet itself and the jet impact, and to assess any effects of
channel width upon the nappe flows.
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