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a b s t r a c t
A tidal bore is an unsteady rapidly-varied open channel ﬂow characterised by a rise in water surface
elevation in estuarine zones, under spring tidal conditions. After formation, the bore is traditionally analysed as a hydraulic jump in translation and its leading edge is characterised by a breaking roller for
Froude number Fr1 > 1.3–1.5. The roller is a key ﬂow feature characterised by intense turbulence and air
bubble entrainment. Detailed unsteady air-water ﬂow measurements were conducted in a breaking bore
propagating in a large-size channel, using an array of three dual-tip phase detection probes and photographic camera. The data showed a relatively steep roller, with a short and dynamic bubbly ﬂow region.
Air entrainment took place in the form of air entrapment at the roller toe, air-water exchange across
the roller ’free-surface’, spray and splashing with dynamic water drop ejection and re-attachment, roll
up and roll down of water ’tongues’ engulﬁng air pockets. The roller free-surface proﬁle and characteristics were comparable to observations in stationary hydraulic jumps and steady breaker, for similar ﬂow
conditions. Within the roller, the amount of entrained air was quantitatively small for Froude number
Fr1 = 2.2. The number of air bubbles was limited, with between 5 and 20 bubbles per phase-detection
probe sensor detected at each vertical elevation. The entrained air bubble chord lengths spanned over
several orders of magnitude, with a large proportion of clustered bubbles. Overall, the study highlighted
the three-dimensional nature of the air-water roller motion and strong evidence of the in-homogeneity
of the turbulent air-water mixture.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
A tidal bore is a series of waves propagating upstream as the
tidal ﬂow turns to rising in a river mouth during the early ﬂood
tide (Chanson, 2011a). The shape of the bore is closely linked to
its Froude number Fr1 (Chanson, 2004a). Breaking bores occur for
Fr1 > 1.5–1.8. A key feature of breaking bores is the rapid spatial and temporal deformations of the roller free-surface in response to interactions between entrained air bubbles and turbulent
structures (KOCH and Chanson, 2009; Leng and Chanson, 2015a)
(Fig. 1). The effects of air entrainment on breaking wave impact
were documented in laboratory and in the ﬁeld (Peregrine, 2003).
It was shown that the entrapped air can be compressed, and resulting pressure shock waves can contribute to some substantial
impact on structures (Bredmose et al., 2009). The air entrainment
in breaking bores has not been investigated to date, except for a
few preliminary works (Chanson, 2009a, 2010, 2016b; Leng and
Chanson, 2015a), and a limited analogy with stationary hydraulic

∗

Corresponding author.
E-mail addresses: Xinqian.leng@uqconnect.edu.au (X. Leng),
h.chanson@uq.edu.au (H. Chanson).
https://doi.org/10.1016/j.ijmultiphaseﬂow.2019.103101
0301-9322/© 2019 Elsevier Ltd. All rights reserved.

jumps (Chanson, 2009b; Wang et al., 2017). Chanson (2009a,
2016b) studied the atmospheric noise of breaking tidal bores, linking the low pitch sound of the advancing bore to a dominant frequency of collective oscillations of bubble clouds in the bore roller.
Chanson (2010) documented underwater bubble acoustic beneath a
breaking bores, while Leng and Chanson (2015a) performed phasedetection probe measurements in breaking bore rollers.
Herein physical investigations were conducted in laboratory
with a focus on the microscopic air-water ﬂow properties in the
breaking bore roller. New experiments were conducted in a large
size facility. The study focused on unsteady air entrainment measurements in the bore roller using an array of phase-detection
probes, with high-resolution high-shutter-speed photographic observations on the side. Air-water properties were investigated in
details by applying instantaneous and ensemble-averaged experimental techniques, including the ﬁrst data set on liquid fractions,
void fractions, aerated roller characteristics and bubble clustering
in breaking bores and travelling hydraulic jumps.
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Table 1
Experimental ﬂow conditions for air-water ﬂow measurements in breaking bore (Present study).
Experiment

Q

So

m/s
Series 1

0.101

0.0075

d1

U

m

m/s

0.097

0.64

Fr1

Reference probe
zref
m

Probe array
z
m

Instrumentation

Comment

2.18

0.105

0.095 to
0.255

Acoustic displacement
meters, array of
phase-detection probes
(20 kHz sampling)

Single run for each
elevation. Total: 33
elevations.
All probes located at
x = 8.5 m.

Series 2

0.101

0.0075

0.097

0.64

2.18

0.105

0.105,
0.110,
0.120,
0.145,
0.175,
0.205

Combination of 3
dual-tip
phase-detection probes
(100 kHz sampling),
Phantom
ultra-high-speed
camera v2011 (22,000
fps)

5 runs for each
elevation.

All probes located at
x = 8.5 m.
Series 3

0.101

0.0075

0.097

0.64

2.18

0.105

0.120,
0.175

Combination of 3
dual-tip
phase-detection probes
(100 kHz sampling),

25 runs for each
elevation.

All probes located at
x = 8.5 m.
Notes: d1 : initial water depth measured at x = 8.5 m; Fr1 : bore Froude number recorded at x = 8.5 m; Q: initially steady water discharge; U: bore celerity positive upstream;
z: probe elevation above the bed; zref : reference probe elevation above the bed; Probe array: array of Probe 1 and Probe 2.

Fig. 1. Breaking tidal bore of the Qiantang River at Qilimiao (China) on 11 October
2014 at 13:20 - Bore propagation from left to right, viewed from left bank - The
roller height was between 2 m to 3 m and the bore was 2.7 km wide.

2. Experimental facility, instrumentation and ﬂow conditions
The experimental facility was a large rectangular channel, with
a 19 m long and 0.7 m wide test section and an adjustable channel
slope. The test section was made of glass side walls and smooth
PVC bed. The same channel was previously used by Leng and
Chanson (2015a, 2016). The initially steady ﬂow was supplied by
an upstream intake tank equipped with ﬂow calming devices and
ﬂow straighteners, leading to the 19 m long glass-sidewall test
section through a smooth three-dimensional convergent. A fastclosing Tainter gate was located next to the downstream end of
the channel at x = 18.1 m, where x is measured from the upstream
end of the channel. The bore was generated by rapidly closing the
Tainter gate and the bore propagated upstream (Fig. 2). The gate
closure time was less than 0.2 s and did not affect the upstream
bore propagation. The Tainter gate was identical to that previously used by and described in Leng and Chanson (2015a, 2016).
Fig. 2 presents an overview of the experimental channel and facility setup.

The discharge was measured by a magneto ﬂow metre with
an accuracy of 10−5 m3 /s. In steady ﬂows, the water depths were
measured using point gauges, with an accuracy of 0.001 m. The unsteady water depths were recorded with a series of acoustic displacement meters (ADMs). A MicrosonicTM Mic+35/IU/TC unit was
located at x = 18.17 m immediately downstream of the Tainter gate.
Four acoustic displacement meters MicrosonicTM Mic+25/IU/TC
were spaced along the channel between x = 17.41 m, 9.96 m, 8.50 m,
6.96 m, upstream of the Tainter gate. All acoustic displacement meters (ADMs) were calibrated against point gauge measurements in
steady ﬂows and the sensors were sampled at 20 kHz.
The air-water ﬂow properties were recorded using an array of
three dual-tip phase-detection probes located at x = 8.50 m. That
is, the leading sensor of each probe was located at x = 8.50 m. Each
dual-tip probe was equipped with two needle sensors developed at
the University of Queensland. Each needle sensor consisted of a silver wire (Ø = 0.25 mm) insulated from the outer needle. The inner
electrode (Ø = 0.25 mm) was made of silver (99.99% purity), with
some 24 μm PTFE insulation coating. The outer electrode was a
stainless steel hypodermic needle (304 stainless steel, ID = 0.5 mm,
OD = 0.8 mm). The two tips were mounted on a ∅ 8 mm tube housing the connectors and cables. Fig. 3 presents some details of the
probe arrangement. One probe (Probe 2) was equipped with two
identical sensors separated transversally by y = 0.0037 m. The
other two probes were equipped a leading and trailing sensor, separated longitudinally by x = 0.0027 m and 0.0092 m. One probe,
located about the channel centreline (Fig. 3A, lowest probe), was
used as a reference, using the same approach as Chanson (2004b,
2005) in a dam break wave. Its position remained unchanged for
the entire duration of the experiments. The other probe (Probe 1)
was placed at the same vertical elevation as Probe 2, and its leading sensor was at the same longitudinal position (and vertical elevation) as the sensors of Probe 2. All sensors were aligned with the
longitudinal direction, facing downstream and designed to pierce
the bubbles/droplets in the bore roller. The probe sensors were excited simultaneously by an electronic system (Ref. UQ82.518) designed with a response time less than 10 μs. The sampling rate
was 20 kHz or 100 kHz per sensor for all probes. Fig. 3 shows the
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Fig. 2. Sketch of the experimental facility - Distorted scales.

Fig. 3. Details of the phase-detection probe array (experiment series 1, 2 and 3). (A, Left) Dimensioned sketch viewed in elevation - Initially steady ﬂow direction from right
to left, bore propagation from left to right - Right: details of the probe sensor locations (B, Right) Dimensioned sketch of probe arrangement details (view in elevation) (C)
High-speed photograph (shutter speed: 1/20 0 0 s) of probe array immediately before roller impact, bore propagation from top right to bottom left.
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Fig. 4. Side view of propagating breaking bore (shutter speed: 1/20 0 0 s) - Flow conditions: Fr1 = 2.18, d1 = 0.097 m, U = 0.64 m/s, bore propagation from left to right - Arrow
points to onset of droplet ejection ahead of roller.

probe array arrangement for experiment series 1, 2 and 3. Flow
conditions of the series are listed in Table 1.
High-resolution photographs were taken with a dSLR camera
PentaxTM K-3 (6016 × 40 0 0 pixels). The camera was equipped either with a macro lens VoigtlanderTM APO-Lanthar 125 mm f/2.5
SL, producing images with an absolutely negligible degree (∼0.44%)
of barrel distortion, or a lens VoigtlanderTM Nokton 58 mm f/1.4
SL II, producing images with insigniﬁcant degree (∼0.31%) of barrel distortion. The camera operated in shutter-priority mode. The
shutter speed was set between 1/320 s and 1/80 0 0 s, corresponding to an exposure time between 3.1 ms and 125 μs, respectively.
3. Experimental results
3.1. Air-water ﬂow patterns
A breaking bore was characterised by its marked roller. Key features of the breaking bore roller included the spray and splashing
ahead and above the roller, air bubble entrainment at the roller toe
and through the roller’s upper free-surface, and rapid ﬂuctuations
in space and time of the roller shape and form (Fig. 4). Fig. 4 shows
a typical instantaneous side view of the bore roller, propagating
from left to right in the photograph. In front of the roller, the freesurface was ﬂat and parallel to the channel invert. Upstream of the
roller toe, the ﬂow was un-disturbed. It became strongly turbulent
downstream of (i.e. behind) the impingement point with large vertical ﬂuctuations and a bubbly/foamy region of large-scale turbulence, i.e. the roller. Air entrainment took place in the form of air
entrapment at the roller toe, air-water exchange across the roller
’free-surface’, spray and splashing with dynamic water drop ejection and re-attachment, roll up and roll down of water ’tongues’
engulﬁng air pockets In the roller, large and rapid amplitude motions and strong ﬂuctuations in time and space took place, as evidenced by high-shutter speed photography (Figs. 4 and 5A).
The observations showed the presence of water ﬁlaments and
droplets ejected in front of the roller (Figs. 4 and 5A). Fig. 4 (arrow)
shows the onset of droplet ejection ahead of the roller and Fig. 5A
presents a detailed example. Similar observations of droplet ejections were seen in the breaking bore of the Qiantang River (China)
by the authors on 23 September 2016, at the Qiantang river Bore
Observation Station (QBOS), Yanguan (China). In the Qiantang River
bore, water droplets could be ejected up to 1 m–1.5 m ahead of the
roller toe.
The roller front consisted of foamy mixtures and complicated
air-water ﬂow structures. Fig. 5B and C present typical examples.
Air-water ﬂow structures constantly evolved in shape and size,
in response to the turbulent ﬂuctuations and interactions with

the roller and free-surface. High-resolution photographs showed
large air-water structures similar to the one seen in Fig. 5C. Such
air-water structures were seen to be ejected upwards in all directions (upstream, downstream, upwards, sideway) and to reattach the roller, either by gravity, re-attachment to another structure or by being caught up by some overturning motion. Other
air-water structures resulted from some wave overturning motion (i.e. "rolling motion"), somehow comparable with ﬂow features seen in spilling and plunging breaking waves (Cipriano and
Blanchard, 1981; Longuet-Higgins, 1982; Deane, 1997; Deane and
Stokes, 2002; Lubin and Glockner, 2015). A key difference between
breaking waves and breaking bores is the net mass ﬂux during a
breaking bore propagation, with a very sudden change in mass ﬂux
direction (Stoker, 1957; Tricker, 1965). Herein the air-water ﬂow
structures tended to be similar to gas-liquid structures observed in
breaking hydraulic jumps (Chanson, 2011b; Chachereau and Chanson, 2011; Wang et al., 2017) and in the upper region of high-speed
self-aerated ﬂows (Cain and Wood, 1981; Chanson, 1997a).
In the bore roller, a number of bubbles were entrained below the upper free-surface. Singular aeration took place at the
roller toe, in an entrapment motion similar to air entrainment at
plunging jets (Ervine et al., 1980; Cummings and Chanson, 1997b;
Chanson et al., 2006). In addition, interfacial exchanges of air were
observed through the roller surface, as documented in hydraulic
jumps (Wang and Chanson, 2015; WANG et al., 2017). Visual observations showed rapidly evolving bubble shapes and numbers
in response to turbulent shear, bubble-bubble interactions and
bubble-free-surface interactions. Fig. 6 presents typical examples.
In Fig. 6A, note the "angular shape" of a number of millimetric
bubbles, showing multiple facets.
At the rear of the roller, large aerated vortex ﬁlaments, and
bathtub-like or tornado-like vortices were seen underwater, as
shown in Fig. 7. These ﬁlaments are similar to those occurring
under plunging breaking waves (Lubin and Glockner, 2015) and
in turbulent shear ﬂows (Hunt et al., 1988). (For completeness,
long aerated vortex ﬁlaments were also observed during the rapid
gate closure herein. The gate closure induced some water pile-up
against the gate and overturning, in a manner similar to a plunging breaking waves, before the bore roller detached from the gate
and propagated upstream as detailed by Sun et al. (2016).). The
ﬁlament lengths ranged typically from about 10 mm–over 50 mm,
with millimetric bubbles often between 1 mm and 5 mm sizes
(Fig. 7). While the underwater ﬁlament were observed at the rear
of the roller, where the void fraction was very low, their extremities were often not distinguishable because of the chaotic motion
of the highly aerated ﬂow, and could be obscured by bubble clouds
and air-water structures. In the present study, however, it was not
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Fig. 5. Air-water ﬂow structure observations in a breaking bore - Flow conditions: Fr1 = 2.18, d1 = 0.097 m, U = 0.64 m/s - For scale, the dual-tip phase-detection probe leading
sensor was about 18 mm long, with 0.8 m outer diameter, while the probe support tube had a 8 mm diameter.
(A) Water droplet ejection ahead of the bore roller, with the dual-tip phase-detection probe leading sensor on the far right of the photograph - Shutter speed: 1/80 0 0 s, bore
propagation direction from right to left, probe located next to right sidewall - Photograph taken about 0.24 s before the roller ﬁrst impacted the probe leading sensor - The
string of ejected droplets was nearly 120 mm long
(B, Left) Foam structure at the leading edge of the breaking bore roller - Shutter speed: 1/20 0 0 s, bore propagation direction from top right to bottom left - The largest
bubble was nearly 10 mm on the right
(C, Right) Phase-detection probe piercing the breaking bore roller free-surface and air-water ﬂow structure above - Shutter speed: 1/80 0 0 s, bore propagation direction from
background to foreground.
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Fig. 6. Bubbly ﬂow structure in a breaking bore - Flow conditions: Fr1 = 2.18, d1 = 0.097 m, U = 0.64 m/s - Shutter speed: 1/80 0 0 s, bore propagation direction from right to
left - For scale, the dual-tip phase-detection probe leading sensor was about 18 mm long, with 0.8 m outer diameter, while the probe support tube had a 8 mm diameter.
(A) Air bubbles in the roller, next to right sidewall - The photograph was taken about 0.24 s after the roller ﬁrst impacted the probe leading sensor, located at z = 0.110 m
(z/d1 = 1.134) (B) Interactions between dual-tip phase-detection probe sensors and bubbles in the roller, next to right sidewall - in the bubbly ﬂow region of the roller, about
0.84 s after the roller ﬁrst impacted the probe leading sensor, located at z = 0.175 m (z/d1 = 1.804).
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Fig. 7. Air-water vortex ﬁlament observations in the rear of breaking bore roller (arrow) - Flow conditions: Fr1 = 2.18, d1 = 0.097 m, U = 0.64 m/s
(A) Photographs taken about 0.60 s after the roller ﬁrst impacted the probe leading sensor, located at z = 0.110 m (z/d1 = 1.134), bore propagation from right to left, shutter
speed: 1/80 0 0 s, For scale, the dual-tip phase-detection probe leading sensor was about 18 mm long, with 0.8 m outer diameter, while the probe support tube had a 8 mm
diameter (B) Side views of breaking bore roller propagating from left to right, shutter speed: 1/20 0 0 s.

clear what were the dominant mechanisms responsible for the ﬁlament generation and evolution.
3.2. Liquid fraction
The phase-detection probe array detected simultaneously the
instantaneous void fraction at several locations (y, z) at the sampling location x = 8.5 m. The basic probe output was the instantaneous void fraction c, deﬁned as c = 1 in air and c = 0 in water.
In practice, an alternative is to consider the instantaneous liquid
fraction (1-c), with (1-c) = 1 in water and (1-c) = 0 in air. (The liquid fraction corresponds to the colour function in LES-VOF CFD
modelling (Lubin et al., 2010; Lubin and Glockner, 2015).). Con-

sidering a probe sensor located at z/d1 > 1, the sensor would
be initially located in air and the instantaneous liquid fraction
would be zero prior to the bore passage. During the bore passage,
the sensor would pierce air-to-water interfaces, water-to air- interfaces, water drops and bubbly structures, until the liquid fraction would become unity, as long as the sensor elevation z was
below the conjugate water elevation. Herein the time origin was
selected as the ﬁrst detection of an air-to-water interface by the
leading sensor of the reference probe, location at zref /d1 = 1.082
(i.e. zref = 0.105 m). The relative arrival time of the ﬁrst air-towater interface would depend upon the sensor elevation, with increasing delay with increasing elevation above the initial water
surface.
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Fig. 8. Dimensionless contour plot of instantaneous liquid fraction in a breaking bore - Probe 2, left sensor: x = 8.50 m, y = 0.231 m, Flow conditions: Fr1 = 2.18, d1 = 0.097 m,
U = 0.64 m/s - Colour scale shows the liquid fraction between 0 and 1.

The experimental measurements were repeated at 33 different
vertical elevations. Namely, one run was performed at each elevation z. Typical instantaneous liquid fraction (1-c) data in the bore
roller are presented Fig. 8. Full data sets are reported in Leng and
Chanson (2018). Fig. 8 shows the two-dimensional distributions
of liquid fraction, in the form of a contour plot. The experimental measurements indicated a relatively short and thin air-water
ﬂow region. While the air-water ﬂow region was about 0.6 m long
(i.e. Lair /d1 ≈ 6.2), the aerated interfacial zone was 0.05 m–0.15 m
thick only. That is, the entrained air did not penetrate deep into
the roller region, although a few individual bubbles were seen advected behind and below the breaking bore roller, as illustrated in
Fig. 7. For completeness, the results were very close for all four
probe sensors (Probes 1 and 2).
Overall the data showed that the air-water bubbly ﬂow region of the roller was relatively small (Fig. 8). The ﬁndings
were consistent with air-water ﬂow measurements in stationary
hydraulic jumps at low Froude numbers (Murzyn et al., 2005;
Chachereau and Chanson, 2011). A characteristic feature of breaking bore roller was the large amount of spray and droplets above
and in front of the roller. The spray region interacted with the atmosphere and induced some short-lived air ﬂux above the water
surface. A related effect of air bubble entrainment was the relatively loud noises generated by the bore roller. The sound of the
breaking bore was relatively low-pitch and had a characteristic frequency close to the collective oscillations of bubble clouds, linked
to a transverse dimension of the bore roller (Chanson, 2016).

Based upon the instantaneous vertical distributions of void fraction c, a depth-averaged mean void fraction Cavg was calculated as:

1
zmax



z=zmax

z=0

c × dz

(1)

where zmax is the instantaneous highest elevation (1 ) where liquid
fraction was detected (i.e. 1-c = 1). The depth-averaged mean void
fraction Cavg is comparable to the mean void fraction Cmean deﬁned
in terms of the 90% void fraction elevation Z90 and integrated from
zero up to Z90 , in self-aerated steady ﬂows and stationary hydraulic
jumps (Wood, 1991; Chanson, 1997a). Experimental results are presented in Fig. 9, where they are compared with experimental observations in stationary hydraulic jumps with low Froude numbers
1

4. Discussion
4.1. Roller characteristics in breaking bores

3.3. Void fraction

Cavg =

(Chachereau and Chanson, 2011; Wang, 2014; Wang and Chanson,
2016).
A key feature of present observations is the small amount of
entrained air and the limited extent of the aerated zone in the
roller. This is unlike stationary jumps, although there are key differences in the experimental data collection of void fraction, between present breaking bore experiments and stationary hydraulic
jumps. The former constituted of continuous time-series records
sampled at 100 kHz, providing a very-high level of details next
to the roller toe. The latter were point measurements with longcontinuous records delivering precise time-averaged data.
Ensemble-averaged void fraction can be calculated at a certain
vertical location by ensemble-averaging the instantaneous void
fraction over the number of repeated measurements, in this case,
5 repeats (experiment series 2). The data showed self-similar variations with time at different probe locations (Fig. 10). A gradual
delay of the detection of the ﬁrst air-water interface was observed
with increasing vertical elevation, highlighting the free-surface curvature of a breaking roller in the x–z plane. At all elevations, the
ensemble-averaged void fraction showed high values close to the
roller toe. The region with intense aeration, indicated by a cluster of large void fraction values, was observed roughly 0.05–0.1 m
downstream of the roller toe.

out of the 33 sampling elevations.

A key feature of breaking bores, jumps and spilling breakers is
the roller region (Lubin and Chanson, 2017). The roller is a highly
turbulent ﬂow characterised by intense shear and recirculation, associated with air bubble entrainment, splashing, spray and energy
dissipation (Tricker, 1965; Hoyt and Sellin, 1989). Historically, the
roller dimensions were experimentally derived from experimental observations, typically the roller height (d2 −d1 ), its length Lr
and the air-water ﬂow region length Lair (Fig. 11). A review of experimental observations was conducted, including breaking bores,
stationary hydraulic jumps, and steady breaker. (For completeness,
Lubin and Chanson (2017) reported a few additional data.) Basic
ﬂow conditions of laboratory experiments and ﬁeld observations
are summarised in Table 2. The comparative data regroup breaking
bore observations in laboratory and in the ﬁeld, hydraulic jump
data at low inﬂow Froude numbers, and steady breaker behind a
submerged hydrofoil. In the following paragraphs, the experimen-
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Fig. 9. Longitudinal distribution of depth-averaged mean void fraction Cavg in breaking bore - Data set: Probe 2 right sensor - Comparison with mean void fraction Cmean
data in stationary hydraulic jumps - x1 is the longitudinal position of the roller toe (Chachereau and Chanson, 2011; Wang and Chanson, 2016). (A) Depth-averaged mean
void fraction as a function of the dimensionless distance (x–x1 )/d1 (B) Depth-averaged mean void fraction as a function of the roller location (x–x1 )/Lr .

Table 2
Experimental observations in breaking bores, roller and jumps.

Ref.

So

B1
(m)

V1
(m/s)

d1
(m/s)

U
(m/s)

Fr1

Conﬁguration

Present study
Chanson and Toi (2015)
Leng and Chanson (2015)
Leng and Chanson (2017)
Simpson et al. (2004)

0.0075
0.025
0
0–0.0075
–

0.70
0.50
0.70
0.70
68.3

1.49
0.97
0.83
0.82–1.46
0.15

0.097
0.05
0.146
0.086–0.175
0.72

0.64
0.26–0.53
0.95
–
4.1

2.18
1.7–2.1
1.49
1.23–2.2
1.79

–

33–35

0.59–0.86

0.325–0.375

1.96–2

2.35–2.48

–

3500

–

1

3.65

2.1

–

2500

1

1.6–2.2

4.35–7.85

1.5–2

0
0
0

0.50
0.30
6.7

2.48
1.50
1.01

0.044
0.059
–

0
0
2.42

3.1
2.0
–

Travelling bore.
Travelling bore.
Travelling bore.
Travelling bore.
Dee River tidal bore on 6 Sept.
2003
Sélune River tidal bore on 24 Sept.
2010
Daquekou (nortern channel) on 6
Sept. 2013
Yanguan between 12 &−23 Oct.
2014.
Stationary hydraulic jump
Stationary hydraulic jump
Steady breaker behind a towed
submerged NACA0012 foil

Mouaze et al. (2010)
1

Qiantang River tidal bore ( )

Chachereau and Chanson (2011)
Murzyn et al. (2005)
Coakley et al. (2001)

Notes: B1 : initial free-surface width; d1 : inﬂow depth; d2 : conjugate depth; Lair : air-water ﬂow region length; Lr : roller length; So : bed slope; U: bore celerity for an
observer standing on bank; V1 : inﬂow velocity; (1 ): references Leng and Chanson (2015b), Chanson (2016b) and Present study.
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Fig. 10. Ensemble-averaged void fraction measured by an array of dual-tip phase-detection probe at different vertical elevations - Flow conditions: Q = 0.101 m3 /s, Fr1 = 2.18,
d1 = 0.097 m, U = 0.64 m/s - Void fraction C offset by +1 for every higher vertical elevation. (A) Probe 1 leading tip (B) Probe 2 left tip (C) Probe 2 right tip.

tal data are presented in two fashions, i.e. using the inﬂow depth
d1 or roller height (d2 −d1 ) as the characteristic length scale.
For a smooth horizontal rectangular channel, the application
of the momentum principle to a stationary hydraulic jump and a

breaking bore gives the classical Bélanger equation:

d2
1
= ×
d1
2



1 + 8 × F r12 − 1


(2)
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terms of the roller height (V1 + U)/(g × (d2 −d1 ))1/2



Fig. 11. Deﬁnition sketch of a breaking bore and its roller.

where Fr1 = (V1 +U)/(g × d1 )1/2 . After transformation, the momentum principle yields a parabolic relationship between the dimensionless roller height (d2 -d1 )/d1 and the Froude number deﬁned in

d2 − d1
3+
d1

2

d2 − d1
−1=8×
×
d1





V1 + U
g × ( d2 − d1 )

2

(3)

Eq. (3) exhibits a minimum ((V1 + U)/(g × (d2 −d1 ))1/2 )min = 1.707
corresponding to a critical roller height (d2 − d1 )/d1 = 1.41, as illustrated in Fig. 12 (Right). Experimental observations of conjugate
depths and roller heights are presented as functions of the Froude
number in Fig. 12, for laboratory experiments of breaking bores
and stationary hydraulic jumps, and ﬁeld observations of tidal
bores. The physical data are compared to the momentum principle
applied to a smooth rectangular channel Eqs. (2) and ((3)). The
ratio of conjugate depth data showed a close agreement between
all data and the Bélanger equation (Eq. (2)) (Fig. 12 Left). In contrast the dimensionless roller height data presented some scatter
about the theoretical results, particularly close to the minimum in
Froude number (Fig. 12 Right).
A review of roller length observations is presented in Figs.
13 and 14. In Figs. 13 (Left) and 14 (Left), the roller length Lr
and air-water region length Lair are shown in a traditional way,
with L/d1 as a function of the Froude number Fr1 , the initial
ﬂow depth d1 being the characteristic length scale. In contrast,
Figs. 13 (Right) and 14 (Right) present the dimensionless data,
using the roller height (d2 −d1 ) as characteristic length scale. On
all graphs, Wang’s (2014) correlation for the hydraulic jump roller
length is plotted as a solid line. Overall the present ﬁndings
showed comparable roller dimensions between breaking bores, sta-

Fig. 12. Dimensionless relationship between the conjugate depth, roller height and Froude number.
(A) Relationship between the conjugate depth ratio d2 /d1 and Froude number (V1 + U)/(g × d1 )1/2 - Comparison between experimental data and the Bélanger equation
(Eq. (2)). (B, Right) Dimensionless relationship between the roller height (d2 −d1 )/d1 and Froude number deﬁned in terms of the roller height (V1 + U)/(g × (d2 − d1 ))1/2 Comparison between experimental data and momentum considerations for a smooth horizontal rectangular channel (Eq. (3)).
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Fig. 13. Dimensionless roller length in breaking bores (laboratory and ﬁeld data) and stationary hydraulic jumps at low inﬂow Froude numbers - Comparison with
Wang’s (2014) correlation.

Fig. 14. Dimensionless air-water ﬂow length in breaking bores (laboratory and ﬁeld data), stationary hydraulic jumps at low inﬂow Froude numbers, and steady breaker
behind a submerged hydrofoil - Comparison with Wang’s (2014) correlation for the roller length.

tionary hydraulic jumps and steady breaker for comparable dimensionless ﬂow conditions.
4.2. Bubble characteristics
The bubble chord times were measured at several elevations
(experiments series 1 and 3). Typical bubble chord distribution
data are shown in Fig. 15. In Fig. 15A, each ﬁgure shows the normalized probability distribution function of bubble chord time tch
where the histogram columns represent the probability of chord
time in 1-ms intervals: e.g., the probability of chord length from
1.0 to 2.0 ms is represented by the column labelled 2.0. Fig. 15B
presents typical normalized probability distribution functions of
bubble chord length ch where the histogram columns represent
the probability of chord time in 1-mm intervals: e.g., the probability of chord length from 2.0 to 3.0 mm is represented by the
column labelled 3.0. For all elevations and investigated bore con-

ditions, the data demonstrated a broad spectrum of pseudo-bubble
chord sizes: i.e., from less than 0.1 mm to more than 50 mm. The
bubble chord length distributions were skewed with a preponderance of small bubble chord sizes relative to the mean (Fig. 15)
and they tended to follow a log-normal distribution, albeit the
data sets were relatively small. The probability of bubble chord
length was the largest for pseudo-bubble chord sizes between 1
and 3 mm, although the median pseudo-chord size was about 1–
6 mm. The trends were emphasized by positive skewness and large
kurtosis. Overall, the number of detected bubbles was small at all
elevations (Fig. 16A), while large bubble chords could correspond
to overturning wave motion rather than ’true’ bubbles. The small
number of detected bubbles was consistent with the void fraction data (Section 3). Although the ﬁnding might appear to contradict photographic observations, a phase-detection probe sensor
recorded point-like measurements (the sensor size was 0.25 mm),
when photographs caught bubbles within the depth of ﬁeld of the
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Fig. 15. Probability distribution functions of bubble chord in a breaking roller - Experiments Series 1, data ensemble: Probe 1 leading sensor, Probe 2 left sensor and Probe
2 right sensor. (A) Bubble chord time data (B) Pseudo-bubble chord length data.

lens. That is, 20 mm to more than 200 mm depending upon the
lens aperture and camera settings. Vertical distributions of ﬁrst
quartile, second quartile (i.e. median) and third quartile of bubble
chord times and lengths are presented in Fig. 16.
The bubble chord data showed consistently an increasing bubble chord time and length with increasing vertical elevations z/d1 ,
as previously reported by Leng and Chanson (2015a) albeit for a
much smaller data set (Fig. 16). The largest number of bubbles
were detected between z/d1 = 1.2 and 2.2 (Fig. 16A). Such a range
of vertical elevations corresponded approximately to the bulk of
the aerated roller region. In Fig. 16A, note the good agreement between single-run data (Series 1) and ensemble averaged data (Series 3).
The present results were compared to previous studies in breaking bores (Leng and Chanson, 2015a) and stationary hydraulic
jumps (Chachereau and Chanson, 2011) (Table 3). In all studies, a
large majority of detected bubbles had a chord time of 5–8 ms or
less, with a mode about 1–2 ms. The present data showed a comparable a range of bubble chord time, with increasing bubble chord
with increasing elevation in the roller. At the highest elevations,
the probe sensor interacted with the upper free-surface and water
drops, and both surface waves and surface roughness inﬂuenced
signiﬁcantly the chord time distributions, with an increased percentage of large chords (Toombes and Chanson, 2007).

High-shutter speed photographs showed a substantial number of bubbles with millimetric sizes: i.e., between 1 and 5 mm
(Section 3). Photographic observations were comparable to previous photographic observations and acoustic bubble size distributions in breaking bores (Table 3). Note that, in Chanson (2010),
bubble radii were derived from the transient underwater acoustic
signature of the bore. Although bubble sizes are not strictly comparable to bubble radii, present observations were of the same order
of magnitude as the acoustic bubble radii of Chanson (2010).
4.3. Bubble clustering
In a breaking bore roller, a study of particle clustering is relevant to infer whether the formation frequency responds to some
particular frequencies of the ﬂow. The clustering level may provide
a quantitative measure of the magnitude of bubble-turbulence interactions, including coupling and modulation, and associated turbulent dissipation. In the bubbly region, clustering is linked to the
effects of inter-particle turbulent interactions as well as the effects of inertial forces leading to bubble trapping, hence clustering, in large-scale turbulent eddies. When a bubble is trapped in
a vortical structure, the centrifugal pressure gradient moves the
bubble inside the coherent structure core where bubble-bubble interactions may further take place (Tooby et al., 1977; Sene et al.,
1994). Bubble clustering characteristics may further be compared
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Fig. 16. Vertical distributions of bubble size properties in a breaking bore roller - Experiments Series 1, data ensemble: Probe 1 leading sensor, Probe 2 left sensor and Probe
2 right sensor; Experiments Series 3, data ensemble: Probe 2 left sensor. (A) Mean number of bubbles detected per probe sensor per run (Series 1 and 3) (B, Left) Statistical
properties (percentiles) of bubble chord times (ms) (Series 1) (C, Right) Statistical properties (percentiles) of bubble chord lengths (mm) (Series 1).

Fig. 17. Sketch of air bubble cluster and individual air bubbles impacting the phasedetection probe.

to other related air-water ﬂows (Chanson et al., 2006; Chanson,
2007; Sun and Chanson, 2013; Wang et al., 2015).
A cluster is deﬁned as a group of two or more bubbles, with a
distinct separation from other bubbles (Fig. 17). Herein the streamwise distribution of bubbles was analysed. Based upon the analysis
of the water chord between two successive bubbles, the bubbles
may be considered a group/platoon/cluster when the two neighbouring bubbles are closer than a characteristic length or time
scale. In the present study, the characteristic length/time scale
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Fig. 18. Vertical distributions of percentage of bubbles in clusters, median number of bubbles per cluster and maximum number of bubbles per cluster in a breaking bore
roller.
Table 3
Experimental investigations of bubble/drop particle sizes in breaking bores and hydraulic jumps.

Reference

So

B1
(m)

Q
(m3 /s)

d1
(m)

V1
(m/s)

U
(m/s)

Fr1

Instrumentation

Breaking bores
Present study

0.0075

0.70

0.101

0.097

1.49

0.64

2.18

Chanson (2010)

0

0.50

Leng and Chanson (2015)

0

0.70

0.026
0.043
0.056
0.085
0.085
0.085

0.100
0.138
0.116
0.160
0.146
0.146

0.52
0.63
0.97
0.76
0.83
0.83

0.82
0.95
0.83
0.99
0.95
0.95

1.36
1.36
1.68
1.40
1.49
1.49

Phase-detection probe array,
dSLR photography (24 Mpx) at
x = 8.5 m
Hydrophone Dolphin Ear

0.085

0.160

0.76

0.97

1.38

0.085

0.165

0.74

0.90

1.33

0.0446

0.044

2.01

0

3.1

Hydraulic jumps
Chachereau and
Chanson (2011)

0

0.50

Video (25 fps) at x = 6.6 m
Video (50 fps) at x = 6.6 m
Phase-detection probe at
x = 7.1 m
Phase-detection probe at
x = 7.1 m
Video (120, 240, 480 fps) at
x = 9.2 m
Phase-detection probe, dSLR
photography (12 Mpx).

Notes: B1 : initial free-surface width; d1 : initial water depth at sampling point; Fr1 : bore Froude number: Fr1 = (U+V1 )/(g × d1 )1/2 ; So : bed slope; U: cross-sectional
time-averaged bore celerity recorded at sampling point; V1 : initial ﬂow velocity recorded at sampling point; x: longitudinal distance from upstream end of glass
sidewalled channel.

was related to the bubble chord size/time itself, since bubbles
within some distance may be inﬂuenced by the leading particle
(Chanson et al., 2006). Considering a group of two bubbles, the
trailing particle may be adversely affected in the near-wake of
the lead bubble, since the wake length is about 0.5 to 2 times
the particle size for spheroids at large-particle Reynolds numbers
(Clift et al., 1978). Such a criterion, based upon the near-wake concept, is considered to be particularly relevant to complex air-water
ﬂows because it relies on a comparison between the local characteristic ﬂow scales, namely the water chord and the air chord of
the preceding bubble (Gualtieri and Chanson, 2010).
Two successive bubbles were deﬁned herein as a cluster when
the trailing bubble was separated from the lead particle by a water
chord smaller than one lead bubble chord, following earlier studies
(Chanson et al., 2006; Gualtieri and Chanson, 2010). Importantly
the present analysis was conducted along a streamline and did not
consider bubbles travelling side by side, as being part of a cluster.
For discussions on two-dimensional clustering, see Sun and Chanson (2013) and Wang et al. (2015). The cluster analysis was performed in terms of the air-water chord time data set. For the experimental Series 1, the chord time data ensemble included the
Probe 1 leading sensor, the Probe 2 left sensor and the Probe 2

right sensor. At each vertical elevation, the bubble cluster statistical results were ensemble-averaged. The detailed data are presented in Fig. 18 in terms of the percentage of bubbles in clusters
and number of bubbles per cluster.
Overall the results showed that more than 50% of all bubbles
travelled as part of a cluster structure. The mean cluster size was
about 2.5–3.5 particles in average, although large bubble clusters
with up to 7–8 bubbles were detected. The results presented no
trend in terms of vertical elevation within the roller. Interestingly
the present ﬁndings were close to clustering properties in stationary hydraulic jumps with low Froude numbers (Chachereau and
Chanson, 2011; Wang, 2014), despite the drastically lesser number
of entrained bubbles in the present breaking bore investigation.
5. Conclusion
New experiments were conducted in relatively large physical
facility with a focus on the microscopic air-water ﬂow properties in the breaking bore roller. Measurements using an array of
phase-detection probes, coupled with a series of acoustic displacement meters, were performed to study the unsteady air entrainment process in breaking bores. Detailed visual examination was
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undertaken using high-resolution high-shutter-speed photography.
A range of air-water properties were investigated in detail, including liquid fractions, void fractions, aerated roller characteristics and
bubble clustering.
The study found that air entrainment takes place in the form
of air entrapment at the roller toe, air-water exchange across
the roller ’free-surface’, spray and splashing with dynamic water drop ejection and reattachment, roll up and roll down of
water ’tongues’ engulﬁng air pockets. While the breaking roller
was aerated, the amount of entrained air was quantitatively small
for Fr1 = 2.2. All experimental measurements indicated a relatively
short and thin air-water ﬂow region. The number of air bubbles
within the roller was limited, with between 5 and 20 bubbles per
phase-detection probe sensor detected at each vertical elevation,
within 1.2 < z/d1 < 2.5. The entrained air bubble chord lengths
spanned over several orders of magnitude, with many bubbles between 0.7 mm and 5 mm, and an increasing chord size with increasing vertical elevation within the roller. A large proportion of
clustered bubbles were observed and the clustering characteristics were similar to those in stationary hydraulic jumps. The roller
length and air-water ﬂow region length were closely linked to the
Froude number Fr1 like in stationary hydraulic jumps, and the
roller height was linked to the Froude number and the relationship followed closely theoretical relationship derived based upon
continuity and momentum principles.
Overall, the study delivers the ﬁrst systematic physical data to
detail the air-water characteristics in a travelling breaking bore or
breaking jump. The results could serve as a validation frame for
computational ﬂuid dynamics (CFD) modelling, as the modelling
of air-water interactions in breaking rollers of hydraulic jumps and
tidal bores remain a huge challenge for numerical modeller.
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