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A B S T R A C T

Dam-break waves are highly unsteady long-wave phenomena, characterized by a breaking front with a
strong recirculating air–water mixture. While the air–water flow properties of steady flows have often been
investigated, the understanding of dynamic processes in unsteady multiphase flows remains limited. In this
experimental study, a new approach was implemented to analyze the air–water flow properties of highly
unsteady flows in the form of dam-break waves using ensemble-averaging techniques to account for short-
duration measurements. The new dataset includes four different flow conditions, providing novel insights
into the relation between various hydrodynamic characteristics and key air–water flow properties, including
bubble characteristics and void fraction. The void fraction profiles indicated the presence of a turbulent shear
layer along with a recirculation zone close to the free surface, showing analogies with similar steady and
unsteady flow phenomena. Variations in the Froude number were shown to strongly affect the number and
size of air bubbles, particularly in the shear layer. Higher depth-averaged air concentrations were found with
increasing Froude numbers, reaching up to 40% for Fr = 5.14. Overall, the results confirm the importance of
considering the presence of air in dam-break waves and demonstrate the suitability of this new methodology
for investigating air–water flow properties in highly turbulent flows. They offer a deeper understanding of
the multiphase nature of dam-break waves, which is relevant for a wide range of processes in coastal and
hydraulic engineering.
1. Introduction

Dam-break waves propagating over wet bed are unsteady, high-
translatory wave phenomena with a breaking front, characterized by
a strong recirculating air–water mixture. Their flow properties have
been studied for decades and often used as analogies to reproduce
the behavior of various long-period wave events such as tsunamis,
impulse waves, storm surges, and flash floods (Chanson, 2004a; Madsen
et al., 2008; Wüthrich et al., 2018). Interactions of these phenom-
ena with built environments can lead to severe impacts, including
infrastructural damage and potential loss of life. The presence of air
in the highly aerated wavefront, which remains poorly understood,
significantly influences processes that modify hydrodynamic behav-
ior (Lubin and Chanson, 2017). Moreover, numerous studies have
emphasized the critical role of aeration in wave–structure interactions,
with compressibility becoming a key factor; affecting peak pressure
magnitudes, impact duration, and inducing oscillations in the structural
response (Bullock et al., 2007; Nouri et al., 2010; Zuo et al., 2022).
These factors underscore the importance of quantifying air within the
approaching wavefronts to improve the understanding of their complex
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and turbulent hydrodynamic behavior. Such insights are essential for
a wide range of applications, including assessing wave-impact loads
on coastal and hydraulic structures, green-water loads on ships, and
validating numerical models (Al-Faesly et al., 2012; Ryu et al., 2007;
Yang et al., 2022).

Dam-break waves are defined as a single wave caused by the
sudden release of a large body of water due to the failure of a water-
retaining structure. This generates a gravity-driven positive surge prop-
agating downstream, resulting in abrupt discontinuities in water levels,
velocities, and pressures. The first analytical approach to describe
the non-linear free-surface deformation and wavefront celerity was
provided by Ritter (1892), using a simplified model based on the
one-dimensional Shallow Water Equations (SWE) for a rectangular,
horizontal smooth channel, assuming an infinite reservoir and an ideal
fluid. Many studies elaborated on Ritter’s formulation, highlighting
the significant effects of bed roughness, frictional resistance, and tur-
bulence at the wavefront (Dressler, 1952; Whitham, 1955; Chanson,
2009). Stoker (1957) expanded on Ritter’s work by analyzing a dam-
break wave over still water. He provided an analytical expression
https://doi.org/10.1016/j.ijmultiphaseflow.2024.105119
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for the breaking bore that develops over a certain distance, which
is characterized by a strong recirculating air–water mixture with sig-
nificant air entrainment, induced by shear effects due to the water
level downstream (Wüthrich et al., 2021). Numerous studies investi-
gated dam-break waves over wet beds, examining the relation between
tailwater depths and free-surface dynamics, including the free-surface
rofile, wave celerity, and bed roughness effects, both experimen-
ally (Stansby et al., 1998; Çağatay and Kocaman, 2008; Zhou et al.,

2024; Yang et al., 2022; Nielsen et al., 2022) and numerically (Ozmen-
Cagatay and Kocaman, 2010; Yang et al., 2018; Ye et al., 2020).
While these emphasized the dominant non-linear effects influencing
the breaking roller characteristics, most studies focused on predicting
(local) velocities and free-surface dynamics, paying little attention to
quantifying the air–water flow properties within the broken wavefront.

The presence of air significantly influences dynamic processes, lead-
ing to substantial changes in flow properties. Air–water interactions,
lso known as multiphase or two-phase flows, involve viscous, sur-
ace tension, and gravitational effects, which result in turbulent free-

surface features, eddy formation, and bubble structures (Brocchini and
eregrine, 2001; Wüthrich et al., 2021). The use of phase-detection
robes and high-speed video cameras advanced the understanding

of these complex flows. However, most experimental studies focused
on steady flow phenomena, particularly hydraulic jumps, as summa-
rized in Table 1. Among them, Wang and Murzyn (2017) examined
haracteristic turbulent scales in hydraulic jumps across the entire
ater column, while Montano and Felder (2020) and Chachereau

and Chanson (2011a) analyzed air–water flow properties, focusing on
ubble characteristics, void fraction, and interfacial velocities. Most
ecently, Wüthrich et al. (2022b) studied air–water surface patterns and
he transverse distribution of two-phase flow properties in hydraulic
umps with low Froude numbers, pointing out similarities with un-
steady flows. Multiple of these studies have identified distinct regions
cross the roller of a hydraulic jump, each influenced by different

physical processes and linked to variations in air distribution. However,
he steady nature allows for long-duration measurements of the highly
urbulent behavior, an approach not feasible for unsteady dam-break
aves. Research on the multiphase behavior of unsteady flows is

limited, mostly based on small datasets. Chanson (2004b) studied the
air–water flow properties of unsteady open-channel flows over a sloped
bed with a stepped invert. Leng and Chanson (2019) and Wüthrich et al.
(2022a) measured air–water flow properties in breaking bores using
hase-detection probes and introduced a novel ensemble-averaging ap-

proach based on multiple repetitions to compensate for short-duration
measurements. Shi et al. (2023a,b) visualized air–water interactions
nd velocity profiles in breaking bores using image-processing tech-
iques, comparing them to probe data. These studies addressed the
nfluence of air distribution on physical processes, with results show-
ng similarities with steady flow phenomena. Nevertheless, they were
ostly limited to bores propagating on an initial flow with non-zero

elocities and two comparatively low Froude numbers. While dam-
reak waves have been commonly studied and their multiphase nature
s frequently mentioned to influence their behavior, no studies so far
ave quantified or analyzed the air–water flow properties in these
aves. Hence, the lack of availability and diversity of experimental
ata restrict the understanding of how these unsteady multiphase flows
ehave under different hydrodynamic conditions.

In parallel, new developments in Computational Fluid Dynamics
CFD) enhanced the quantity and quality of numerical simulations

investigating multiphase flows. While most advanced CFD methods
are increasingly capable of reproducing turbulent processes, few mul-
iphase flow models incorporate air (Ma et al., 2011; Witt et al., 2015;

Mortazavi et al., 2016; Zabaleta et al., 2023). The current lack of
uantitative empirical knowledge of air–water flow properties in highly
nsteady flows also hinders the development of numerical models,
hich require high-quality experimental data to validate and compare

heir performance.
2 
Therefore, this experimental study was conducted to address the
clear need for quantitative knowledge on the multiphase nature of the
breaking roller in highly unsteady flows, represented by dam-break
waves over wet beds. A new approach for measuring air in unsteady
flows was implemented using ensemble-averaging techniques to ac-
ount for short-duration measurements. This allowed for a detailed and

comprehensive investigation and comparison of air–water interactions
across different flow conditions. Consequently, this research provides
novel insights into key air–water flow properties that significantly
influence the turbulent hydrodynamic behavior of the broken wave-
front. The experimental setup and signal processing are detailed in
Sections 2 and 3, respectively. Section 5 presents results on the free
surface characteristics, followed by Section 6 which discusses air–water
flow properties, covering bubble characteristics (size and quantity) and
void fraction. Finally, void fraction profiles are compared to various
analytical models in Section 7, with a conclusion presented in Section 8.

2. Experimental set-up and flow conditions

The experimental setup and flow conditions are based on the the-
oretical framework described by Stoker (1957), briefly introduced be-
low.

2.1. 1D dam-break wave characteristics

Stoker’s theory describes the 1D nonlinear dam-break wave profile
propagating over a still water level by combining Ritter’s solution for
dry-bed conditions with a shock wave at the wavefront, which depends
n the upstream (𝑑0) and downstream (ℎ0) flow depth ratio (Stoker,

1957). It describes a typical longitudinal free-surface profile, featuring
a rounded wavefront that propagates with a constant celerity 𝑈 , fol-
lowed by a constant water level known as the plateau height ℎp (see
Fig. 1a). The plateau height ℎp and wavefront celerity 𝑈 are therefore
ommonly used as indicative characteristics in numerous dam-break
ave studies (Chanson, 2004a; Arnason, 2005; Yang et al., 2018).

2.2. Experimental set-up and flow conditions

New experiments were conducted at the Hydraulic Engineering
aboratory of Delft University of Technology, the Netherlands, where
am-break waves were generated in a large horizontal flume 39 m
ong, 0.76 m wide, and 0.85 m deep, with a smooth concrete bed. A
ewly designed pneumatic lift gate system enforced an abrupt opening,
eleasing ca. 12.2 m3 of water, to generate a dam-break wave with a
roken wavefront propagating with a celerity U over a still tailwater
epth h0 (Fig. 1a). The gate opening time 𝑡 adhered to the criterion

of Lauber and Hager (1998), 𝑡 < √

2𝑑0∕𝑔, preventing any interference of
he gate opening with the wave properties. Throughout all experiments,
mpoundment depth 𝑑0 = 0.8 m remained constant, while different
low conditions were achieved by varying the downstream tailwater
epth ℎ0, as summarized in Table 2. The dam-break waves are char-
cterized by the Froude number Fr = 𝑈∕(

√

𝑔 ℎ0) and Reynolds number
Re = (𝜌𝑈 ℎ0)∕𝜇, with water density 𝜌 = 1000 kg m−3, and dynamic
viscosity 𝜇 = 1.002 ⋅10−3 Pa⋅s.

Four Acoustic Displacement Meters (ADMs), microsonic-type
mic+35/IU/TC, were positioned along the centerline of the flume
downstream of the gate at positions 𝑥∕𝑑0 = 11.68, 12.93, 14.18,
16.68 (Fig. 1a). The acoustic sensors collected echo propagation time
measurements to record changes in water level, with a response time
ess than 64 ms and a precision of ± 0.1 mm. The ADM data is used
o analyze free-surface profiles, including the plateau height ℎp, and

to calculate wavefront celerity as the ratio of the distance between
sensors over the traveling time (𝑈 = 𝛥𝑥∕𝛥𝑡). In addition, the waves
were recorded using DSLR and high-speed video cameras.

Air–water flow properties were measured using an array of four
double-tip phase-detection conductivity probes manufactured by the
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Table 1
Selected previous experimental research on air–water flow properties using conductivity probes.

Reference Fr Re 𝑑 [m] 𝑉1 [m/s]

Hydraulic jump

Murzyn et al. (2005) 2.0 to 4.8 8.8 ⋅ 104 to 4.58 ⋅ 104 0.059 to 0.021 1.50 to 2.19
Chanson (2007) 4.6 to 8.6 0.2 ⋅ 105 to 1.15 ⋅ 105 0.012 to 0.029 1.7 to 4.0
Chachereau and Chanson (2011b) 3.1 to 5.1 0.89 ⋅ 105 to 1.3 ⋅ 105 0.044 to 0.0395 2.6 to 3.57
Wang (2014) 3.8 to 10.0 3.4 ⋅ 104 to 9.5 ⋅ 104 0.0206 to 0.021 1.74 to 4.53
Wang and Murzyn (2017) 7.5 0.34 ⋅ 105 to 1.4 ⋅ 105 0.0129 to 0.033 2.67 to 4.27
Kramer and Valero (2020) 4.25 1.15 ⋅ 105 0.042 2.73
Montano and Felder (2020) 1.8 to 4.6 4.0 ⋅ 105 to 0.5 ⋅ 105 0.170 to 0.023 4.71 to 3.62
Bai et al. (2021) 5.1 9.0 ⋅ 105 1.1 6.1
Estrella et al. (2022a,b) 1.9, 2.1 7.75 ⋅ 103, 0.29 ⋅ 105 to 3.05 ⋅ 105 0.012, 0.027 to 0.130 0.65, 1.08 to 2.36
Wüthrich et al. (2022b) 2.1, 2.4 2.03 ⋅ 105, 1.86 ⋅ 105 0.097, 0.084 2.1, 2.21

Breaking bore
Leng and Chanson (2019) 2.1* 2.06 ⋅ 105** 0.097 1.49***
Wüthrich et al. (2022a) 2.1*, 2.4* 2.03 ⋅ 105**, 1.86 ⋅ 105** 0.097, 0.084 1.47*** , 1.71****
Shi et al. (2023a,b) 2.4* 2.3 ⋅ 105** 0.084 1.71****

* Froude number of breaking bore is defined as Fr = (𝑉1 + 𝑈 ) ⋅ (𝑔 ⋅ 𝑑)−0.5.
** Reynolds number of breaking bore is defined as Re = 𝜌 ⋅ (𝑉1 + 𝑈 ) ⋅ 𝑑 ⋅ 𝜇−1.
*** In addition to the inflow velocity 𝑉1, the breaking bore had an upstream bore velocity of 𝑈 = 0.64 m∕s in the opposite direction.
**** In addition to the inflow velocity 𝑉1, the breaking bore had an upstream bore velocity of 𝑈 = 0.51 m∕s in the opposite direction.
Table 2
Test program and the characteristics of the tested flow conditions.

Flow condition 𝑑0 [m] ℎ0 [m] ℎ0

𝑑0
ℎp [m] 𝑈 [m/s] Fr Re Repetitions

FC1 0.8 0.032 0.04 0.223 2.88 5.14 0.92 ⋅105 220
FC2 0.8 0.064 0.08 0.290 2.82 3.56 1.80 ⋅105 220
FC3 0.8 0.096 0.12 0.333 2.75 2.83 2.63 ⋅105 220
FC4 0.8 0.128 0.16 0.367 2.73 2.44 3.49 ⋅105 220
Fig. 1. (a) Side-view sketch of the experimental set-up with 𝑑0 = 0.8 m, (b) Top-view sketch with details of the phase-detection probe array.
University of Queensland, Australia. Changes in conductivity are de-
tected when the tips are exposed to air bubbles (low conductivity) or
water (high conductivity). Each probe tip consists of a silver inner
electrode (⌀ = 0.25 mm) and a stainless-steel outer electrode (⌀ =
0.8 mm), spaced transversely by 𝛥𝑦 = 1.8 mm. Shown in Fig. 1b,
the reference probe is equipped with two leading tips (𝛥𝑥 = 0 mm),
while the other probes have a leading and trailing tip with a longitu-
dinal spacing of 𝛥𝑥 = 6.3 mm. Positioned downstream of the gate at
𝑥∕𝑑0 = 17.55, all four probes are aligned at different elevations and
sampled simultaneously at 100 kHz. Four probe configurations were
tested for each flow condition, with three probes shifted vertically to
cover 13 elevations (h0 - 10 mm < z < h0 + 210 mm), while the
reference probe remained fixed 5 mm above the initial water level
to ensure synchronization across repetitions. Due to the unsteadiness
of the flow, long-duration measurements were not possible. Therefore,
data analysis applied ensemble-averaging approach, which required
a significant number of repetitions (Wüthrich et al., 2022a). Conse-
quently, each configuration was tested 55 times per elevation, resulting
in 𝑛 = 220 repetitions for each flow condition.

Froude scaling laws are essential for accurately simulating grav-
itational and inertial forces in free surface flows at the laboratory
scale (Pfister and Chanson, 2014). However, relying solely on Froude
similarity may not fully capture scale effects in multiphase flows, par-
ticularly those involving surface tension and viscous forces, associated
3 
with the Weber and Reynolds number, respectively. The Reynolds
number is defined as Re = (𝜌𝑈 ℎ0)∕𝜇, and the Weber number as We =
(𝜌ℎ0𝑈2)∕𝜎, where ℎ0 is the initial still water level, 𝑈 is the wavefront
celerity, 𝜌 is the water density, 𝜇 is the dynamic viscosity, and 𝜎 is
the surface tension. In addition, the Morton number is used: Mo =
We3∕(Fr2Re4), achieving Morton similitude when the fluid is the same
in both model and prototype (Chesters, 1975; Pfister and Hager, 2014).
This study considered Froude and Morton similitude with the Reynolds
number 0.92 ⋅105 < Re < 3.49 ⋅105 and Weber number 62 < We0.5 < 117,
sufficiently high to minimize scale effects, as recommended by Fuchs
(2013), Pfister and Chanson (2014), and Estrella et al. (2022b).

3. Signal processing and characteristic parameters

Phase-detection probes detect the presence of air through changes in
conductivity, capturing a voltage drop when the probe tip is exposed
to air. Since phase changes are often non-instantaneous and affected
by wetting/drying processes, a single-threshold technique is commonly
applied to distinguish air and water (Cartellier and Achard, 1991). The
raw voltage signal 𝑉 is then converted into a binary signal of the
instantaneous void fraction 𝑐, defined as:

𝑐(𝑡) =
{

0 (water) if 𝑉 > 𝑉𝑇

1 (air) if 𝑉 < 𝑉𝑇 .
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Fig. 2. (left) Sketch of signal processing captured by a probe-tip, using single threshold technique, set at 80%.; (right) Picture of probe set-up (picture by D. Wüthrich).
Previous studies commonly used a threshold value of 50%, i.e. 𝑉𝑇 =
0.5⋅(𝑉max+𝑉min) (Wang, 2014; Bai et al., 2016; Wüthrich et al., 2022b);
however, most of these studies focused on steady flows (e.g., hydraulic
jumps and spillways). The unsteady flow behavior in dam-break waves
and its 3D motions can result in more incomplete piercings as the wave
passes the tips (Hohermuth et al., 2021; Shi et al., 2023c). Wüthrich
and Regout (2024) conducted a sensitivity study comparing a range of
threshold values from 10 to 95%, demonstrating that higher values tend
to be more suitable for dam-break waves. Based on these results, this
study applied a single threshold technique with a value of 80%.

As shown in Fig. 2, the binarized signal contains information on
the number of interfaces from air-to-water or water-to-air, their distri-
bution over time, and the duration between two distinct transitions.
These signals are analyzed using statistical tools and all repetitions
were synchronized at 𝑡 = 0 s based on the first air-to-water interface
detected by the right tip of the reference probe. Results were then
ensemble averaged across all repetitions collected at each elevation,
in line with Leng and Chanson (2019) and Wüthrich et al. (2022a).
Accordingly, the following characteristic air–water flow parameters are
obtained:

Number of interfaces: an interface is defined as the transition be-
tween air to water, or water to air. Representing the surface boundaries
of pierced air bubbles (Fig. 2), the number of interfaces relates to
the number of bubbles and water droplets within the roller. When
positioned above h0, the probes are initially in air, causing the first
transition to be from air to water as the wave arrives. For measurements
at z > h0, the recorded number of bubbles, 𝑏, is calculated as (N -1)/2,
while 𝑏 = N/2 for measurements at z < h0.

Bubble chord time, and pseudo-chord length: the bubble chord
time 𝑡ch is defined as the time interval between two successive water-
to-air and air-to-water interfaces, which, if pierced at the bubble center,
corresponds to the bubble’s individual maximum chord time (Fig. 2).
Based on 𝑡ch, the pseudo-chord length 𝐿ch is defined as a characteristic
length-scale of the bubbles, and computed as:

𝐿ch = 𝑡ch ⋅ 𝑈 , (1)

where 𝑈 is the wavefront celerity.
Void fraction: the void fraction 𝐶(𝑥, 𝑧, 𝑡) represents the probability

of air being present at a specific position (𝑥, 𝑧) and time 𝑡, and is a key
parameter in multi-phase flow studies (Shi et al., 2021). To compute
the void fraction, each binarized instantaneous void fraction signal 𝑐(𝑡)
is treated as a Bernoulli variable (air = 1 and water = 0). The multiple
repetitions at each elevation 𝑧 are then ensemble-averaged to estimate
the likelihood of air presence at (𝑧, 𝑡), resulting in the void fraction
being defined as:

𝐶(𝑧, 𝑡) = 𝑛𝑐(𝑡)=1
𝑛

, (2)

where 𝑛𝑐(𝑡)=1 is the number of times air is detected by a probe-tip, and
𝑛 is the total number of repetitions.
4 
4. Visual observations

The sudden opening of the gate causes the water volume in the
upstream reservoir to collapse as a plunging jet under the influence
of gravity, where the induced velocity shear between the wavefront
and the still water level initiates the propagating rolling motion and
air entrainment (Lubin et al., 2019). The wavefront features a break-
ing roller characterized by a turbulent air–water mixture with strong
recirculation. Fig. 3 illustrates the breaking rollers of dam-break waves
for different Froude numbers, propagating over a wet bed. The highly
turbulent behavior is evident for all flow conditions, visualized by
the large free-surface deformations and vortical structures. Fluctua-
tions and collisions of adjacent vortices lead to air entrapment and
de-aeration processes at the surface, resulting in the formation of nu-
merous recurring, rapidly evolving foamy free-surface structures, along
with droplets, splashes, air pockets, and bubble clusters (Wüthrich
et al., 2021). Moreover, the recirculating motion continuously entrains
air into the wavefront at the ‘roller toe’, marking the sudden disconti-
nuity between the sloping front and the still water level downstream
(see Fig. 3). Here, the entrapped air pockets are further broken up
into smaller bubbles within the developing shear layer induced by
the velocity gradient. The velocity shear initiates large-scale turbu-
lent structures associated with Kelvin–Helmholtz instabilities, which
propagate downstream along with the bubbles where they eventually
dissipate, and the entrained bubbles rise due to buoyancy (Leng and
Chanson, 2019; Wüthrich et al., 2021). The vortical structures at the
lower boundary of the shear layer, as shown in Fig. 3, are more visible
for FC3 and FC4. This increased visibility of the spatial development of
the shear layer over the depth is related to the increase in initial water
levels, which in turn are associated with lower Froude numbers and
higher Reynolds numbers (Table 2).

5. Free-surface characteristics of dam-break waves

The free surface behavior is quantified in terms of wave surface
profiles and wavefront celerity. Herein, changes in water level were
measured by the ADMs, with multiple repetitions synchronized, con-
sidering 𝑡 = 0s based on the arrival at the corresponding ADM. The
wave’s hydrodynamic characteristics are analyzed for each condition,
using ensemble-statistical methods based on 220 repetitions. Fig. 4
presents the median free-surface water levels obtained by ADM1 (𝑥∕𝑑0
= 11.68) and ADM4 (𝑥∕𝑑0 = 16.68) for all four flow conditions (see
Fig. 1a), along with the standard deviation of ADM4. As similar profiles
are obtained by the different ADMs, the dam-break waves appear as
fully developed (Stoker, 1957). The largest fluctuations are found at
the wavefront, indicated by the broader standard deviation of ADM4.
Both the slope steepness and the fluctuations decrease with time,
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Fig. 3. Side views of air entrainment in dam-break waves propagating over initial still water levels for (a) FC3 [Fr = 2.83; Re = 2.63 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.096 m] captured
with a DSLR camera (picture by Davide Wüthrich), and (b) FC4 [Fr = 2.44; Re = 3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.128 m] captured with a high-speed video camera (16,000 fps).
Fig. 4. Comparison of free surface profiles obtained from ADM data for flow conditions
FC1 to FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105 - 3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–
0.128 m]. Lines represent the median over 220 reps, while the shaded area is the ±
st.dev. The starred markers indicate the end of the roller and the beginning of the
plateau height ℎp.

resulting in a more constant water level after the wavefront, known
as the plateau height ℎp. Comparing the different flow conditions, the
plateau height increases with higher tailwater depths, accompanied by
a steeper slope. These findings are consistent with previous studies on
dam-break wave characteristics (Nielsen et al., 2022; Ozmen-Cagatay
and Kocaman, 2010; Yang et al., 2022). Fig. 5 displays the influence
of tailwater depth on hydrodynamic characteristics, comparing them
with analytical expressions by Stoker (1957) and Chanson (2004a). The
median plateau height (ℎp) and median celerity (𝑈) are shown, with
error bars representing the 25%–75% quartiles from 220 repetitions.
As ℎ0 increases, the plateau height rises while the celerity decreases
due to increased frictional effects from the higher initial water level.
These trends closely align with existing formulations, confirming that
the experimental setup accurately reproduces dam-break waves.

6. Air–water flow properties

Visual observations showed large amounts of entrained/
entrapped air at the front. This section examines the air–water flow
properties under various flow conditions to analyze the relation be-
tween air distribution and the hydrodynamic characteristics of dam-
break waves. Based on ensemble statistics, the air–water flow properties
are quantified in terms of the number of interfaces (Section 6.1), bubble
characteristics (Section 6.2), and the void fraction (Section 6.3). First,
general tendencies of these properties in the vertical direction are
addressed, followed by a comparison across different flow conditions.
Fig. 4 shows variations in plateau height ℎ across different flow
𝑝

5 
Fig. 5. Comparison of normalized celerity 𝑈 and plateau height ℎp with the analytical
expression by Stoker (1957) and empirical expression by Chanson (2004a) for flow
conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105 - 3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 =
0.032–0.128 m].

conditions. To enable meaningful comparison, a normalized elevation
ℎ∗(𝑧) is introduced as:

ℎ∗(𝑧) = 𝑧 − ℎ0
ℎp − ℎ0

, (3)

where 𝑧 is the elevation (with 𝑧 = 0 representing the bottom of the
flume), ℎ0 is the tailwater depth, and ℎp is the plateau height. This
normalization sets ℎ∗(𝑧 = ℎ0) = 0 and ℎ∗(𝑧 = ℎp) = 1, allowing
comparison across the relative height of the aerated roller, which
includes 13 elevations per flow condition, within the range of −0.05
< ℎ∗ < 0.94.

6.1. Number of interfaces

The phase change detected by a single probe-tip, defined as an
interface, indicates a transition from water to air or vice versa. Fig. 6a,b
show the number of interfaces 𝑁 at normalized elevations ℎ∗ for FC1
(Fr = 5.14) and FC3 (Fr = 2.83), respectively. The boxplot displays
the statistical distribution, including the median, spread, and skewness,
based on 55 repetitions for each elevation, except the reference probe,
which uses 220 repetitions. The box extends from the 25th to the
75th percentile, with a vertical line inside representing the ensemble
median (50th percentile). The whiskers extend to the lowest or highest
number of interfaces, excluding any outliers. As shown in Fig. 6a,b, the
number of interfaces increases for ℎ∗ > 0, reaching a local maximum,
and then decreases for higher ℎ∗ values, forming an S-shaped curve,
particularly evident at higher Froude numbers (FC1). A local maximum
was observed at ℎ∗ ∼ [0.13 − 0.3] for all flow conditions, slightly
above the initial water level (ℎ∗ = 0), indicating similarities with
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Fig. 6. Boxplots of the number of interfaces 𝑁 across normalized elevations ℎ∗ for (a) FC1 [Fr = 5.14; Re = 0.92 ⋅105; d0 = 0.8 m; h0 = 0.032 m], and (b) FC3 [Fr = 2.83; Re
 2.63 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.096 m]. (c) Boxplot of the number of interfaces 𝑁 for FC4 [Fr = 2.44; Re = 3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.128 m] compared with median 𝑁 of
reaking bore studies by Wüthrich et al. (2022a) [Fr = 2.4, Re = 1.32 ⋅ 105], and Leng and Chanson (2019) [Fr = 2.1, Re = 2.06 ⋅ 105] at normalized elevations 𝑧∕ℎ0 (note that in

both previous studies Fr = (𝑉1 + 𝑈 )∕
√

𝑔 ℎ0, where 𝑉1 is the velocity of the initial flow). The reference probe measurements (based on 220 tests) are indicated by the highlighted
boxes. The gray lines indicate the initial water level.
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steady hydraulic jumps (Wang, 2014; Wüthrich et al., 2022b). These
bservations confirm the presence of a shear layer in dam-break waves.
 slight increase in 𝑁 was detected in the upper part of the roller for
C1, likely due to free surface fluctuations.

Fig. 6c compares the results of FC4 (Fr = 2.44) with the experi-
mental data of Wüthrich et al. (2022a) and Leng and Chanson (2019),
who analyzed air–water flow properties in breaking bores with similar
roude numbers (Fr = 2.4 with Re = 1.32 ⋅ 105, and Fr = 2.1 with
e = 2.06 ⋅ 105), albeit propagating on an initial flow with non zero

velocities. Note that the comparison of FC4 with the ensemble-median
number of interfaces

⟨

𝑁
⟩

from previous studies is presented for nor-
alized elevations 𝑧∕ℎ0, due to differences in the experimental set-up.
he results from Wüthrich et al. (2022a) are similar to the present

study, though they did not observe bubbles below the initial water
level and reported a higher maximum number of interfaces

( ⟨
𝑁
⟩

max
= 49 at 𝑧∕ℎ0 = 1.65

)

. The results of Leng and Chanson (2019) are also
omparable to the other datasets, with

⟨

𝑁
⟩

max = 48.33 at 𝑧∕ℎ0 = 1.4.
owever, their distribution exhibits greater scatter, likely due to fewer

epetitions, highlighting the importance of repetition for statistically
eliable results. Variations in ⟨

𝑁
⟩

max compared to the previous studies
an be attributed to differences in Reynolds numbers, as discussed
y Estrella et al. (2022b). Additionally, Montano and Felder (2018)
ound that bubble count rates were higher in hydraulic jumps with

a fully developed boundary layer compared to a partially developed
boundary layer. The generally lower median number of interfaces
in FC4 compared to the breaking bores may therefore be attributed
o differences in inflow conditions affecting the presence of a fully

developed boundary layer. Despite this, the results showed consistency
with previous studies both quantitatively and qualitatively.

Fig. 7a presents the ensemble-median number of interfaces
⟨

𝑁
⟩

of
all four flow conditions FC1 to FC4. While the local maximum occurs
at a similar relative elevation [0.13 < ℎ∗ < 0.3], its magnitude varies
among the different flow conditions. Specifically,

⟨

𝑁
⟩

= 51 for
max t

6 
Fr = 5.14, whereas
⟨

𝑁
⟩

max = 38 for Fr = 2.44. This increasing trend
f
⟨

𝑁
⟩

max with increasing Froude number is most visible in the shear
ayer, supported by similar findings in hydraulic jumps (Wang, 2014;

Wüthrich et al., 2022b). This is emphasized in Fig. 7b, depicting an
increasing behavior of

⟨

𝑁
⟩

max for higher Froude numbers. Differences
or Fr< 3 compared to ⟨

𝑁
⟩

max in previous studies likely stem from
ariations in Reynolds numbers and the presence of a (partially) de-

veloped boundary layer, as discussed earlier. In the upper part of the
erated roller, also called the recirculation zone, the influence of the
roude number on

⟨

𝑁
⟩

is less pronounced, with local minima ranging
between 20 <

⟨

𝑁
⟩

min < 25. Fig. 7a clearly shows that for FC1 the
difference in the number of interfaces between the shear layer and
the recirculation zone is more than double, indicating much stronger
variations in ⟨

𝑁
⟩

with depth compared to the other flow conditions.
This suggests that variations in Froude number have the strongest effect
n the number of interfaces in the shear layer. This is consistent with
indings in hydraulic jumps, demonstrating similarities between steady
nd unsteady flows.

6.2. Bubble characteristics

The presence of air influences many dynamic flow processes, where
not only the number of bubbles, but also their size play an important
role. The exposure time of the probe-tip to air determines the bubble’s
hord time 𝑡ch (Section 3). Due to the highly transient nature of dam-

break waves, bubble characteristics evolve spatially and temporally, as
shown in Fig. 8 for flow condition FC1 (Fr = 5.14), offering simul-
taneous insight into the variations in both dimensions. Here, Fig. 8a
depicts the ensemble-median free-surface profile of ADM 4, along with
its fluctuations (± std.dev.). The variations in bubble characteristics
over time are shown for four distinct time intervals, shaded in gray,
with corresponding subplots presented in Fig. 8b. Each subplot shows
he probability of occurrence of bubble-chord time 𝑡 at elevation ℎ∗,
ch
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Fig. 7. (a) Comparison of the ensemble-median number of interfaces
⟨

𝑁
⟩

across normalized elevations ℎ∗ for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105 - 3.49
⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032 - 0.128 m]. Reference probe measurements (based on 220 tests) are indicated by the full markers. (b) Comparison of

⟨

𝑁
⟩

max of FC1–FC4 [Fr =
5.14–2.44; Re = 0.92 ⋅105 - 3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m] with experimental data of Leng and Chanson (2019) [Fr = 2.1, Re = 2.06 ⋅ 105] and Wüthrich et al.
(2022a) [Fr = 2.4, Re = 1.32 ⋅ 105].
Fig. 8. Spatial and temporal variations of the bubble characteristics for FC1 [Fr = 5.14; Re = 0.92 ⋅105; d0 = 0.8 m; h0 = 0.032 m]: (a) the ensemble-median free-surface profile
and fluctuations obtained with ADM4. (b) the probability of occurrence of bubble-chord time 𝑡ch at elevation ℎ∗, indicated with different markers, based on the total number of
bubbles 𝑏tot recorded over 55 repetitions within the associated time interval 𝛥𝑇 . (c) PDF distributions of 𝐿ch (Eq. (1)) at 5 selected elevations ℎ∗.
indicated with different markers, based on the total (cumulative) num-
ber of bubbles 𝑏tot recorded over 55 repetitions within the associated
time interval 𝛥𝑇 . Furthermore, Fig. 8c displays horizontally oriented
probability density functions (PDF) of the pseudo-chord length 𝐿ch =
𝑈 ⋅ 𝑡ch at 5 selected elevations within the aerated zone, indicated by the
horizontal dashed lines in Fig. 8a.

The PDFs in Fig. 8c show strongly skewed curves, indicating that
mostly small bubbles are detected, with approximately 80% having
𝐿ch < 6 mm at most elevations. The probability P(𝐿ch < 2 mm)
increases for ℎ∗ > 0, reaching a local maximum before decreasing in
7 
the upper part of the roller. This suggests that smaller bubbles are more
prevalent at lower elevations within the shear layer. Despite some large
outliers observed for 𝐿ch >20 mm, likely due to surface fluctuations,
the local skew towards larger 𝐿ch values at higher elevations implies
larger bubbles are found in the recirculation zone. These 𝐿ch variations
with depth correspond to the variations in the number of interfaces,
where peaks in small bubble probability align with local maxima in the
number of interfaces (Fig. 6). Comparable with the PDFs, each time
interval in Fig. 8b shows the highest probability for 𝑡ch < 1 ms at
all elevations. However, initially, higher probabilities appear for larger
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Fig. 9. Comparison of CDF distributions of pseudo-chord length 𝐿ch [mm] at selected elevations for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 =
.8 m; ℎ0 = 0.032–0.128 m], based on the total number of bubbles 𝑏tot recorded over 55 repetitions at each elevation.
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bubbles (i.e., 𝑡ch > 4 ms) at each elevation, while only smaller bubbles
are recorded as time progresses. This pattern indicates that larger
bubbles accumulate near the wavefront surface and diminish deeper
into the wave. Hence, the spatial and temporal variations in bubble
characteristics quantitatively support the observed physical processes
(Section 4); with strong air–water interactions at the turbulent roller’s
free surface and larger air pockets trapped at the roller toe, which are
broken down by turbulent shear layer processes until buoyancy forces
them to rise within the recirculation zone.

Fig. 9 compares cumulative density function (CDFs) of pseudo-chord
length (𝐿ch) at five selected elevations, to investigate bubble character-
istics across the different flow conditions. Each flow condition exhibits
right-skewed distributions, with steeper curves typically observed at
lower elevations, indicating higher probabilities for smaller bubble
sizes. At ℎ∗ ∼ 0.38, the highest cumulative probability for 𝐿ch > 2 mm
ranges from 40% for FC4 (Fr = 2.44) to almost 60% for FC1 (Fr = 5.14).
The mildest slope is observed at the highest elevation, ℎ∗ ∼ 0.9, which
can be attributed to free-surface fluctuations. In this regard, FC1 ex-
hibits the greatest deviation over depth, with the steepest slope at lower
elevations and the mildest slope at the highest elevation compared to
other flow conditions. Lower Froude numbers display more dispersed
CDF curves with milder slopes, suggesting a wider range of larger
bubbles. This behavior, with the strongest deviations observed at the
highest Froude number, reflects the effects of changes in the Froude
number on the number of interfaces found in Section 6.1. Hence, it
upports the strong relation between hydrodynamic characteristics and
he degree of fragmentation in terms of bubble quantity and size.

Both the quantity and characteristics of bubbles influence the air
concentration in the wavefront. To compare these properties together
mong different flow conditions, Fig. 10a visualizes 𝑡ch across the nor-

malized elevations, with different markers indicating the corresponding
range in number of interfaces at ℎ∗. Median values of the bubble-chord
ime 𝑡ch,med and number of interfaces

⟨

𝑁
⟩

were used to mitigate the
influence of extreme outliers (Chanson, 2020). Due to the prevalent
skewness towards smaller bubbles in all conditions (Fig. 9), 𝑡ch,med
typically remains below 2 ms. While differences may seem subtle,
several correlations between the properties can be observed. For each
flow condition, the lowest 𝑡ch,med values coincide with maximum

⟨

𝑁
⟩

values, consistently observed at elevations from 0.1 < ℎ∗ < 0.35,
corresponding to the shear layer. In contrast, larger 𝑡 values align
ch,med

8 
with lower values of
⟨

𝑁
⟩

in the recirculating zone. As higher 𝑡ch values
become more dispersed throughout the depth for decreasing Fr, larger
ubbles are generally found for lower Froude numbers. Subsequently,

Fig. 10b compares the influence of more, smaller bubbles versus fewer,
larger bubbles on the total amount of air present. The product of the
median pseudo-chord length and the median number of bubbles at
each elevation serves as an indicator of air volume variations across
different heights. Up to ℎ∗ ≈0.15, variations between the different flow
conditions appear minimal, suggesting that the air volume remains
similar despite different combinations in quantity and size shown in
Fig. 10a. FC1 shows a more pronounced S-curve profile, indicating that
air is locally concentrated at lower elevations, while it appears more
venly distributed across the height for other flow conditions. However,

these conditions are also associated with lower celerity, highlighting
the complex interplay between spatial and temporal factors in unsteady
flows.

6.3. Void fraction

The ensemble-averaged void fraction 𝐶(𝑧, 𝑡), defined by Eq. (2),
uantifies the air content in the wavefront by indicating the likelihood
f air presence at a specific time and location. With similar results
ound for all flow conditions, Fig. 11a shows a contour plot for FC2,

displaying varying 𝐶 values based on 55 repetitions at each elevation.
Herein, the 𝑧90 curve is introduced, marking the elevation where
𝐶(𝑧, 𝑡) = 0.9, serving as a definition of the free-surface level. Overall,
he contour plot clearly illustrates that the highest aeration levels are
ocated slightly below the free surface, showing a decreasing trend
ith time. Higher values of 𝐶 are locally observed within the range of
.05 < ℎ∗ < 0.3, consistent with elevations where local maxima of the
umber of interfaces were detected. This further confirms the presence
f a shear layer, situated just above the tailwater depth ℎ0, which was

consistently observed for all flow conditions.
Given the highly transient behavior in space and time, both depth-

ependent and time-dependent parameters are introduced to com-
are the void fraction across different flow conditions. For every time

instance 𝑡, the depth-averaged void fraction 𝐶mean,𝑧 is obtained by
ntegrating 𝐶 over the depth from 𝑧 = 0 to 𝑧 = 𝑧90:

𝐶 (𝑡) = 1 𝑧=𝑧90
𝐶(𝑧, 𝑡)d𝑧 . (4)
mean,𝑧 𝑧90 ∫𝑧=0
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Fig. 10. (a) Comparison of 𝑡ch,med across normalized elevations ℎ∗ for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m],
with the corresponding values for

⟨

𝑁
⟩

at each elevation indicated by the different markers. Different colors represent different flow conditions. (b) Comparison of pseudo air
volume 𝐿ch,med ⋅ 𝑏med across normalized elevations ℎ∗ for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m]. With 𝐿ch,med the
median pseudo-chord length, and 𝑏med the median number of bubbles recorded at corresponding elevation ℎ∗.
Similarly, for each elevation 𝑧, the time-averaged void fraction 𝐶mean,𝑡
is obtained by integrating 𝐶 over time from 𝑡 = 𝑡0 to 𝑡 = 𝑡max, with
𝑡0 being the time when 𝑧 = 𝑧90, and 𝑡max the maximum time instance
obtained for 𝑧90, i.e., where 𝑧90 reaches its maximum elevation (𝑧90 ∼
ℎ𝑝):

𝐶mean,𝑡(𝑧) = 1
𝑡max ∫

𝑡=𝑡max

𝑡=𝑡0
𝐶(𝑧, 𝑡)d𝑡 (5)

Fig. 11c illustrates 𝐶mean,𝑧 over time for all flow conditions, revealing
an increasing trend within the range 0 < 𝑇√𝑔∕𝑑0 < 0.25. However,
the magnitude of the maximum 𝐶mean,𝑧 varies significantly among flow
conditions, with FC1 (Fr = 5.14) reaching a peak of approximately
0.39, nearly double the maximum of FC4 (Fr = 2.44), i.e., 𝐶mean,𝑧 ≈
0.23. Furthermore, (𝐶mean,𝑧)max of FC1 occurs more rapidly compared
to the other flow conditions, where the increase is more gradual. For
𝑇
√

𝑔∕𝑑0 > 0.25, a decreasing trend is observed for all flow conditions,
stabilizing at 𝐶mean,𝑧 ≈ 0.10 in the tail of the wavefront. Interestingly,
the maximum values appear to follow an increasing behavior for higher
Fr, as shown in Fig. 11d, which presents the (𝐶mean,𝑧)max of all FCs.
Here, the maximum values of the depth-averaged void fraction are
also compared with previous data from Wüthrich et al. (2022a) (Fr =
2.4) and Leng and Chanson (2019) (Fr = 2.1) for bores propagating
on a non-still initial water level, along with data from hydraulic jump
studies by Wang (2014) (Fr = 3.8, 5.1) and Estrella et al. (2022b)
(Fr = 2.1). While the data align with previous studies, dam-break waves
show a higher maximum air concentration than hydraulic jumps for
higher Froude numbers. This discrepancy may result from the unsteady
nature of the flow, which enhances velocity shear and increases air
entrainment in the roller, while differences in signal processing of
unsteady flows could also contribute. As measurements in hydraulic
jumps are obtained at selected cross-sections along the roller, it is
possible that the discrete nature of these localized measurements may
not capture the maximum values. Finally, Fig. 11b compares the time-
averaged void fraction, representing the average air concentration over
height by averaging instantaneous void fraction profiles across all time
instances. The results show a similar increasing trend up to ℎ∗ < 0.3,
indicating that roughly 25% of the air concentration is located in the
lower part of the wave for all flow conditions. The gradients of the
curves from FC2 to FC4 flatten at higher elevations. Comparing this
with the contour plot visualization (see Fig. 11a for FC2), aerated area
of the roller, i.e., the distance between 𝑧90 and 𝑧10, remains relatively
constant across all flow conditions but increases from FC2 to FC4 at
higher elevations.
9 
7. Application of advection–diffusion models to dam-break waves

Results on key air–water flow properties indicate that an increase
in Froude number enhances the bubble-breaking process, leading to
a greater number of smaller bubbles in the shear layer and more
pronounced variations in bubble quantity and size with depth. Previous
research on (steady) multiphase flows has categorized the spatial and
temporal behavior of air into different regions based on distinct driving
mechanisms, as discussed in Section 4 (Murzyn et al., 2005; Chanson,
2011). Various advection–diffusion models have been developed to
define the void fraction at normalized distances from the roller toe,
which are summarized in Table 3 and Fig. 12. While the steady nature
of hydraulic jumps allows for direct analysis in a Lagrangian reference
frame, the unsteadiness of dam-break waves first requires converting
time-dependent air–water flow properties into an equivalent distance
across the breaking roller. A roller length definition is therefore in-
troduced based on the geometric characteristics of the free-surface,
analogous to hydraulic jumps, where this length is typically defined as
the longitudinal distance over which water elevation increases mono-
tonically (Wang, 2014). Consequently, the roller length is computed
as 𝐿r = 𝑈 ⋅ 𝑇𝑟, where 𝑈 represents the wavefront celerity, and 𝑇r the
duration for the sloping wavefront to reach the plateau height ℎ𝑝, as
indicated by the markers in Fig. 4. Hence, the following roller lengths
are obtained with 𝐿r∕ℎ0 = 62.0, 33.6, 26.8, 22.26 for FC1 to FC4,
respectively.

Fig. 13 presents four instantaneous ensemble-averaged void fraction
profiles for each flow condition, compared with analytical models
across the roller. For 𝑇 𝑈∕𝐿r ≲ 0.01, immediately downstream of the
roller toe, entrained air pockets are primarily influenced by buoyancy,
drag, and gravitational forces, resulting in a void fraction profile with
a convex shape, well represented by Eq. 6 (Shi et al., 2023a), as
shown in the first column of Fig. 13. In addition to distinct regions
described in previous studies, the experimental data from dam-break
waves show a transition phase for 0.01 ≲ 𝑇 𝑈∕𝐿r ≲ 0.09 (second column
in Fig. 13). Here, air bubbles begin to interact with turbulent flow
structures, however, a fully developed shear layer is not yet visible.
The profiles evolve from a convex to an S-shape, aligning with the
error function described by Eq. 7 (Chanson, 1989), across the entire
water column. At some distance from the toe (0.09 ≲ 𝑇 𝑈∕𝐿r ≲ 0.3),
the void fraction exhibits a characteristic shape similar to hydraulic
jumps, with the roller separating into a lower shear layer and an
upper recirculation zone. In the shear layer, turbulence dominates,
breaking up air bubbles and advecting them downstream within vortex
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Fig. 11. (a) Contour plot of ensemble-averaged instantaneous void fraction 𝐶(𝑧, 𝑡) for FC2 [Fr = 3.56, Re = 1.8 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.064 m]. (b) Comparison of the time-averaged
void fraction 𝐶mean,𝑡 for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m]. (c) Comparison of the depth-averaged void fraction
𝐶mean,𝑧 for flow conditions FC1–FC4 [Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m]. (d) Comparison of the maximum values of 𝐶mean,𝑧 of FC1–FC4
[Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m] with data of breaking bores studies by Leng and Chanson (2019) [Fr = 2.1, Re = 2.06⋅105], Wüthrich
et al. (2022a) [Fr = 2.4, Re = 1.32⋅105], and hydraulic jump studies by Wang (2014) [Fr = 3.8, Re = 1.6⋅105; Fr = 5.1, Re = 0.91⋅105], and Estrella et al. (2022b) [Fr = 2.1,
Re = 3.05⋅105].
structures. This is reflected in a local maximum, 𝐶max, which initially
increases and then gradually decreases as air diffuses, leading to shear
layer dissipation around 𝑇 𝑈∕𝐿r ∼ 0.3. The experimental data aligns
well with the exponential function in Eq. 8 (Chanson, 1995). The
recirculation zone near the free surface is characterized by recirculating
motions and dynamics dominated by gravitational forces, represented
by an S-curve in the void fraction profile. This region shows a rapid
increase of 𝐶 towards the upper part, following the error function
defined by Chanson (1989). The agreement between the experimental
data and these models aligns with findings from studies on hydraulic
jumps (Wang, 2014; Murzyn et al., 2005; Chachereau and Chanson,
2011a) and breaking bores (Shi et al., 2023a; Wüthrich et al., 2022a),
albeit (Wüthrich et al., 2022a) noted the absence of a clearly defined
shear layer in their data. Ultimately, for 𝑇 𝑈∕𝐿r ≳ 0.3, the air is diffused
to the point where the shear layer dissipates, and the void fraction
profile once again aligns well with Eq. 7 across the entire water column.

The advection–diffusion coefficients, 𝐷∗ and 𝐷# in Eq. 7 and 8,
were derived from the best-fit analysis of the data, and they are
key parameters in air diffusion models, indicating the change in dif-
fusivity across the aerated regions. Accordingly, the diffusivity co-
efficients are illustrated in Fig. 14, compared with previous studies
on hydraulic jumps conducted by Chachereau and Chanson (2011a)
and Wang (2014). Here, the shaded area for 𝑇 𝑈∕𝐿r ≲ 0.09 indicates
the part of the roller where the shear layer is not developed. For
𝑇 𝑈∕𝐿 ≳ 0.09, 𝐷# increases and 𝐷∗ decreases with distance from the
r
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Fig. 12. Sketch of analytical models of air diffusion along the roller.

roller toe, consistent with trends observed in previous hydraulic jump
studies. The shear coefficient 𝐷# exhibits higher variability, likely due
to the unsteady nature of the flow, hindering precise fitting of the
scattered data, despite the presence of a visible shear layer found in all
flow conditions. Variations in 𝐷# in comparison to previous hydraulic
jump studies may arise from the presence of a (partially) developed
boundary layer, a factor similarly discussed in relation to the number of
interfaces. This may affect the magnitude of the diffusivity in the shear
layer as Montano and Felder (2018) showed higher void fractions in the
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Fig. 13. Comparison of void fraction 𝐶 profiles across normalized elevations ℎ∗ between the experimental data and solutions of different analytical models (see Table 3) for flow
conditions FC1–FC4 [𝑈 = 2.88–2.73 m/s; Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m].
F
b

d

s
f
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Table 3
Summary of analytical models of air diffusion in different regions.

air diffusion model at the toe of wavefront (Shi et al., 2023a)

𝐶(𝑧, 𝑡) = 0.9
(

𝑧 − ℎ0

𝑧90 − ℎ0

)𝑀

0 < 𝑧 < 𝑧90 (6)

𝑀 = 0.9
𝐶mean,𝑧

− 1
air diffusion model in recirculation zone (Chanson, 1989)

𝐶(𝑧, 𝑡) = 1
2

(

1 + erf
(

𝑧 − 𝑧50
2
√

𝐷∗ ⋅ 𝑡

))

𝑧∗ < 𝑧 (7)

air diffusion model in the shear layer (Chanson, 1995)

𝐶(𝑧, 𝑡) = 𝐶max ⋅ exp

⎛

⎜

⎜

⎜

⎝

− 1
4𝐷#

( 𝑧−𝑧𝑐max
ℎ0

)2

𝑈 ⋅𝑡
ℎ0

⎞

⎟

⎟

⎟

⎠

0 < 𝑧 < 𝑧∗ (8)

Notes: 𝐶mean,𝑧 is the depth-averaged void fraction, integrated from 𝑧 = ℎ0 to 𝑧 = 𝑧90;
max is the local maximum of 𝐶 in the shear layer, and its corresponding elevation
𝑐max

; 𝑧50 is the elevation for which 𝐶 = 0.5; 𝑧∗ is the elevation which defines the
ransition from the shear layer to the recirculation zone; 𝐷# and 𝐷∗ are the diffusivity

coefficients in the shear layer and recirculation zone, obtained from the best-fit analysis
of the data.
11 
shear region for hydraulic jumps with fully developed boundary layers.
inally, resulting from the probe set-up used herein, the recirculating
ehavior induces air movements opposite to the probe orientation in

the recirculation zone (Fig. 1), while the convective air transport in
the shear layer aligns with the probe orientation. This orientation
discrepancy for distinct zones differs from previous steady flow studies,
such as Wang (2014), which included probe measurements in both
irections and may result in a more clearly defined shear layer in

hydraulic jump data. Despite this, data showed similarities with the
teady hydraulic jumps, showing parallels between steady and unsteady
lows.

8. Conclusion

Understanding the turbulent, multiphase nature of highly unsteady
flows is crucial for optimizing structural designs and mitigating risks
ssociated with phenomena like tsunamis, impulse waves, and storm

surges. For that, of particular interest are dam-break waves over wet
bed, where the strong recirculating air–water mixture caused by break-
ing of the wavefront significantly influences various dynamic processes
and wave characteristics. This experimental study quantified air–water
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Fig. 14. (a) Comparison of diffusivity coefficient 𝐷# in the shear layer for flow conditions FC1–FC4 [𝑈 = 2.88–2.73 m/s; Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m;
ℎ0 = 0.032–0.128 m], with data from Wang (2014) [Fr = 5.1, Re = 0.91 ⋅105; Fr = 3.8, Re = 1.6 ⋅105], and Chachereau and Chanson (2011a) [Fr = 5.1, Re = 1.3 ⋅105; Fr = 4.4,

e = 1.1 ⋅105; Fr = 3.8, Re = 0.98 ⋅105; Fr = 3.1, Re = 0.89 ⋅105]. (b) Comparison of diffusivity coefficient 𝐷∗ in the recirculation zone for flow conditions FC1–FC4 [𝑈 =
.88–2.73 m/s; Fr = 5.14–2.44; Re = 0.92 ⋅105–3.49 ⋅105; 𝑑0 = 0.8 m; ℎ0 = 0.032–0.128 m], with data from Wang (2014) [Fr = 5.1, Re = 0.91 ⋅105; Fr = 3.8, Re = 1.6 ⋅105].
he gray shaded area indicates part of the wave where 𝑇 𝑈∕𝐿r < 0.09. 𝐿r is the length of the dam-break roller, while 𝐿j is the roller length of the hydraulic jump.
l

a

flow properties using a novel approach, allowing to analyze the un-
steady multiphase nature for four flow conditions. Dam-break wave
experiments were conducted in a large-size flume using a lift gate.
Due to the unsteadiness of the flow, tests were repeated multiple
times and data analysis was based on ensemble-averaging techniques
to obtain physically meaningful and statistically reliable results. The
air–water flow properties were examined in terms of air concentration
(void fraction) and bubble characteristics (quantity and size), with
these properties compared between the different flow conditions and
associated Froude numbers.

Visual observations revealed highly aerated flows, with non-linear,
turbulent behavior at the wavefront, characterized by rapidly changing
deformations of the free surface, which enhance air entrapment and
entrainment, leading to droplets, splashes, air pockets, and clusters
of bubbles. Within the breaking roller, large-scale turbulent struc-
tures associated with Kelvin–Helmholtz instabilities were visible, which
were advected downstream until they eventually dissipated. Dam-break
waves with lower Froude numbers showed increased wave heights but
reduced celerity compared to waves with higher Froude numbers, due
to frictional effects from the greater tailwater depth, consistent with
analytical formulations.

The analysis of air–water flow properties consistently reflected the
observed dynamic processes. For all flow conditions, a local maximum
in the number of bubbles, accompanied by a minimum in bubble size,
was found slightly above the initial still water level, aligning with
previous findings in (un)steady multiphase flows. The greatest contrast
between local maxima and minima was observed in waves with the
highest Froude numbers, while larger bubbles were generally found at
lower Froude numbers. These results suggest that increasing the Froude
number intensifies dynamic processes responsible for bubble fragmen-
tation in the lower part of the roller. The void fraction, a parameter
commonly used to represent the likelihood of air concentration, showed
imilar profiles across the water column for all flow conditions. The
aximum depth-averaged void fraction exhibited an increasing trend
ith higher Froude numbers, reaching air concentrations of up to 40%

or Fr = 5.14. Findings on bubble characteristics and void fraction
ndicated distinct regions across the roller, confirming the presence
f a shear layer and recirculation zone in dam-break waves, with
oid fraction profiles closely matching analytical models developed for
teady flows. Slightly downstream of the wave toe, the instantaneous
oid fraction profiles exhibited a convex shape, followed by an S-shape,
fter which the shear layer became fully visible - a pattern in the roller
ot previously documented in studies of similar flow phenomena.
12 
Overall, the high levels of aeration, along with the spatial and
temporal variations in air–water properties for different flow con-
ditions, underscore the importance of considering air in dam-break
waves. Acknowledging the complexity of these phenomena, the re-
sults offer new insights into the relationship between the multiphase
nature and the hydrodynamic processes within the breaking roller.
Additionally, the study supports this experimental approach for col-
ecting multiphase flow data in highly turbulent, unsteady flows, with

broader implications for developing numerical methods to incorporate
ir entrainment.

9. Notation
𝑏 = number of bubbles [–]

𝑏med = median number of bubbles [–]

𝑏tot = total number of bubbles [–]

𝑐 = instantaneous void fraction [–]

𝐶 = ensemble-averaged void fraction, defined by Eq. (2) [–]

𝐶max = local maximum of 𝐶 in the shear layer [–]

𝐶mean,t = time averaged void fraction, defined by Eq. (5) [–]

𝐶mean,z = depth averaged void fraction, defined by Eq. (4) [–]

𝑑 = inflow depth [m]

𝑑0 = impoundment depth of reservoir [m]

𝐷# = diffusivity coefficient in recirculation zone [–]

𝐷* = diffusivity coefficient in shear layer [–]

Fr = Froude number, defined as Fr= 𝑈∕
√

𝑔 ℎ0 [–]

𝑔 = gravitation acceleration [9.81 ms−2]

ℎ0 = initial still water level downstream of the gate [m]

ℎp = plateau height [m]

ℎ* = normalized elevation, defined by Eq. (3) [–]

𝐿ch = pseudo-chord length, defined by Eq. (1) [m]

𝐿ch,med = median pseudo-chord length [m]

𝐿j = roller length in a hydraulic jump [m]

𝐿r = roller length in a dam-break wave [m]

Mo = Morton number, defined as Mo = We3∕(Fr2Re4) [–]

𝑛 = number of repetitions [–]

𝑁 = number of interfaces [–]
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⟨

𝑁
⟩

= ensemble-median number of interfaces [–]

Re = Reynolds number, defined as Re = (𝜌𝑈 ℎ0)∕𝜇 [–]

𝑡ch = bubble chord time [s]
𝑡ch,med = median bubble chord time [s]

𝑇 = time [s]
𝑈 = wavefront celerity [ms−1]

𝑉1 = inflow velocity [ms−1]

𝑉max = maximum value of the raw signal from a single probe-tip [𝑉 ]

𝑉min = minimum value of the raw signal from a single probe-tip [𝑉 ]

𝑉T = threshold value in air–water signal processing

We = Weber number, defined as We = (𝜌ℎ0𝑈
2)∕𝜎 [–]

𝑥 = longitudinal distance [m]

𝑦 = cross-sectional distance [m]

𝑧 = vertical distance [m]

𝑧90 = elevation where 𝐶 = 0.9 [m]

𝑧50 = elevation where 𝐶 = 0.5 [m]

𝑧10 = elevation where 𝐶 = 0.1 [m]

𝑧c,max = elevation where 𝐶 = 𝐶max [m]

𝑧∗ = elevation of the transition between shear layer

and recirculation zone [m]

𝜌 = water density, herein 𝜌 = 1000 [kg m−3]

𝜇 = dynamic viscosity, herein 𝜇 = 1.002 ⋅ 10−3 [Pa⋅s]

𝜎 = surface tension, herein 𝜎 = 0.07 [kg s−2]
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