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ARTICLE INFO ABSTRACT

Keywords: Aeration plays a key role in the breaking roller of dam-break waves, however, their multiphase behavior
Scale effects remains insufficiently understood due to the complexity of turbulent air-water interactions in unsteady aerated
Mu“f'Phase ﬂ"f"’s flows. Laboratory experiments are typically designed under Froude similitude to preserve the balance between
Physical modeling inertial and gravitational forces. In aerated free-surface flows, incomplete dynamic similarity leads to scale
Dam-break waves . . . . . . . .
Breaking roller effects as viscous and surface tension forces become increasingly influential at smaller scales. While scaling
Highly unsteady flows behavior has been extensively investigated for steady aerated flows, corresponding insights for unsteady

flows remain scarce. This study experimentally investigates the scaling behavior of unsteady dam-break wave
rollers using geometrically similar experiments at two different scales, each with four flow conditions. A
comprehensive dataset was obtained combining free-surface measurements, video-based analysis, and intrusive
phase-detection probes, enabling detailed characterization of free-surface dynamics and air-water flow prop-
erties. Fluctuations of the roller-toe perimeter agree well between scales, suggesting Froude-dependence. In
contrast, free-surface fluctuations along the roller exhibit scale dependence, reflecting the influence of aeration
and large recirculating structures. Bubble characteristics showed strong scale effects, underscoring the role
of turbulence dissipation and interfacial forces that are not dynamically similar across scales, whereas void-
fraction profiles are comparatively less sensitive. Overall, the results demonstrate that many multiphase flow
properties cannot be directly extrapolated solely based on Froude similarity. While highlighting the need for
prototype measurements, this study provides new insight for improving the extrapolation of laboratory-scale
findings to natural unsteady phenomena.

1. Introduction multiphase compressibility effects influence peak pressure magnitudes,
impact duration, and pressure oscillations [3-5]. These processes are

Long-period waves such as tsunamis, impulse waves, storm surges,
and flash floods, pose significant hazards to coastal and riverine re-
gions, and are characterized by highly unsteady free-surface flows.
Due to their rare, violent, and unpredictable nature, investigations
are typically limited to laboratory experiments conducted at reduced
scales, where dam-break waves are commonly used to study (unsteady)
shallow-water hydrodynamics [e.g., 1]. A dam-break wave is a gravity-

therefore relevant to a broad range of engineering applications, in-
cluding the assessment of wave-induced loads on coastal and hydraulic
structures, green-water loading on ships, and the validation of numer-
ical models [e.g., 6-8]. Despite its relevance, the multiphase nature of
the breaking roller remains poorly understood due to the complexity
of turbulent air—water interactions and challenges associated with scal-

driven positive surge generated by the sudden release of a large volume
of water. The resulting abrupt water-level discontinuity induces wave
breaking, forming a breaking roller propagating in shallow water.
This roller is characterized by intense recirculation and substantial
air entrainment, continuously reinforced by strong gradients in water
levels, velocities, and pressures at the wavefront [2]. The presence
of entrained air significantly modifies the hydrodynamic behavior of
the flow, with previous studies highlighting the important role of
aeration in surge-wave impacts and wave-structure interactions, where
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ing unsteady multiphase flows. Laboratory experiments are typically
designed under Froude similitude to preserve the governing balance be-
tween inertial and gravitational forces [9]. However, in reduced-scale
multiphase flows, viscous and surface tension effects become increas-
ingly influential as these processes cannot be scaled simultaneously,
leading to distortions in air-water dynamics, including air entrainment
and bubble break-up processes [10]. Consequently, aerated free-surface
flows in down-scaled models are inherently affected by scale effects,
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particularly in their multiphase characteristics. This also affects the
up-scaling of laboratory results to prototype applications.

Previous experimental studies on scale effects in aerated flows
focused predominantly on steady flow conditions, including stepped
spillways [e.g., 11,12] and hydraulic jumps [e.g., 13-16]. For hydraulic
jumps scaled under Froude similitude, the global free-surface geome-
try exhibits self-similar profiles and consistent conjugate depth ratios.
Moreover, macroscopic air-water flow properties, including interfacial
velocities and void fraction distributions, were observed to be largely
unaffected by scale, with only limited effects reported for void frac-
tion distributions at Re< 2.7-10* - 6.3-10*, depending on the Froude
number [17,18]. Similar scale-independent behavior was also observed
in stepped spillways [19]. In contrast, pronounced scale effects were
consistently observed for bubble characteristics, including bubble count
rate, bubble chord time, and clustering behavior. At low Reynolds
numbers, fewer but larger bubbles were reported, accompanied by
reduced turbulence intensities and enlarged turbulent length and time
scales, highlighting a strong coupling between turbulence, air entrain-
ment, and bubble break-up processes [14,19]. Felder and Chanson
[12] further investigated scaling effects on air-water flow properties in
two geometrically scaled stepped spillways by comparing Froude and
Reynolds similitude. Although Reynolds similitude provided a marginal
improvement in the scaling of bubble chord sizes relative to Froude
similitude, neither approach was sufficient to fully eliminate scale
effects on microscopic air-water flow properties. This highlights the
intertwined influences of gravitational, inertial, viscous, and surface
tension forces in strongly aerated flows, showing that while global
flow features may scale satisfactorily, air-water interactions are not
adequately preserved under Froude similitude.

Multiphase behavior in unsteady flows has been analyzed by Leng
and Chanson [20], Shi et al. [21], and Regout et al. [2], however, these
studies were all conducted at a single scale. While dam-break waves and
breaking bores are often considered analogous to translating hydraulic
jumps [e.g., 22-24], this comparison is constrained by differences
in inflow conditions and flow patterns. Consequently, the scaling of
air-water flow properties in unsteady flows remains largely unexplored.

In this context, the present study provides novel experimental in-
sights into the scaling behavior of unsteady dam-break wave rollers. Ge-
ometrically similar experiments were conducted at two different scales,
enabling direct comparison of flow conditions with identical Froude
numbers but differing Reynolds numbers. Building on the single-scale
experiments by Regout et al. [2], this study extends the previous
investigation, focusing on free-surface dynamics and detailed air-water
characteristics in unsteady flows at various scales. Overall, these find-
ings contribute to a more reliable interpretation of multiphase free-
surface flow experiments, supporting the extrapolation of laboratory
results to natural phenomena at the prototype scale.

2. Experimental approach

The experiments at the two scales were conducted during two
separate experimental campaigns. Measurements from the large-flume
experiments, including Acoustic Displacement Meters (ADM) and con-
ductivity probes, were previously analyzed by Regout et al. [2]. In
addition, reference probe data from two flow conditions of the small-
flume experiments were used to perform a complementary sensitivity
analysis of the threshold value in the single-threshold technique (see
Section 3.2) [25]. Building on this prior work, the present study extends
the analysis to a multi-scale investigation of dam-break wave dynamics
by integrating the large-flume probe dataset of [2] with the newly
analyzed small-flume dataset and high-speed top-view imaging.
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2.1. Experimental set-up

Two similar sets of experiments were conducted at the Hydraulic
Engineering Laboratory of Delft University of Technology, the Nether-
lands, where dam-break waves were generated in two horizontal flumes
of proportional scale. The small-flume experiments were performed in
a flume 14 m long, 0.40 m wide, and 0.42 m deep, with a glass bottom.
The large-flume experiments were conducted in a flume 39 m long,
0.76 m wide, and 0.85 m deep, with a smooth concrete bed. In both
set-ups, a lift gate was used to enforce a sudden opening, generating a
dam-break wave over a still water level h,. The roller toe is defined as
the initial transition from the still water level to the resulting breaking
roller, which propagates downstream with celerity U, followed by a
quasi-uniform depth referred to as the plateau height h;, (Fig. 1a). To
ensure that the gate opening did not affect the wave properties, the
opening time of both gates satisfied the criterion of [26], t < v/2d,/g,
where d;, is the reservoir impoundment depth.

2.2. Dimensional analysis

Key flow characteristics include free-surface features and air-water
properties defined as functions of time, space, and vary with initial
conditions. The unsteady nature of the flow restricts measurements to
an Eulerian reference system, resulting in data acquired in the temporal
domain and expressed in dimensionless form as t* = r4/g/d,. The
spatial coordinates y, z are non-dimensionalized as y* = y/W (where
W is the flume width) and z* = (z — h)/(hy = hy).

The dominant mechanisms in multiphase flows are characterized by
Froude, Reynolds, and Weber numbers. The Froude number,
Fr=U/ \/%, is the primary similarity parameter for preserving inertial-
gravitational force balance in reproducing gravity-driven free-surface
flows at laboratory scale [9]. The Reynolds number, Re = (pUhy)/u,
characterizes viscous and turbulent effects, while the Weber number,
We=(phyU?)/0,, quantifies the influence of surface tension, where
p is the water density, y the dynamic viscosity, and o, the surface
tension. The Froude, Reynolds and Weber number are related through
the Morton number, Mo= gu*/(po?)=We?/(Fr’Re*), which remains
constant for a given fluid [27]. For geometrically similar models
using identical fluids, Froude similitude implies lower Reynolds and
higher Weber numbers compared to prototype conditions, inducing
scale effects associated with viscous and surface tension forces. Under
Morton similarity, this yields We « Re*/?, consequently, scaling effects
are quantified in terms of Froude and Reynolds numbers.

2.3. Instrumentation

Free-surface elevations were measured using microsonic mic+35/
IU/TC Acoustic Displacement Meters (ADM) with a response time <
64 ms and precision +0.1 mm. In each set-up, 3 ADMs were installed
along the centerline at x/d, = 11.7, 14.2, 16.7 (Fig. 1a).

Top-view recordings were obtained to detect the fluctuating be-
havior of the propagating wavefronts. For each flow condition (FC)
in both flumes, 25 videos were recorded using a Photron FASTCAM
NOVA S16 ultra-high-speed camera equipped with a NIKKOR Z 50 mm
f/1.4 lens, capturing images at a resolution of 1024 x 1024 pixels
and 16,000 frames per second (fps). The camera was positioned at
x/dy=15.9 downstream of the gate at elevations z,./d,=2.9 and 2.7 in
the small and large flume, respectively (Fig. 1a), yielding fields of view
(FOV) of 44 x 44 cm and 78 x 78 cm. The exposure time was set to 2 ps,
with the camera focused on the surface of the initial water level h,. LED
arrays were installed downstream of the camera and oriented toward
the incoming wavefront to provide uniform illumination. A black flume
bed and black cloth covering the experimental set-up were used to
enhance image contrast and suppress reflections.

Air-water flow properties were obtained using four double-tip
phase-detection conductivity probes located at x/dy=17.6 downstream
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Fig. 1. Experimental set-up: (a) side-view sketch with reservoir depth d,=0.4 m (small flume) and d,=0.8 m (large flume), and (b) top-view sketch of the
phase-detection probes with flume widths W=0.4 m (small flume) and W=0.78 m (large flume). The roller-toe perimeter is indicated in red.

Table 1
Characteristics of the tested flow conditions (FC).
Flume Flow dy hq :i hy, U Fr Re We
condition [m] [m] ’ [m] [m/s]
small FC1 0.4 0.016 0.04 0.11 2.09 5.27 0.33-10° 0.99:-10%
flume FC2 0.4 0.032 0.08 0.14 1.97 3.52 0.63-10° 1.77-10°
(SF) FC3 0.4 0.048 0.12 0.16 1.97 2.87 0.95-10° 2.66-10°
FC4 0.4 0.064 0.16 0.18 1.95 2.46 1.25-10° 3.48-10°
large FC1 0.8 0.032 0.04 0.22 2.88 5.14 0.92-10° 0.38-10*
ﬂu?ne FC2 0.8 0.064 0.08 0.29 2.82 3.56 1.80:10° 0.73-10*
@F) FC3 0.8 0.096 0.12 0.33 2.75 2.83 2.63-10° 1.04-10*
FC4 0.8 0.128 0.16 0.37 2.73 2.44 3.49-10° 1.36-10*

Note that: Fr=U/+/ghy, Re = pUh,/u, and We=ph,U? /s, using water density p = 1000kg m~>, dynamic viscosity 4 = 1.002-1073 Pas, and surface

tension o, = 0.07kgs™>. U and h, are obtained from the ADM measurements.

of the gate. The probes were sampled simultaneously at 100 kHz, and
horizontally aligned at ¥p,i/W=I[0.35, 0.42, 0.54, 0.62] in the small
flume and yp’i/W=[0.31, 0.35, 0.46, 0.56] in the large flume (Fig.
1b). Each probe tip had an inner electrode with & = 0.25 mm, where
the reference probe featured two leading tips (4x = 0 mm), while the
remaining three probes had a longitudinal tip spacing of Ax = 6.3 mm.
The reference probe remained fixed at y+5 mm and hy+3 mm in the
large and small flume, respectively, to ensure synchronization across all
tests. The remaining three probes were positioned at varying elevations
and adjusted across four configurations, covering 13 elevations ranging
from slightly below the initial water level to the plateau height. Each
configuration consisted of 55 repetitions per elevation to allow for
ensemble-average analysis, yielding a total of 220 repetitions recorded
by the reference probe for each FC. Further details on the probe set-up
are provided in [2].

2.4. Flow conditions

For all tests, the impoundment depth d, remained constant, while
different flow conditions were obtained by varying the downstream
water level hg, as summarized in Table 1.

3. Methodology and data processing

The unsteady nature of the flow restricts data acquisition to an Eu-
lerian reference frame, limiting measurements to short durations. Con-
sequently, data analysis requires ensemble-averaging approach, based
on sufficient number of repetitions [28].

3.1. Ensemble analysis of ADM measurements

Free-surface levels were measured using ADMs, resulting in 220
profiles per flow condition (FC) at each scale. Raw voltage signals
V were converted to distances using calibration functions and then
filtered using a Z-score filter to remove far-range noise, followed by a
third-order Savitzky-Golay (SG) filter to attenuate small outliers [29].
Repetitions were synchronized by setting 1 = 0 at wave arrival at each
ADM. Ensemble-averaged free-surface profiles were computed for each
FC. Wavefront celerity was obtained as U = Ax/A4t, where Ax and At
denote the distance and travel time between adjacent ADMs.

3.2. Ensemble analysis of phase-detection probe data

Air-water flow properties are derived from phase-detection probe
measurements. The signal processing and the definitions of the param-
eters follow the methodology used by Regout et al. [2]. This frame-
work is adopted here to ensure methodological consistency between
previously study and the new small-flume measurements.

As the wavefront propagates through the probes, the two phases
are detected based on conductivity differences, visualized as a drop in
voltage in the raw signal when the probe tip is exposed to air (Fig.
2). Each raw signal V was first normalized using V., and Vi, from
its bimodal distribution and then binarized using a single-threshold
technique [30] to obtain the instantaneous void fraction ¢. To this
end, a threshold value of 0.5 is commonly used for steady flows [e.g.,
15,31-33]; however, unsteady flow conditions can lead to more incom-
plete piercings [34,35]. Based on a sensitivity analysis by Wiithrich and
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Regout [25], a higher threshold value of 0.8 was therefore adopted to
effectively capture smaller bubbles in unsteady flows, such that:

ey {0(water) if (V1) = Viin)/ Vinax = Vinin) > 0.8
L@  if VO = Vi) Vinax = Vinin) < 0.8

The instantaneous void fraction ¢ provides information on the num-
ber of air-water and water—air interfaces, their temporal distribution,
and the duration between successive transitions at each elevation (Fig.
2). For each FC, all repetitions were synchronized using the first
air-water interface detected by the right tip of the reference probe.
Ensemble-averaged statistical analyses were applied across » repetitions
at each elevation (n = 55, except at the reference probe elevation where
n = 220) to obtain characteristic air-water flow parameters, in line
with previous studies by Leng and Chanson [20], Wiithrich et al. [28],
and Regout et al. [2].

The number of interfaces N is obtained from the binarized signal,
with an interface defined as a transition between air and water (or vise
versa). These transitions correspond to the boundaries of intercepted
air bubbles and water droplets, such that N is related to the bubble
content within the roller. For measurements at elevations above the
initial water level h, the probes are initially in air and the first detected
transition is from air to water. The number of detected bubbles is
therefore given by b = (N — 1)/2 for z > h,, while b = N /2 for z < hy
since the tip is initially located in water.

As shown in Fig. 2, the bubble chord time ¢, is defined as the time
between consecutive water—air and air-water interfaces. Based on 7,
and wavefront celerity U, a characteristic pseudo bubble length scale
Ly, is defined as:

Le, = Utey, (€8}

which corresponds to its maximum pseudo-chord length when the
probe pierces the bubble near its center.

Finally, the ensemble-averaged void fraction C is defined follow-
ing [20,28] as:

n

1

Cn=- /ZT ¢;(z.1) 2
where the instantaneous void fraction ¢; is considered a Bernoulli
variable (1 = air, 0 = water), and » is the number of repetitions at each
elevation. Consequently, the void fraction profiles C(z, ) represent the
probability of air presence within the roller. The depth-averaged void
fraction Cpeqn(f) Was computed by integrating each vertical distribution
between z =0 and z = zy:

1 290
Chean(®) = Z_/o C(z,t)dz 3)
90

where zy, is the elevation where C(z,7) = 0.9, commonly adopted to
characterize the free-surface level in air-water flows.

3.3. Image analysis of top-view videos

As the wave passed through the camera’s field of view (FOV), bright-
ness variations created visible contrast between the initial water level
and the advancing wavefront. These resulting pixel-intensity gradients
in the grayscale images were used to identify the roller-toe perimeter
(Fig. 1b). In line with [36], the image-based analysis consisted of three
steps: (1) image processing to detect the roller-toe perimeter in each
frame, (2) filtering the perimeters to remove noise and droplet ejection,
and (3) obtaining roller characteristics. A schematic overview of the
workflow, illustrating the different processing steps, is shown in Fig. 3.
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Fig. 2. Sketch of signal processing captured by a probe tip, using single
threshold technique, set at 80%.

3.3.1. Step 1: image processing

For each flume, 25 videos were recorded per FC. The videos were
decomposed into individual frames, to which identical image-processing
techniques were applied to detect the roller-toe perimeter. The videos
were pre-processed to enhance image quality, including high dynamic
range (HDR), gamma, contrast, and brightness adjustments, where
these parameters were manually optimized. All videos, originally
recorded at 16,000 fps, were downsampled to 3200 fps, with the
duration defined by the first and last frames where the top-view profile
was fully visible across the flume width. Fig. 3 illustrates the step-
by-step image processing procedure. Each frame was first cropped
vertically to remove sidewall reflections, yielding an effective cross-
sectional width of W’'=868 and 899 pixels for the small and large
flume, respectively. The cropped grayscale images were then binarized
using a threshold p; s = 20, setting pixels to 0 (black) for p; < p; hyes
and 255 (white) otherwise. A 5 x 5 median filter was then applied
to reduce impulse noise. Finally, the roller perimeter was detected via
gradient-based edge detection, with the roller toe defined as the first
non-zero pixel from the right.

3.3.2. Step 2: data filtering

Strong fluctuations and air entrainment at the roller toe generate
transient foamy structures, droplets, and splashes, causing detected
edges to include local ejections and noise. Therefore, the perimeters ex-
tracted from each frame were filtered using a two-step procedure (Fig.
3). A Z-score filter (Zyes = 2.8) and a second-order Savitzky-Golay
(SG) filter were applied to remove far-range noise and small outliers
near the roller-toe boundary, respectively, with outliers replaced by
linear interpolation. The window length of the SG filter and threshold
values were scale-dependent and selected by trial and error to balance
noise reduction and boundary fidelity. For the small flume, a window
length of 19 pixels and a threshold of 10 pixels were used, while for
the large flume these values were 49 and 15 pixels, respectively.

3.3.3. Step 3: roller-toe characteristics

Analyzed characteristics include the median roller-toe position,
roller-toe fluctuations, wavefront celerity, instantaneous roller-toe cel-
erity, and indentation coefficient (Fig. 3). For each frame i, the median
roller-toe position x,.q; was determined across the flume width. Roller-
toe fluctuations in each frame i were defined as the longitudinal
deviations from the median position, x;,j = X; j —Xmed,i» Where x; ; is the
roller-toe position at pixel j in the transverse (y) direction and xpeq;
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Fig. 3. Schematic of the image-processing workflow to obtain roller-toe characteristics, based on 25 videos per FC. The wave propagates from left to right.

is the median roller-toe position. The fluctuations x’ are computed for
each wave profile across all transverse pixels and for all 25 videos per
FC.

For each video, the wavefront celerity is defined as Ugeo
Ax/(kAr), where Ax is the distance traveled by the median roller-toe
position x,.q between the first and last frames, At is the time between
consecutive frames (corresponding to 1/3200 s), and k is the total
number of frames in the video. Accordingly, the ensemble-averaged
wavefront celerity is obtained from 25 videos for each FC.

The wavefront exhibits a local celerity that varies in space and time,
referred to as the instantaneous roller-toe celerity u. When computed
between two consecutive frames (4t = 1/3200 s), the temporal reso-
lution resulted in unrealistically small estimates. Therefore, u in each
frame i was evaluated over a finite interval of m frames and defined
as u;; = Ax,, ;/(mAt), where Ax,, ; is the displacement between frames
i and i+m along vertical pixel j. Based on a sensitivity analysis, m was
set to 28 for the small flume and (consistent with Froude scaling) to
40 for the large flume, resulting in accuracies of 0.05 and 0.06 m/s,
respectively. The instantaneous celerities u were computed for each
wave profile across all transverse pixels and for all 25 videos per FC.

Lastly, the indentation coefficient quantifies fluctuation magnitude
as the ratio of perimeter length to flume width: IC; = L,/W’, where
IC=1 corresponds to a straight line. The roller-toe perimeter length
L; is determined using the Pythagorean theorem applied to discretized
data at pixel resolution, and W’ is the effective width of the flume in
the cropped image (Fig. 3). IC is computed for each wave profile in all
25 videos per FC.

4. Visual observations

The sudden opening of the gate induces the formation of a dam-
break wave with a breaking roller that propagates downstream. The

roller consists of a highly aerated strong recirculating flow, sustained by
sudden changes in water level, velocity, and pressure at the wavefront.
Free-surface instabilities and strong turbulence lead to repeated (de-
)aeration processes, producing rapidly evolving and shortly lived foamy
structures, droplets, splashes, air cavities, and clusters of bubbles [37].
The recirculating flow near the roller toe continuously entrains air
pockets into the wavefront, which are broken into smaller bubbles
within the developing shear layer. Side-view observations reveal vor-
tical structures generated by strong shear and associated with Kelvin—
Helmholtz instabilities, which are advected downstream together with
the entrained bubbles (Fig. 4a). As the roller evolves, these structures
gradually dissipate, while the bubbles rise toward the free surface
due to buoyancy [20,37]. Similar processes were observed for all flow
conditions.

Figs. 4b,c show top-views of breaking rollers in dam-break waves
at two scales for Fr = 2.4. In both cases, the flow is characterized
by large free-surface deformations and intense air entrainment. The
breaking roller in the large flume exhibits significantly greater aera-
tion, visualized by the denser regions of high pixel intensity (white)
(Fig. 4c). At larger scale, a wider range of air-water structures is
observed, indicating different aeration mechanisms that depend on
the relative importance of turbulence and surface tension, as reflected
in the Froude, Reynolds, and Weber numbers [37,38]. In contrast,
individual bubbles are more clearly distinguishable at the small scale
(Fig. 4b). The closer position of the camera in the small-scale experi-
ments provides a higher spatial resolution, allowing finer features to be
resolved.

5. Hydrodynamic behavior
The hydrodynamic behavior of dam-break waves is characterized by

strong fluctuations along the free surface and the roller toe. The free-
surface characteristics are quantified through wave profiles, wavefront
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Fig. 4. Visual observations of dam-break waves: (a) side-view of the small flume [Fr = 2.46; Re = 1.25 -10%; d, = 0.4 m; h, = 0.064 m], (b) top-view of FC4g
[Fr = 2.46; Re = 1.25 -10%; d, = 0.4 m; h, = 0.064 m], (c) top-view of FC4, [Fr = 2.44; Re = 3.49 -105; d, = 0.8 m; h, = 0.128 m], (d) cross-sectional view of
the small flume [Fr = 2.87; Re = 0.95 -10%; d, = 0.4 m; h, = 0.048 m], and (e) cross-sectional view of the large flume [Fr = 2.83; Re = 2.63 -10%; d, = 0.8 m;
hy, = 0.096 m]. Photos a, d, and e were captured using a DSLR camera (where d and e were published in [25]), while photos b and c were captured using a
high-speed video camera (16,000 fps). In photos a-c, the waves propagate from left to right.

celerity, and roller length, while the roller-toe behavior is analyzed in
terms of perimeter fluctuations, instantaneous celerity, and indentation
coefficient.

5.1. Dynamic behavior of the free surface

Fig. 5a shows the ensemble-median free-surface profiles z_ .4 mea-
sured by the ADMs, and elevations zq, based on the conductivity probe
data (Section 3.2). The profiles are normalized using the impoundment
depth d,, and visualized for flow conditions FC1 and FC4 at both scales.
Overall, good agreement between both measurement techniques and
across scales is observed, with water levels increasing monotonically
toward a quasi-uniform depth. The ADMs yield slightly lower free-
surface elevations than those obtained with the conductivity probes.
These discrepancies can be attributed to differences in instrumen-
tation: the intrusive probes detect elevations corresponding to 90%
aeration, whereas the non-intrusive ADMs rely on reflected acoustic
signals that penetrate deeper into the aerated region [39]. For all FCs,
rapidly evolving fluctuations were observed along the free surface (Fig.
4). These fluctuations were defined as deviations from the ensemble
median z/ = z — z.4, based on the ADM data. Fig. 5c presents
the interquartile range (IQR) of the normalized fluctuations z{QR /hy,
showing that the largest fluctuations consistently occur near the roller
toe. At both scales, increasing Fr leads to stronger fluctuations, in line
with previous studies on hydraulic jumps, attributing this behavior to
enhanced air entrainment at the jump toe and air-water projections
above the roller [15,31,40]. While Wang [15] reported minimal dif-
ferences across Reynolds numbers for hydraulic jumps, the large-scale
(LF) dam-break waves exhibit significantly larger fluctuations closer
to the roller toe (ty/g/d, < 1.0), compared to the small-scale tests
(Fig. 5¢). These scaling effects are likely associated with the higher
Reynolds and Weber numbers, which influence (de-)aeration mecha-
nisms and turbulent processes beneath the free surface [36,38].

With increasing distance from the wavefront, both free-surface slope
and fluctuations decrease, and the flow approaches a quasi-uniform

plateau height, h,. At both scales, increasing the initial water level
h results in higher plateau heights and steeper wavefronts (Fig. 5a),
consistent with previous dam-break studies [41, among others]. Fig. 5b
shows the median plateau height 4, and wavefront celerity U, derived
from both ADM and video data (Section 3), and compares them with
analytical predictions by Stoker [42] and Chanson [1]. The measured
h, show excellent agreement with existing formulations across all
FCs and scales. Good agreement is also found for U, where small
variations between ADM- and video-based celerities can be linked to
differences between the two techniques. This is because the video-based
estimates are derived over a shorter streamwise distance than the ADM
measurements, making them more sensitive to local accelerations and
decelerations, whereas ADM-based celerities represent more spatially
averaged values. In addition, ADMs provide centerline measurements,
while video data capture spatial variability across the flume width. To
evaluate potential sidewall effects, Fig. 6 illustrates the variations of U
across the flume width W, of FC2, for both scales. The flume width
was subdivided into cross-sectional segments, and the mean celerity
within each segment was compared with the overall averaged wave-
front celerity U. In both flumes, slightly higher celerities were observed
near the centerline, indicating weak sidewall effects. This observation
was found across all FCs and aligns with previous observations [36,43],
however, the influence of sidewall effects appears minimal in the
present study. Despite this, the close agreement of A, and U with the
analytical predictions of Stoker [42] confirms that the experimental
setup reproduces dam-break wave dynamics, with consistent results
across scales indicating that both quantities are preserved under Froude
similitude.

The roller length is commonly defined (analogous to hydraulic
jumps) as the streamwise distance over which the water elevation
increases monotonically [15]. In contrast to earlier studies relying
on visual observations, the present study defined the roller length
using free-surface fluctuation statistics, L, = Ur, , where 7, is the
time needed to reach the plateau height. Fig. 5d presents the roller
length normalized by the initial water level h,, compared with data
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Fig. 5. Free-surface dynamics of dam-break waves at two different scales: (a) Normalized free-surface profiles measured with ADMs (z,.q) and probe-based
elevations (zo,) for FC1 (Fr = 5.2) and FC4 (Fr = 2.4) in the large flume (LF, d,=0.8 m) and small flume (SF, d,=0.4 m). (b) Normalized wavefront celerity
U and plateau height h, compared with the analytical formulations of Stoker [42] and Chanson [1] for flow conditions FC1-FC4 (Fr = 2.4-5.2) at both scales,
with large flume [LF: Re = 0.92-10°-3.49-10°; d,=0.8 m; h,=0.032-0.128 m] and small flume [SF: Re = 0.34:10°-1.25-10%; d,=0.4 m; h,=0.016-0.064 m]. (c)
Normalized free-surface fluctuations quantified by the ADM interquartile range (IQR) for FC1-FC4 at both scales (LF and SF). (d) Normalized roller lengths for
FC1-FC4 at both scales, compared with previous studies of breaking bores [20,22,28] and hydraulic jumps [15,16,40,44].

from previous studies on breaking bores and hydraulic jumps. Results
show increasing L, with increasing Fr, consistent with previous studies.
However, dam-break waves exhibit slightly larger roller lengths than
breaking bores and hydraulic jumps. While Wang [15] and Hager
et al. [44] proposed linear relations to estimate L, as function of Fr,
suggesting primarily Froude-based dependence, Estrella et al. [16] also
reported a noticeable influence of Re, indicating that the roller length
may also depend on Reynolds number. As free-surface fluctuations
are larger in the large flume than in the small flume, this affects the
estimated roller length, particularly for FC1 (Fr=>5.2). Moreover, owing
to the higher wavefront celerity, the resulting roller length remains
sensitive to its duration U highlighting the inherent difficulty of
defining L, unambiguously using quantitative criteria.

5.2. Dynamic behavior of the roller toe

The dynamic behavior of the roller toe plays a key role in initiating
air entrainment and shear layer development, generating turbulent
structures and air—-water interactions that influence free-surface dynam-
ics and the aerated roller region. The roller-toe dynamics are based
on the top-view video analysis and include roller-toe fluctuations,
instantaneous celerity, and indentation coefficient (Section 3.3).

5.2.1. Roller-toe fluctuations
Roller-toe fluctuations are the longitudinal deviation from the me-
dian, x’ = x — xpeq (Section 3.3). Fig. 7a compares the probability

distributions of roller-toe fluctuations for FC1 and FC4 at both scales,
presented in dimensional form and normalized by 4. For each FC, the
fluctuations follow a Gaussian distribution, with the standard deviation
o providing a measure of their magnitude. For similar Froude numbers,
dimensional ¢ is consistently smaller in the small flume (SF) than in the
large flume (LF), in line with the larger fluctuations observed in the
LF, associated with higher Reynolds numbers (Fig. 4). For different Fr,
the distributions in dimensional form are comparable, with a slightly
higher ¢ for FC4 (Fr = 2.4). When normalized, no significant differences
are observed between scales, while the influence of the Fr becomes
more pronounced.

Fig. 7b presents the normalized standard deviation o /h, as a func-
tion of Froude and Reynolds numbers, and compares the results with
available data from breaking bores [36] and hydraulic jumps [15,43,
45,46]. The standard deviation of roller-toe fluctuations in dam-break
waves is consistent with previous studies, exhibiting a linear increase
with Fr. Based on the data in 7b, an empirical linear fit is defined
as o/hy = 0.34(Fr — 1), valid for 1.5 < Fr < 6.5 with R> = 0.84.
Complementarily, o/h, exhibit a slight decrease with increasing Re.
These results may suggest that the normalized roller-toe fluctuations
are strongly governed by Fr. This prevalence of gravitational processes
may be linked to local dynamics at the roller toe, where high-velocity
flow impingement and strong shear affect fluctuation dynamics [37,
38]. Higher Froude numbers imply steeper velocity gradients between
the downstream (still) water and the propagating wavefront tip, gen-
erating stronger shear and, consequently, larger horizontal roller-toe
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Fig. 6. Normalized averaged wavefront celerity, U, for FC2, evaluated for distinct spatial subsets along the normalized flume width and based on all available
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Fig. 7. Roller-toe fluctuations, defined as x’ = x — xj.q, at two different scales: (a) Probability distributions of x’ for FC1 and FC4 at both scales, shown
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SF: h, = 0.016-0.064 m), plotted as functions of Froude and Reynolds numbers and compared with previous studies of breaking bores [36] and hydraulic

jumps [15,43,45,46].

fluctuations. Bubble dynamics may further contribute to this behavior,
since Regout et al. [2] reported an increasing number of bubbles with
increasing Fr, particularly slightly above h, indicating enhanced air
entrainment. Hence, while the largest absolute roller-toe deformations
occur at the greatest dimensional length scales (i.e., in the large flume
with higher 4, and Re), the non-dimensional results suggest that the
fluctuations are mainly governed by macroscopic, inertia-dominated
flow dynamics better described by the Froude number.

5.2.2. Instantaneous roller-toe celerity

The instantaneous roller-toe celerity u is defined as the local celerity
between successive frames (Section 3.3). Fig. 8 presents the prob-
ability distributions of u for FC1 and FC4 in both large and small
flumes, shown in dimensional form and normalized with (gdo)l/ 2. For
all FCs, the distributions are negatively skewed, attributed to inter-
mittent local backshifts of the roller toe. Here, the downstream water

level effectively acts as a lubricant, causing the roller toe to shift
locally upstream relative to the mean propagation and thereby inter-
mittently reducing the instantaneous celerity, where this behavior is
consistent with previous findings for breaking bores [36,37]. Notably,
fewer negative u values were detected in the present dam-break waves
propagating over initially still water, reflecting differences in inflow
conditions compared to breaking bores that advance on a flow moving
in the opposite direction. The consistently larger IQR in the large
flume indicates stronger variations in local roller-toe celerity, while the
smaller skewness reflects a higher frequency of low-celerity detections
relative to high-celerity ones. Consequently, a slightly lower median is
observed for the large flume, explaining the lower wavefront celerity
ULF video in Fig. 5b, and may indicate small scale-effects induced by
the larger air entrainment and differences in dissipation mechanisms
within the roller. Despite these small differences, the close agreement
between normalized u and U across both scales, and with the analytical
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Fig. 8. Probability distributions of the instantaneous roller-toe celerity u (Section 3.3) at both scales, shown in dimensional form and normalized with (gd,)">
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Fig. 9. Probability distributions of indentation coefficient defined as IC = L/W’ (Section 3.3) for FC1-FC4 (Fr = 2.4-5.2) at both scales, with the large flume

(LF, d, = 0.8m) and small flume (SF, d, = 0.4m).

formulation by Stoker [42] (Fig. 5b), suggests that roller-toe celerities
are primarily governed by Froude-dependent flow dynamics.

5.2.3. Indentation coefficient

The final roller-toe characteristic considered is the indentation co-
efficient, IC, defined as the ratio of the roller-toe perimeter to the
effective channel width (Section 3.3). It quantifies the irregularity of
the roller-toe perimeter, such that IC = L/W' > 1 [36]. Fig. 9 presents
the probability distributions of IC for all FCs at both scales. Larger IC
values are generally observed under large-scale conditions, reflecting
the larger x’ found in dimensional form (Fig. 7a). In contrast, the larger
IQR in the small flume is consistent with the normalized roller-toe
variability, as indicated by the slightly higher ¢/h values in Fig. 7b.
Overall, the indentation coefficients are comparable to those reported
for breaking bores [36]. For similar Fr, dam-break waves show slightly
higher median values (FC4p: ICpcq=2.17, FC4gp: ICpeq=2.11) than
breaking bores (Fr = 2.4, 1C=1.75), likely reflecting differences in bore
generations and inflow conditions.

6. Aerated region in the breaking roller

Visual observations revealed substantial air entrainment and entrap-
ment at the wavefront (Fig. 4). These properties were measured using
phase-detection probes and quantified in both flumes using ensemble-
averaged statistics of bubble characteristics (number and size) and void
fraction (Section 3.2).

6.1. Bubble characteristics

An interface is defined as a phase change detected by the probe tip
and corresponds to a transition between water and air (and vice versa).
The number of interfaces N provides an indication of the amount of
bubbles distributed across the roller (Section 3.2).

Fig. 10a shows the median number of interfaces (N) as a function of
the normalized elevation z* for all flow conditions (FCs) at both scales.
For all FCs, (N) increases for z* > —0.05 to reach a local maximum, then
decreases at higher elevations, and finally increases again near the free
surface, forming a characteristic S-shaped vertical profile, which is most
pronounced at higher Fr in the large flume (LF). The local maximum
consistently occurs at z* ~ 0.13-0.30, slightly above the initial water
level, confirming the presence of a shear layer at both scales. The
dam-break waves in the large flume systematically showed higher (N)
compared to the small flume (SF), with the largest differences observed
near the local maximum within the shear layer, particularly for FC1
(Fr=5.2).

Fig. 10b compares the maximum median number of interfaces,
(N )max> across Froude and Reynolds numbers, together with data from
previous studies on breaking bores [20,28]. In the large flume, (N ).«
increases with Fr and decreases with Re, whereas it remains nearly
constant across all FCs in the small flume. These trends indicate strong
scale effects on the number of interfaces, consistent with previous
studies of steady-flow phenomena, which reported higher bubble count
rates at higher Re for flows with comparable Fr [18,19,47]. The gener-
ally lower values of (N )., observed for FC4; and FC4g; compared to
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breaking bores at similar Froude numbers (Fr ~ 2.4) is likely attributed
to differences in inflow conditions. Fig. 11 specifically compares the
vertical distribution of (N) for FC4 at both scales with the breaking
bore data of [20,28], presented as a function of z/h,. Despite their
lower Reynolds numbers compared to FC4;p, both breaking bores
exhibited higher values of (N) in the lower shear layer. This indicates
that the number of bubbles is sensitive to turbulence-related processes,
influenced not only by variations in Re, but also by the levels of
turbulence in the inflow. This is consistent with findings by Montano
and Felder [48] who demonstrated that hydraulic jumps with fully
developed upstream boundary layers exhibit higher bubble count rates.

The bubble pseudo-chord length L., (defined by Eq. (1)) pro-
vides an estimate of the individual bubble size in the longitudinal
direction. Fig. 12 shows the distributions of normalized pseudo-chord
lengths, Lg,/hg, for all FCs at three selected elevations, comparing
both scales. For all FCs, the small-flume distributions are consistently

10

broader than those in the large flume, indicating the presence of rela-
tively larger bubbles and highlighting noticeable scale effects on bubble
size. Comparable scale effects on bubble chord time were observed in
steady flows, where lower Reynolds numbers at similar Froude numbers
resulted in relatively larger bubbles [12,13].

Comparing dam-break waves at both scales, higher A, and Re in
the large flume resulted in larger fluctuations in dimensional form
(Section 5). This enhances air entrainment, leading to higher bubble
counts for FCl;p to FC4;p (Fig. 10). Moreover, in the small flume,
lower Reynolds numbers contribute to reducing the turbulent energy
dissipation and limiting the range of active turbulent length scales.
Bubble breakup is affected by the balance between turbulent stresses
and surface tension, with the smallest stable bubble size commonly
characterized by the Hinze scale [49] defined as:

3/5
dy ~ <_Wecas> ! 2,
p

where We, is the critical Weber number at bubble level, and ¢ the
turbulent kinetic energy dissipation rate. The reduced dissipation rate ¢
in the small flume increases dy, limiting the formation of small bubbles.
In addition, lower Reynolds numbers increase the Kolmogorov length
scale, reducing the presence of small eddies capable of fragmenting
entrained air [50,51]. Altogether, these mechanisms inhibit bubble
breakup as capillary forces become relatively more important in the
small flume, explaining the observation of fewer but larger bubbles at
the smaller scale.

A comparison of FCs at each scale shows that increasing Fr in dam-
break waves introduces contrasting effects. Higher Fr correspond to
more energetic roller dynamics, resulting in stronger free-surface insta-
bilities and larger velocity gradients. These conditions enhance initial
air entrainment at the roller toe and shear-induced breakup within
the roller, leading to higher bubble counts at large Fr, particularly
within the shear layer. Conversely, in dam-break waves a higher Fr
corresponds to a lower Re, affecting the Hinze scale and the range of
active turbulent length scales. Comparing (N) and L, /h, between FCs
shows that FCly exhibits a greater number of bubbles that are also
relatively larger than those in FC4;p (Figs. 10b, 12a,d). This suggests
that, in the large flume, turbulent dissipation rates may be sufficiently
high to enhance fragmentation, while the smallest stable bubble size
remains constrained by dy;, which is relatively larger for FC1p.

In contrast, increasing Fr at the smaller scale does not lead to
a substantial rise in the local maximum number of interfaces (Fig.
10b). Although higher Fr may enhance air entrainment and shear,
the Reynolds numbers in the small flume flow appear too low for
inertial effects to dominate. Consequently, turbulent energy dissipation
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Fig. 12. Comparison of probability distributions of the normalized pseudo-chord length L /h, at 3 selected elevations z* for flow conditions FC1-FC4 (Fr =
2.4-5.2) at both scales. Distributions are based on the total (cumulative) number of bubbles b, recorded over 55 repetitions at each elevation.

rate may be insufficient to reduce the Hinze scale below characteristic
bubble sizes and enable effective fragmentation, resulting in relatively
constant number of interfaces across the different FCs at small scale.

The contrast between FCs across both scales highlights the reduced
sensitivity of small-scale dam-break waves to Froude-driven effects
and underscores the dominant role of Reynolds-dependent turbulence.
Overall, the observed variations in bubble characteristics across flow
conditions and scales reflect the complex interplay of multiphase flow
processes and associated scaling effects.

6.2. Void fraction

The ensemble-averaged void fraction C (defined in Eq. (2)) repre-
sents the probability of air presence at a given location and time. Fig.
13 presents contours of C for FC4;p, showing the spatial and temporal
distribution of aeration along the roller, together with zq, (elevation
where C=0.9), and the median free-surface elevation obtained from
ADM data. As discussed for Fig. 5, the ADM detects slightly lower
free-surface elevations than zg,, corresponding to C ~ 0.7 — 0.5 in
the aerated region, then converging toward h, further downstream.
Highest aeration levels occur near the roller toe, with continuous
aerated regions extending slightly below the free surface along the
roller. Locally increased values of C are observed for 0.08 < z* < 0.3,
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consistent with local maxima in the number of detected interfaces (Fig.
10a), supporting the presence of a shear layer just above the initial
water level h. Similar trends are observed across all flow conditions
and both scales.

Table 2 summarizes analytical models for instantaneous void-fraction
profiles in the roller. In unsteady flows near the toe, void fractions can
be described by an air-mass conservation model balancing turbulent
diffusion and buoyancy-driven detrainment [21]. In steady flows, the
profile is commonly represented by two distinct advection-diffusion
models for a recirculation zone and a shear layer, separated at elevation
Zshear L€.8., 15,52,53]. Initially developed for hydraulic jumps, the
corresponding void-fraction distributions for the recirculation zone
and shear layer are given by Egs. (6) and (7), with fitted diffusivity
coefficients D* and D, respectively, representing local advection—
diffusion processes governing air transport [53,54]. Although widely
used, this two-layer formulation introduces a discontinuity at zgeq;
therefore neglecting vertical interactions between the two regions.

A more recent model, originally developed for spillway flows, over-
comes this limitation through a continuous formulation in which the
flow alternates probabilistically between the shear layer and recircu-
lation zone, while interface fluctuations are represented through the
convolution of probability distributions [55,56]. This model, described
by Eq. (8), extends the conventional two-layer approach by weighting



D. Regout et al.

1.0 1.0
FCirr
084 0.8
0.6 1 )
0.6 &
"2 0.4 4 §“
04 &
0.2 4 =1
0.2
0.0
0.0

00 02 04 06 028
t\/g/do

1.0 1.2 14 16

Fig. 13. Contour plot of the ensemble-averaged instantaneous void fraction,
C, for FC4; [Fr = 2.4, Re = 3.49 -10°%; d, = 0.8 m; h, = 0.0128 m], with
elevation zq, corresponding to C=0.9, and the median free-surface elevation
Zmeq ODtained from the ADMs.

the contributions of Egs. (7) and (6) with factor I, which follows
a Gaussian distribution, where zy.,, represents the mean interface
elevation and ¢* its standard deviation, characterizing interface fluctu-
ations [55]. Consequently, an additional parameter is introduced, ¢*,
alongside D* and D*.

For spillway flows, Kramer and Valero [55],Valero and Bung [57],
and Kramer [56] showed that the near-surface region is governed
by both entrained air and intermittent air entrapment and transport
induced by free-surface fluctuations. The resulting upper-region void
fraction reflects the superposition of these processes, described by a
Gaussian error-function C-profile [57], mathematically equivalent to
Eq. (6). In this interpretation, the denominator represents a character-
istic thickness of the aerated wavy layer accounting for intermittency,
rather than solely diffusive mixing [55-57].

Figs. 14 presents instantaneous void-fraction profiles at four stream-
wise locations for each FC and scale, compared with analytical models
(Table 2) along the roller. To apply models originally developed for
steady flows, the temporal evolution in the present data is transformed
into spatial evolution using x = Ut. For all flow conditions and scales,
the vertical distributions exhibit buoyancy-dominated convex profiles
immediately downstream of the roller toe, which gradually transition
to an S-shape as air bubbles increasingly interact with turbulent flow
structures. The S-shaped profiles consist of a lower shear layer and
an upper recirculation zone, with local maxima C,,,, within the shear
layer increasing with Fr. The shear layer progressively weakens as
bubbles break, diffuse and rise under buoyancy, resulting in air being
detected only within the recirculation zone further downstream. The
measured C-profiles show good agreement with the various analytical
models for air-water flows and closely resemble observations reported
for breaking bores, spillways, and hydraulic jumps [e.g., 15,28,52,55—
58]. The two analytical steady-flow methods show minimal differences;
however, the two-state convolution model more accurately captures the
vertical transition between flow regimes in the water column. Apart
from slight differences in C,,,, within the shear layer, particularly for
FC1, the large- and small-flume measurements exhibited comparable
downstream evolutions in both magnitude and profile shape. This trend
is also reflected in the depth-averaged void fraction Cye,,, computed
by integrating the C-profiles over the roller height (Eq. (3)). Fig.
15a,b present the distributions of C,,.,, along the roller for the large
and small flumes, respectively. Comparable FCs exhibit very similar
profiles, primarily reflecting a dependence on Fr. The highest values
are observed for FC1; and FClgg, with Cpean max = 0.4 (Fig. 15¢).

The diffusivity coefficients, D* in Egs. (6) and (8), and D¥ in
Egs. (7) and (8), were obtained as best fits to the experimental data.
Their spatial evolution along the roller is shown in Fig. 16 for both
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Table 2
Summary of analytical advection-diffusion models.

air diffusion model at the toe of wavefront [21]

—hy \M
C(z,t)=0.9(7”) 0<z< zg )
ZQS_hl)
with M=% -1
air diffusion model in recirculation zone [54]
Creaire(z.0) = 1 (1 + erf(z\’/T)) Zanear < 2 ®)
air diffusion model in the shear layer [53]
2o
Conear(:1) = Congy-exp (=S50 ) 0< 2 < Zupar @)
Two-state convolution model [55]
C(z,1) = Cyear(1 = I') + Creire I 0<z (8)

with F=%(1+erf<%>)

Notes: Cpeqn . is the depth-averaged void fraction, integrated from z = h,
to z = zgg; Cpax is the local maximum of C in the shear layer, and its
corresponding elevation z, ; zso is the elevation for which C = 0.5;
Zghear 1S the elevation which defines the interface between the shear layer
to the recirculation zone; D* and D* are coefficients in the shear layer
and recirculation zone, respectively, obtained from the best-fit analysis
of the data; o* characterizes the standard deviation of the interface
fluctuations, obtained from the best-fit analysis of the data.

steady-flow models. Note that D* is non-dimensional, whereas D* is
dimensional and normalized by U k. The two analytical methods show
only minimal differences in the fitted coefficients for both D* and
D*. For all FC at both scales, the recirculation diffusivity coefficient
D* decreases with increasing distance from the roller toe (Fig. 16a,b).
Across scales, the normalized coefficient D* /(U h,) exhibits comparable
values, suggesting a stronger dependence on Fr, which is less apparent
in dimensional form. For FC1-4;, the magnitude of D* decays from
approximately 0.015 m2s~! near the roller toe to 0.0001 m2s~! [2],
consistent with values reported for breaking bores at Fr = 2.1, Re =
1.85 - 10°, and Fr = 2.4, Re = 2.3 - 10° [21,28]. In contrast, the
small-flume experiments yield dimensional values that are almost an
order of magnitude lower near the roller toe, i.e. ®¥(10~3). The shear-
layer coefficient D¥ exhibits greater spatial variability (Fig. 16c,d),
reflecting the unsteady nature of the flow and the associated scatter
in the fitted data, despite the presence of a clearly identifiable shear
layer in all FCs. Nevertheless, D¥ shows an increasing trend along the
roller before decaying downstream, with values comparable to previous
studies of breaking bores, ranging between 0.02 to 0.06 [21]. Similar to
the normalized recirculation coefficient, the shear diffusivity remains
of the same order of magnitude at both scales and shows a clearer
dependence on Fr, with the highest values observed for FCl;; and
FClgg. The additional normalized optimization parameter, ¢*/hy, in the
two-state convolution method (Eq. (8)) ranged from 0.01 to 0.9, with
slightly larger values observed for higher Froude numbers and for the
smaller flume.

The comparable magnitude and shape of the void-fraction distri-
butions at both scales are consistent with previous studies reporting
quasi-self-similarity and limited scale dependence [12,17,18,59]. How-
ever, differences in inflow conditions and flow properties between
steady and unsteady flows may limit this comparison and raise ques-
tions regarding the interpretation and applicability of models originally
developed for steady flows. In particular, it remains uncertain whether
the upper region of the dam-break wave is governed by diffusive
mixing analogous to the recirculation zone of a hydraulic jump. Since
dam-break waves also feature fluctuating free surfaces and associated
(de-)aeration and transport processes, the interpretation based on spill-
way flows, in which flow processes reflect the combined effects of
entrained bubbles and intermittently trapped air, may suitably describe
the governing dynamics in the upper region. Both interpretations,
however, are based on steady-flow phenomena. The authors therefore
emphasize that the good agreement between the dam-break wave



D. Regout et al.

Experimental Thermal and Fluid Science 177 (2026) 111782

o t1/9/de=0.05 t1/9/de=0.23 t\/g/de=0.42 t1/g/do=0.81
| : : ; 2
0.8 ; . i g
0.5 1 | A R et-id
2 i _xF A o
0.2 g - 27 ¥
o i O 2
i o) i 4
0.0 1] = ] i]
n n h
o t\/9/de=0.05 t\/g/de=0.24 t\/g/de=0.52 t\/g/de=0.82
. - 3
o oA s
0.8 : 1 jj 1 gt
d P
5 T
. 051 ; - o o _?P,
® | o i IR o i
02 on® et &
4}_‘ -
UO'F g el _W _E},
o t\/9/do=0.06 t\/g/do=0.24 tv/9/do=0.55 tv/9/do=0.81
' y 7 N
054 1 1 : =
Y 2 ATk =
0.51 4 ﬂ/?‘f ] e ]
4 ) =z A
021 A | %
&K f(é/ 8
0.0 Ak A P { -F
o t\/g/do=0.05 t\/g]do=0.24 t\/g/do=0.56 ty/g/do=0.83
0.8 - 4 .
057 | /é‘a 7 ;,af;_";‘;—
Q@ o
0.2 o 1 o= _
o ¢ 0
4 @ i
0.0 Q ]
0.00 0.25 050 0.75 1.00 0.00 0.25 050 0.75 1.00 0.00 0.25 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00
C C C C
B FCly % FC2p A FC3p O FCipp Eq.5ur — Eq.6ue — Bq.7ue Eq.8ur
O FClg % FC2%;p A FC3gp ® FCigp Eq.5sr -- Eq.6sp — Eq.Tsp
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Fig. 15. Depth-averaged void fraction Cp,.,,: (@) Comparison of C,,, for FC1,;-FC4, at large scale (d, = 0.8 m; h, = 0.032 - 0.128 m). (b) Comparison of Cy,..,
for FCl4-FC4gy at small scale (d, = 0.4 m; A, = 0.016 - 0.064 m), and (c) comparison of Cyeun max Plotted against Fr for FC1-FC4 across both scales, together
with data from breaking-bore studies by Leng and Chanson [20] [Fr = 2.1, Re = 2.06-10°] and Wiithrich et al. [28] [Fr = 2.4, Re = 1.86-10°]. Note that for both
previous studies Fr=(V, + U)/ \/%, where V; is the initial flow velocity.
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Fig. 16. Comparison of diffusivity coefficients along the roller for flow conditions FC1-FC4 at both scales (LF: d,=0.8 m, SF: d;=0.4 m): (a) D* in the recirculation
zone obtained for Eq. (6), (b) D* in the recirculation zone obtained for Eq. (8), (¢) D* in the shear layer obtained for Eq. (7), and (d) D* in the shear layer

obtained for Eq. (8).

measurements and the analytical models does not necessarily imply
identical underlying physics. Instead, it indicates that the shape of
the void-fraction distributions can be described by the available an-
alytical solutions (Table 2), while the diffusivity coefficients should
be interpreted as model parameters rather than direct measures of
turbulent diffusivity. At the same time, the void-fraction measurements
exhibit only limited variation between scales, suggesting quasi-self-
similar behavior and weak scale dependence comparable to trends
observed in steady two-phase flows, even if the governing physical
mechanisms are not strictly identical.

7. Discussion

This study investigated the multiphase hydrodynamic behavior of
dam-break waves in two geometrically proportional flumes. A compre-
hensive dataset, combining intrusive and non-intrusive measurement
techniques across four Froude numbers at each scale, enabled a direct
assessment of multi-scale behavior on both free-surface dynamics and
air-water flow properties. Despite this, some open questions remains
and these are addressed here.

7.1. Scaling of instrumentation

When interpreting the results, it should be noted that the instru-
mentation, including the conductivity probes and the high-speed video
camera, is not geometrically scaled. Each probe tip consists of an inner
electrode (¢ = 0.25 mm), such that the smallest detectable bubble
is constrained by the probe geometry and the minimum bubble size
does not scale with the flow. Moreover, top-view recordings in the
small flume benefit from a lower camera position, resulting in different
spatial resolutions (0.43 mm for the small flume and 0.76 mm for the
large flume). Consequently, the small flume videos may capture more
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small-scale fluctuations per pixel than the large flume, which could
contribute to the slightly higher normalized standard deviations of the
roller-toe fluctuations observed in the small flume (Fig. 7b).

7.2. Turbulence and energy dissipation processes

Distinct trends emerge when comparing the hydrodynamic behavior
of the free surface and the roller toe across scales. Under Froude
similitude, normalized free-surface fluctuations scale well at the roller
toe, whereas clear scale effects are observed along the wavefront. This
contrast is likely attributable to the different physical processes cap-
tured by the two metrics: roller-toe fluctuations represent the motion
of a kinematic boundary largely governed by global, inertia-dominated
flow dynamics. In contrast, free-surface fluctuations along the roller are
more strongly influenced by (de-)aeration processes and large coherent
structures associated with recirculating mixing beneath the free surface,
enhancing sensitivity to scale-dependent effects. Furthermore, Fig. 7b
shows slightly larger normalized standard deviations in the small flume
than in the large flume for similar Fr. In addition to differences in video
spatial resolution, this may be related to varying energy dissipation
mechanisms. Although the total available energy is proportionally simi-
lar in both setups, the dominant dissipation mechanisms likely differ: in
the large flume, a greater fraction of energy may be dissipated through
aeration, whereas in the small flume dissipation appears to be governed
by slightly stronger (normalized) roller-toe fluctuations.

Overall, the results indicate that bubble number and size are highly
scale-dependent: (N )., = 52 for FCl;g, compared to (N )., = 22 for
FClge (Fig. 10a), while on average ~75% of the bubbles are smaller
than 0.1L,/h in FCl;g, compared to only £30% in FClg (Fig. 12a).
Section 6.1 discussed the scale dependence of bubble characteristics
in relation to turbulence-controlled breakup mechanisms, providing a
qualitative physical explanation based on established concepts in the
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literature. However, no direct measurements of turbulence intensity
or energy dissipation rate are available in the present study to quan-
titatively substantiate this interpretation, which remains speculative.
Quantitative characterizations of turbulence properties in strongly un-
steady air-water flows remain a key challenge, and future research is
needed to directly relate turbulence dissipation and its role in bubble
breakup mechanisms under unsteady flow conditions.

7.3. Steady vs. unsteady conditions

To the author’s best knowledge, this is the first study to investi-
gate scaling effects on air-water flow properties of unsteady breaking
rollers. Due to the limited availability of unsteady air-water flow
data, the results were compared with well-studied steady multiphase
flows, particularly hydraulic jumps. Dam-break waves, breaking bores,
and hydraulic jumps share key features, including the transition from
supercritical to subcritical flow through a turbulent recirculating region
accompanied by strong free-surface deformation, energy dissipation,
and air entrainment. Consequently, bores and dam-break waves are
often, in first approximation, described as “hydraulic jumps in transla-
tion” [e.g., 1,60,61], assuming that, in a reference frame moving with
the front, the breaking roller resembles that of a stationary hydraulic
jump. Their principal flow characteristics are therefore commonly re-
lated through the inflow Froude number, formulated here in its general
form as Fr = (V; +U)/+/ghy. Despite these similarities, some differences
remain. Hydraulic jumps are stationary (i.e., U = 0), whereas bores
and dam-break waves are transient and time-dependent. In addition,
dam-break waves propagate over still water (i.e., ¥} = 0), unlike
hydraulic jumps and bores, which develop against an upstream cur-
rent. Consequently, bores and hydraulic jumps contain a (partially)
developed inflow boundary layer and pre-existing turbulence, whereas
dam-break waves do not. Although the present dam-break waves were
compared with available bore and hydraulic-jump datasets at similar
Fr, differences in generation mechanisms and inflow conditions in-
herently produced variations in Reynolds number, turbulence levels,
inflow velocity, and water depth. These factors likely influence air
entrainment, bubble breakup, and transport processes, indicating that
similar Froude numbers do not necessarily imply equivalent air-water
behavior.

Despite this, the present results showed broad agreement with
previous studies in the observed trends of free-surface fluctuations and
air-water flow properties. However, several findings also highlighted
important distinctions between the different flows. Fig. 11 showed
that breaking bores had more bubbles within the shear layer than
FC4;y, despite lower Re and similar Fr, reflecting enhanced upstream
turbulence associated with the inflow boundary layer. Moreover, al-
though of the same order of magnitude, the shear-layer void-fraction
maximum (Cp,, and zcp,y) and the modeled parameters (D* and D¥)
were generally smaller in dam-break waves (Section 6.2) than those
reported for hydraulic jumps [e.g., 13,15,18,52]. These differences
suggest that air-water properties are possibly influenced by both the
transient nature of dam-break waves and the absence of a developed
inflow boundary layer, and further imply that transport processes may
differ from the diffusive mixing that characterizes hydraulic jumps.
However, these interpretations remain largely qualitative because di-
rect quantitative comparisons between steady and unsteady aerated
flows are scarce, pointing out the need for further research. This
means that comparing scale effects between steady and unsteady flows
remains challenging and falls within a broader ongoing discussion,
where additional factors such as temperature, fluid properties, bed
roughness, and salinity also affect aeration dynamics and bubble per-
sistence [41,62,63]. Nevertheless, the similarities identified across the
different flow types, as presented in this study, can provide useful
insight into potentially shared physical processes and observed trends,
provided that the underlying assumptions are recognized.
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8. Conclusion

The breaking roller in dam-break waves is characterized by intense
recirculation and strong air entrainment, for which the multiphase
dynamics remain poorly understood. Since laboratory studies are com-
monly designed under Froude similitude, down-scaled aerated free-
surface flows are affected by scale effects, particularly in their air-water
characteristics, due to incomplete dynamic similarity.

This study analyzed the multi-scale behavior of unsteady dam-
break wave rollers using geometrically similar experiments conducted
in two flumes, with four distinct flow conditions examined at each
scale. A comprehensive dataset was obtained through a combination of
intrusive and non-intrusive measurement techniques, including acous-
tic displacement measurements, video analysis, and phase-detection
probes, enabling detailed characterization of free-surface dynamics and
air-water flow properties.

While normalized roller-toe fluctuations collapse well between
scales, indicating Froude-similarity, free-surface fluctuations along the
roller do not, revealing a dependence on both Froude and Reynolds.
These fluctuations are more strongly influenced by (de-)aeration pro-
cesses and large coherent structures associated with recirculating mix-
ing beneath the free surface, enhancing sensitivity to scale-dependent
effects.

Bubble characteristics exhibit pronounced scale effects, in line with
literature. At higher Reynolds numbers, up to twice as many bubbles
were detected in the shear layer compared to flows with similar Froude
numbers but lower Reynolds numbers. Moreover, at higher Re, about
75% of the bubbles fell within the smallest size ranges, compared
to only ~30% at lower Re for Fr=>5.2. In contrast, void-fraction pro-
files are much less sensitive to scale and comparable depth-averaged
void-fraction distributions were observed for each FCs, with maximum
values ranging from C ~ 25%-40%, suggesting a primary dependence
on Froude.

Overall, this study demonstrated that many multiphase flow proper-
ties cannot be directly extrapolated solely based on Froude similarity,
confirming valuable similarities with trends reported in previous stud-
ies mostly focused on steady flows. However, comparison with breaking
bores at similar Froude numbers (but lower Reynolds numbers) re-
vealed a notably higher number of bubbles in the shear layer, likely
due to differences in inflow conditions. This highlights the limitations
of directly comparing scale effects across different flow regimes and
emphasizes the need to expand existing datasets and obtain prototype
measurements to improve the extrapolation of laboratory-scale results
to natural unsteady phenomena.

Notations

b =number of bubbles [-]

by, = total number of bubbles detected over n repetitions at elevation z [-]
¢ = instantaneous void fraction [-]
C = ensemble-averaged void fraction [-]

C,

‘max = local maximum of C in the shear layer [-]

Chean = depth averaged void fraction [-]
d, = impoundment depth of reservoir [m]
dy = smallest stable bubble size defined by Hinze scale [m]
d,, = bubble diameter [m]
D* = diffusivity coefficient in upper region of the roller, used in Egs. (6) and (8) [m?/s]
D* = diffusivity coefficient in lower region of the roller, used in Egs. (7) and (8) [-]
Fr = Froude number, defined as Fr=U/ \/gTO [-1
g = gravitational acceleration [ms™2]
h, = initial still water level downstream of the gate [m]
hy = plateau height after the wavefront [m]
IC = indentation coefficient [-]

k = total number of frames per video [-]
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L =roller-toe perimeter length [px]
L, = pseudo-chord length [m]
L, =roller length [m]
m = number of consecutive frames used to compute the instantaneous celerity u [-]
Mo = Morton number, defined as Mo = We® /(FrzRe“) [-1
n =number of repetitions [-]
N = number of interfaces [-]
pi = pixel intensity [-]
Pires = Pixel intensity threshold for binarization of images [-]
Re = Reynolds number, defined as Re = (pUh,)/u [-]
t = time [s]
1* = normalized time, defined as r* = 11/g/d, [-]
t., = bubble chord time [s]
7;1,, = time instance at which plateau height hp is reached [s]
u = instantaneous roller-toe celerity [ms™!]
uy, = longitudinal velocity fluctuation at the bubble diameter scale [ms™!]
U = wavefront celerity [ms™']
V =raw probe signal [V]
Vinax = maximum value of probe signal [V]
Vmin = Minimum value of probe signal [V]
W = flume width [m]
W' = effective flume width in cropped images [px]
We = Weber number, defined as We = (phﬂUz)/q‘ [-1
We, = critical Weber number at bubble level, defined as We, = (pdyul)/c, [-]
x = longitudinal distance along the flume [m]
x" = roller-toe fluctuation in longitudinal direction [m]
y = cross-sectional distance [m]
»* = normalized cross-sectional distance, defined as y* = y/W [-]
Voi = cross-sectional distance of probe i [m]
z = vertical distance [m]
z* = normalized elevation, defined as z* = (z — hD)/(hp —hy) [-]
z.,.. = elevation of Cp,, [m]
Zghear = €levation marking the transition from the shear layer to the recirculation zone [m]
z,. = vertical position of the camera [m]
z50 = elevation where C=0.5 [m]
2,0 = elevation where C=0.7 [m]
z9 = elevation where C=0.9 [m]
Zres = threshold for Z-score filter [-]
& = turbulent kinetic energy dissipation rate [Wkg™']
p = water density, herein p = 1000 [kg-m~3]
u = dynamic viscosity, herein u =1.002 - 1073 [Pa-s]
o, = surface tension, herein 6,=0.07 [kg-s~2]

¢* =model parameter characterizing the fluctuations of zg.,., used in Eq. (8) [m]

Abbreviations

ADM Acoustic Displacement Meter

FC Flow Condition

FOV Field of View

fps frames per second
HDR High Dynamic Range
IQR interquantile range
LF large flume

SF small flume

SG Savitzky-Golay filter
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