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ABSTRACT

Breaking bores are commonly observed in a number of natural processes, often associated with the presence of a transient mixture of air
and water, with intense recirculation, air bubble entrainment, and splashing. Two-phase flow measurements in such highly unsteady flows
cannot be based on long-duration measurements and require novel ensemble-statistical approaches based on multiple repetitions. Detailed
measurements of air-water flow properties were then conducted in a breaking bore with Fr; = 2.4 using an array of multiple dual-tip
phase-detection probes. Based on an extensive experimental program, inclusive of 2000 tests at a single position and 100 tests at multi-
ple elevations, a detailed sensitivity analysis was conducted on the necessary number of repetitions to obtain physically meaningful and
statistically reliable air-water flow properties. The results led to a robust methodology to estimate ensemble-statistical values, including
confidence intervals and residual error. In addition, these results provided a detailed characterization of the behavior of air-water flow
properties in highly unsteady flows, including void fraction, number of interfaces, and bubble chord time/length. Despite the transient
nature, all physical processes showed consistent behaviors with theoretical models and other stationary flows, including hydraulic jumps
and plunging jets. Overall, this study provided two-phase flow characteristics that go beyond the limitations imposed by the unsteady
nature of the flow, proving thoroughly the importance of large datasets for the estimation of air-water flow properties in highly unsteady
flows.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077774

I. INTRODUCTION

The unsteady propagation of breaking bores is commonly
observed in nature during flood events, coastal processes, man-
induced rejection surges, tidal bores, and tsunamis propagating in
rivers. These flow conditions are often associated with the genera-
tion of a breaking roller with a recirculating pattern and large air
entrainment (Tricker, 1965). Aeration is responsible for substantial
changes in flow properties, relevant in a number of environmental
processes, including the impact on natural and man-made structures
(Chanson, 2011; Wiithrich et al., 2018). In coastal and maritime pro-
cesses involving breaking waves interacting with coastal structures,
Bullock ef al. (2001) showed that air modifies impact pressures,

affecting the dynamics of the loads. Thus, a comprehensive quantifi-
cation of their air-water flow properties in highly unsteady breaking
bores is fundamental.

Air-water flow properties were widely investigated in steady
flows, including hydraulic jumps, smooth and stepped spillways,
and plunging jets. Intrusive instruments capable of investigat-
ing air-water phases include optical fiber probes (Cartellier, 1992;
Chang et al,, 2003) and conductivity probes (Chanson, 2004a).
In steady flows, the computation of air-water flow properties
is based on long-duration measurements and time averaging,
for which previous sensitivity analyses recommended a mini-
mum duration of 45 s and an acquisition frequency of 20 kHz
(Chanson, 2007a; Chanson and Felder, 2010; and Wiithrich and
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Chanson, 2014). Contrarily, because of their transient nature, lit-
tle attention was given to air-water flow properties in unsteady
flows, with the exception of few earlier contributions by Cox and
Shin (2003), Chanson (2004c), Hoque and Aoki (2005), Kimmoun
and Branger (2007), Blenkinsopp and Chaplin (2007; 2011), Mori
and Kakuno (2008), Na et al. (2016), Leng and Chanson (2019b;
2019a), and Wiithrich et al. (2020a). The highly transient nature
of these flows complicates the acquisition of reliable long-duration
data, unless performing a large number of repetitions to compute
ensemble statistics (Bradshaw, 1971; Schlichting and Gersten, 2001;
and Docherty and Chanson, 2012). These statistical results are
highly dependent on the number of repetitions, implying that an
insufficient dataset will result in high scatter or unreliable results.
Previous results on unsteady bores showed that at least 20 repetitions
were necessary for accurate measurements of free-surface properties,
velocity components, and tangential stresses in clear-water flows
(Leng and Chanson, 2017; Chanson, 2020).

However, to date, no sensitivity analysis was ever performed on
the number or repetitions necessary to obtain meaningful and reli-
able air-water properties in unsteady flows. This implies that little
knowledge is available on the behavior of air-water flow properties
in breaking bores and the physical processes associated with these
transient flows remain widely not understood. In this context, the
present study has the double objective of (1) discussing the effect of
the number of repetitions on the estimation of ensemble-statistical
air-water flow properties, including confidence intervals and resid-
ual error, and (2) providing a detailed description of their variation
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in both space and time, in support of a better understanding of
the physical processes associated with highly unsteady breaking
bores.

Il. EXPERIMENTAL SETUP AND FLOW CONDITIONS

All tests were performed at the University of Queensland in a
19 m long rectangular tilting channel with a width of 0.7 m and a
depth of 0.5 m. Bores were generated through the sudden closure of
a Tainter gate, inducing a positive surge advancing in the upstream
direction. An inflow discharge Q = 0.099 m/s was tested for two
channel slopes Sp = 0.75% and 1.25%, resulting in breaking bores
with Froude numbers Fri = 2.1 and 2.4, respectively. The character-
istics of the initially steady flows and the bore main properties are
detailed in Table I. In agreement with previous studies, all measure-
ments were taken at x = 8.5 m from the channel inlet, where the bores
were fully developed. The air-water flow properties were measured
by means of two double-tip phase-detection conductivity probes: a
reference probe and a center probe (Fig. 1). Both were manufactured
with silver inner electrodes (@ = 0.25 mm) and stainless-steel outer
electrodes (@ = 0.8 mm), with a transversal distance between the
tips of Ay = 1.8 mm, and all leading tips were located at the same
streamwise location x = 8.5 m. The reference probe was installed at
y = 030 m from the sidewall (y/W = 0.43) and had two lead-
ing tips (i.e., Ax = 0 mm), while the center probe was located at
y=0.35m (y/W = 0.50) and had a leading and a trailing tip with Ax
= 6.3 mm. For both probes, the signal was acquired at f = 100 kHz.

TABLE I. Flow conditions and experimental program. Note the following parameters: Fry is the Froude number, Q is the water discharge, Sy is the slope of the invert, d is the
initial still water depth, V4 is the initial flow velocity, U is the bore front celerity, f is the acquisition frequency, z is the vertical elevation, y is the transversal distance, and W is the
channel width (W = 0.7 m).

Dataset Fr;  Q(m’/s) So(%) dy(m) Vi(m/s) U (m/s) f (kHz) z (m) y/W  Repetitions n
1 2.4 0.099 1.25 0.084 1.707 0.504 100 0.089 0.43 2000
2 2.4 0.099 1.25 0.084 1.707 0.504 100 0.069-0.239 (20 elevations)  0.50 100
3 2.1 0.099 0.75 0.097 1.468 0.627 100 0.113 0.50 100
2.1 0.099 0.75 0.097 1.468 0.627 100 0.163 0.50 100
PLAN VIEW <
N % c x l
Reference S
probe e y
= Reference probe
s (Center probe
| <
1 °
: x=85m .
FIG. 1. Experimental setup and details of the phase-detection conductivity probes.
Rev. Sci. Instrum. 93, 054502 (2022); doi: 10.1063/5.0077774 93, 054502-2
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The reference probe was sampled for 2000 repetitions at the same
elevation z = 0.089 m (z/d; = 1.06), while the center probe was sam-
pled at 20 elevations (0.069 m < z < 0.239 m), each for 100 repetitions
(Table T). This generated two complementary datasets, allowing us
to conduct a detailed sensitivity analysis with a large number of rep-
etitions at one elevation (dataset 1: Fr; = 2.4, reference probe with
2000 tests) and verify these results for a number of elevations in
the bore (dataset 2: Fr; = 2.4, center probe with 100 tests at 20 ele-
vations). In addition, a third dataset was collected with the center
probe for a Froude number Fr; = 2.1 at two selected elevations:
z = 0.113 and 0.163 m (z/d, = 1.16 and 1.68, respectively), with
identical flow conditions to Leng and Chanson (2019b; 2019a).
Three Acoustic Displacement Meters (ADMs), microsonic-type
mic+35/IU/TC, were used to detect the water depth at x = 7.0, 8.5,
and 10 m, with an emission frequency of 400 Hz and a response time
of 64 ms. These allowed us to measure the mean bore front celerity as
the ratio of sensors’ distance over traveling time. The experimental
program is summarized in Table I.

l1l. SIGNAL PROCESSING AND METHODOLOGY

Two main techniques were applied to convert the raw voltage
signal captured by the phase-detection probes to the instantaneous
void fraction with values of 0 (water) and 1 (air).

1. The single threshold (ST) technique [Fig. 2(a)] set at 50%
of the voltage difference between air and water (Cartellier
and Achard, 1991) has been widely used in previous stud-
ies on air-water flow properties, mostly applied to station-
ary flows, such as partially filled conduits (Chanson, 1997a),
supercritical open channel flows (Chanson, 1997b), water jets
(Brattberg ef al, 1998), hydraulic jumps (Wang, 2014),
stepped spillways (Chanson and Toombes, 2002; Gonza-
lez, 2005), and unsteady flows (Chanson, 2004a; 2004b; and
2004c). A drawback of the single threshold technique is that
it does not detect small events that do not reach 50% of the
voltage difference between air and water.

2. The linear threshold (LT) technique [Fig. 2(b)] was
recently employed by Leng and Chanson (2019b; 2019a) and

Instantaneous void fraction ¢ [-]
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Withrich ef al. (2020b) for unsteady bores. It was imple-
mented because it is more sensitive to small air-water entities
and fast transient interfacial processes, as it allows us to detect
events that are neglected with the single threshold technique.
In Fig. 2(b), the linear threshold technique assumed a linear
variation between the air phase (vmin) and the water phase
(vmax), proportional to the voltage measured by the phase-
detection probe. To avoid the adverse influence of signal noise,
herein the linear variation was assumed between v, + 0.1Av
and vmax — 0.1Av, where Av = Vimax — Vmin.

From the air-water signal, a number of parameters could be
obtained. An interface was defined as an individual phase change,
either water-to-air or air-to-water. With both single and linear
threshold techniques, it was defined as an overstep of the value 0.5-
Av. The total number of interfaces was even for z < d; and odd for
z > di. The number of bubbles b is, therefore, defined as

- =0 f di,
Pl S oresa (1)
2 E=1 for z > d,.

For every bubble, its chord time ¢, was computed as the duration
between the water-to-air interface and the subsequent air-to-water
interface, corresponding to the value of 0.5- Av. The pseudo-chord
length was deduced, assuming a constant propagation speed equal
to the bore front celerity U,

L = U - ten (2)

Herein, all bubbles whose chord time was t4, < 0.00015 s (i.e., Ly
= U-tg = 7.96-107° m) were rejected, as these were considered
physically meaningless.

For stationary flows, the time-averaged void fraction is defined
as the average time spent in air relative to the total duration of the
signal. From a statistical perspective, this corresponded to the prob-
ability of the sensor’s tip to be located in air. For breaking bores,
long-duration measurements were physically meaningless because
of the non-stationary nature of the flow. Instead, a large number of

Instantaneous void fraction ¢ [-]

(b)

FIG. 2. Conversion techniques from a raw voltage signal to an instantaneous void fraction: (a) single threshold technique and (b) linear threshold technique.
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repetitions were conducted and data analyzed in terms of ensemble-
statistical properties. This approach required good repeatability of
the experimental tests with precise synchronization, which often
represents a technical challenge (Chanson, 2020). Herein, all data
were synchronized based on the bore arrival time at the left tip of
the reference probe (i.e., first air-to-water detection corresponded to
T = 0), and the results were ensemble averaged or mediated over all
available repetitions.

As shown in Table I, the present study was based on three main
datasets, leading to the following methodology:

1. A detailed sensitivity analysis is conducted in Sec. IV based
on dataset 1 (reference probe and 2000 repetitions at one ele-
vation z/d; = 1.06), providing an indication of the number
of repetitions needed for statistically meaningful results (i.e.,
not biased by the randomness of the process) in terms of
air-water flow properties and residual error. However, results
from this sensitivity analysis are only valid at the elevation of
the reference probe, i.e., z/d; = 1.06.

2. Dataset 2 (center probe, Fr; = 2.4, and 100 repetitions at 20
elevations) and dataset 3 (center probe, Fr; = 2.1, and 100
repetitions at 2 elevations) were used to verify these find-
ings, expanding previous results to different locations and for
different flow conditions.

3. These results provided a detailed spatial and temporal distri-
bution of the ensembled air-water flow properties in breaking
bores. Thus, in Sec. V, the applicability of this methodology
to unsteady flows is presented and discussed, giving an insight
on the physical process in a breaking bore with Fr; = 2.4.

ARTICLE scitation.orgljournal/rsi

fraction (Sec. IV C), employing both single and linear threshold
techniques. The objective herein is to discuss the variability of
these properties for increasing the number of repetitions, defining
the minimum values necessary to obtain results within a desired
confidence interval.

A. Number of interfaces per run

An interface was detected every time 50% of the threshold
between air and water was crossed, i.e., v = 0.5+ (Vmax + Vmin). This
definition was identical for both single and linear threshold tech-
niques (Fig. 2). The probability distribution function (PDF) of the
number of interfaces per run recorded for all 2000 repetitions of
the right tip of the reference probe (dataset 1, Fr; = 2.4, and z/d,
=1.06) is given in Fig. 3(a). The data showed a smooth distribution,
characterized by very close mean and median values. The range of
interfaces detected per run ranged between Npmin = 1 and Nyax = 77
for the right tip, with a PDF characterized by a low level of skewness.
A further analysis showed some good agreement between the PDF
and the beta distribution, applied to model the behavior of random
variables within intervals of finite length,

1
B(a,p)*

where B(a, f) is the beta function and « and f3 are two positive shape
parameters describing the distribution. Although the beta distribu-
tion is defined in the interval y € [0,1], here the interval was linearly
extended to [1, Nmax] [Fig. 3(a)]. The relationship between the mean,
the variance of the distribution, and shape parameters generated a
closed two-equation system that allowed us to uniquely identify the
distribution for a given dataset,

foap) = Sa-pf 3)

— o
IV. SENSITIVITY ANALYSIS N = atp’ 4)
Sensitivity analysis was applied to a number of physical prop-
erties in air-water flows, including the number of interfaces per [st. dev(N)]* = L_ (5)
run (Sec. IV A), the bubble chord time (Sec. IV B), and the void (a+B+1)(a+p)
0.10 _— 0.25 r r r 1.0
REFERENCE N g, =171 0 g ¢
PROBE - =243 i ®
0.08 F Nonax 77 - 0.20 | 2/dy = 1.71 [Eq.3] 0.8 [ s
Mean 24.38 2/d) = 2.43 [Eq.3] '
Median 23.00
StDev | 1122 A o)
0.06 - Skewness| 0.791 1 0.6 &
i o 2.89 ] o ®
£ 5 6.11 S = C
0.04 - I righeip 04
Beta distribution
0.02F 1 0.2
O Lefttip
® Rightti
0.00 ' 00 ight tip
0 10 20 30 40 50 60 70 80 0 20 60 80 100 50 70 100 200 300 500 7001000 2000
Number of interfaces per run N Number of interfaces per run N Number of repetitions 7
(a) (b) (c)

FIG. 3. (a) Probability distribution functions (PDFs) and basic statistical data of the number of interfaces per run recorded for the right tip of the reference probe (dataset 1:
2000 repetitions, Frq = 2.4 at z/d; = 1.06); data are compared to the beta distribution in Eq. (3) with the interval extended to [1, Nmax] for a total of 48 762 interfaces. (b)
PDFs of the number of interfaces per run recorded at two selected elevations (dataset 2: 100 repetitions per elevation, Frq = 2.4). (c) Sensitivity analysis of the number
of repetitions for comparison with the beta distribution in Eq. (3); analysis was performed for both tips of the reference probe at z/dy = 1.06, Frq = 2.4 for 2000 repetitions
(dataset 1). R? is the coefficient of determination between the dataset and the corresponding beta distribution.
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A comparison between the PDF of the number of interfaces per
run and the beta distribution was tested at various elevations within
the bore roller, each based on 100 repetitions (dataset 2, Table I).
Results for Fri = 2.4 (dataset 2) at two selected elevations are repre-
sented in Fig. 3(b), where a relatively good agreement is observed,
despite some scatter attributed to the lower number of repeti-
tions available (i.e., n = 100) compared to the reference probe data
(i.e., n = 2000).

The comparison with the beta distribution showed some good
agreement for largest dataset 1 [reference probe, Fig. 3(a): 2000 rep-
etitions for Fr; = 2.4] and a lesser agreement for dataset 2 with 100
repetitions [Fig. 3(b)]. This might suggest that for a full character-
ization of the distribution, 100 repetitions might not be sufficient.
A sensitivity analysis in terms of the number of repetitions neces-
sary to obtain a good representation of the beta distribution was
attempted for 50 < n < 2000 repetitions based on the data collected by
the reference probe (dataset 1, Fr; = 2.4). For each non-overlapping
sub-dataset, the coefficient of determination (i.e., the square of
the normalized coefficient of correlation) R?* between the data and
the corresponding beta distribution was computed and plotted in
Fig. 3(c) as a function of the number of repetitions n. The results
hinted that a minimum of 200 repetitions was necessary to obtain R*
> 0.7 and 300 for R* > 0.8.

To investigate the influence of the number of repetitions #n on
the ensemble-median number of interfaces per run N, dataset 1
(2000 repetitions) was subdivided into a number of non-overlapping
sub-datasets, whose median values (N) are shown in Fig. 4, normal-
ized by the ensemble-median value obtained for all 2000 repetitions
(N)2000- The results for both tips of the reference probe showed that
less than 20 repetitions yielded a high level of scatter, with values
up to 2 or 3 times (N)2000. Little difference was observed for repeti-
tions between 20 and 100, with an error within £50%. A convergence
toward (N)z000 was observed for n > 100 repetitions [Fig. 4(a)].
The same procedure was performed at different elevations for both
Fri = 2.4 and 2.1 in Figs. 4(b) and 4(c), respectively, showing a
converging behavior toward the ensemble-median values for 100
repetitions.

The influence of the sampling frequency on the number of
interfaces detected per run was also investigated. The raw signal
(100 kHz) was sub-sampled, and the number of interfaces was com-
puted for all non-overlapping segments. The results for the reference
probe (dataset 1: 2000 repetitions, Fri = 2.4 at z/d, = 1.06) were ana-
lyzed in terms of ensemble-median values. The data showed that
a sampling frequency of 20 kHz only detected 95% of the inter-
faces detected at 100 kHz, pointing out the importance of higher
sampling rates in highly unsteady flows (Fig. 5). The same sensi-
tivity analysis was performed on the center probe (dataset 2, Fr;
= 2.4) at selected elevations, ranging from z/d; = 1.06 to 2.85, and
ensemble-averaged over 100 repetitions. The results showed that, at
higher elevations, lower frequencies were able to capture the same
number of interfaces, even for lower sampling rates (Fig. 5). This
was probably linked to the higher void fractions and larger bubble
sizes in the upper part of the roller, which made bubbles easier to
detect, even at lower sampling frequencies. This was consistent with
previous steady flow results by Wiithrich and Chanson (2014) for
flat, horizontal stepped spillways with a slope of 22.5°. Current data
were also compared to a sensitivity analysis performed on hydraulic
jump data (Fry = 5.0), showing similar results (Chanson, 2007b). The
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data for Fr; = 2.4 were compared to values obtained for Fr; = 2.1
with 100 repetitions at two locations z/d, = 1.16 mm and z/d;
= 1.68 (Fig. 5). The results showed that, for a lower Froude num-
ber, a reduced acquisition frequency was responsible for a reduction
in the total number of detected interfaces per run at lower elevations,
thus confirming the importance of higher acquisition frequencies for
weaker bores.

B. Bubble chord times

A sensitivity analysis on the number of repetitions needed to
obtain consistent values of the median bubble chord time (tq) is
shown in Fig. 6(a) for both tips of the reference probe, consisting
of 2000 repetitions each (dataset 1: Fr = 2.4, z/d; = 1.06). The total
number of tests was subdivided into a number of non-overlapping
segments, analyzed independently. Data in Fig. 6(a) showed that
at z/d; = 1.06, a minimum of 10-20 repetitions was necessary to
obtain an estimation of the median chord time within an error of
+50%. To reduce the error to £20%, the number of repetitions had
to be increased to at least 100. The same analysis was performed
for the center probe at different elevations for Fr; = 2.4 [dataset 2:
100 repetitions per elevation, Fig. 6(b)] and Fr; = 2.1 [dataset 3: 100
repetitions per elevation, Fig. 6(c)], revealing similar behaviors.

C. Void fraction

The void fraction represents the probability of having air at
a specific location (x, z) and time ¢, making it a function of both
space and time: ¢ = f(x, z, t). In unsteady flows, the void fraction
cannot be computed with the traditional time-average approach.
Instead, an instantaneous value must be obtained through ensemble-
statists based on multiple repetitions (Leng and Chanson, 2019b).
The instantaneous void fraction data were characterized by two
peaks at ¢ = 0 (water) and ¢ = 1 (air), presenting a strongly bimodal
distribution with peaks at both ends, namely, a U-bimodal distri-
bution according to Galtung (1969) “AJUS” classification. For these,
the mean and median values have different values. Herein, the void
fraction was estimated using both a single and a linear threshold
technique, detailed in Secs. IV C 1 and IV C 2, respectively.

1. Single threshold technique

With a single threshold technique, the instantaneous void frac-
tion ¢ can be considered a discrete Bernoulli variable with two
possible outcomes: ¢ = 0 for air and ¢ = 1 for water [Fig. 2(a)]. With
each experiment being considered a Bernoulli trial, the influence of
the number of repetitions on the estimation of the void fraction
was tested. Similar approaches were previously used for blockage
probability in hydraulic structures due to large wood debris, where
statistical data are given by the total number of blocked stems
over the total number of stems (Schalko, 2018; Furlan ef al., 2019).
Herein, the ensemble-averaged instantaneous void fraction C, i.e.,
the maximum likelihood estimator that there will be air at that time
and location, can be defined as the number of times the probe was in
air (nc-1) divided by the total number of repetitions #,

Clx,zt) = ”:1. (6)

For the reference probe (dataset 1, Fri = 2.4, and 2000 repeti-
tions), a sensitivity analysis was developed in terms of the void
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FIG. 4. Sensitivity analysis for the number of interfaces N detected per run: (a) reference probe (dataset 1: 2000 repetitions) for Fry = 2.4 at z/dy = 1.06. (b) Center probe at
six selected elevations (dataset 2: Fry = 2.4, 100 repetitions). (c) Center probe at two elevations (dataset 3: Fry = 2.1, 100 repetitions). Data are normalized using (N)2000
and (N)+go, which are the ensemble-median value computed over 2000 and 100 runs, respectively.

fraction computed on a number of non-overlapping sub-samples
of the signal, post-processed with a single threshold technique. The
analysis was conducted for the left tip of the probe, and more
data can be found in the work of Shi ef al. (2021). The results
are shown in Fig. 7 at T = 0.025 s, where T = 0 is the refer-
ence time, set when the first air-to-water interface was detected
by the right tip of the reference probe. At this selected point, the
complete dataset revealed ensemble-median void fraction (C)a000
=0 and ensemble-averaged Cxoo = 0.439. The bimodal nature of
the distribution showed that the use of the median was physically

meaningless, as for a discrete series it only assumed values of 0
and 1. The application of Eq. (6) coincided with the use of an
ensemble-averaged technique, and the data showed converging val-
ues for a minimum of 20 repetitions; however, the scatter remained
important.

The variation of the ensemble-averaged void fraction C for a
cumulative number of repetitions is represented in Fig. 8 at the same
time T = 0.025 s behind the bore front (reference probe, dataset 1,
Fri =2.4,and 2000 repetitions). As expected, results showed decreas-
ing confidence intervals with an increasing number of repetitions.
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FIG. 5. Effect of sampling frequency on the number of interfaces per run: reference
probe (dataset 1: 2000 repetitions, Fry = 2.4, and z/dy = 1.06) and center probe
at two selected elevations (dataset 2: center probe, 100 repetitions, and Frq = 2.4)
and comparison with data for Fry = 2.1 at z/d = 1.16 (dataset 3: center probe and
100 repetitions). Data are compared with those of \Wiithrich and Chanson (2014)
for a stepped spillway with a critical-depth/step-height of 1.3 at step-edge 10
and (Chanson, 2007b) for a hydraulic jump with Fry = 5.0 (dy = 0.029 m, Q
=0.019 m%fs).

The ensemble-averaged void fraction was highly varied for less than
30 repetitions, before stabilizing at C ~ Caogo.

The confidence intervals of the binomial distribution were
computed, allowing us to further investigate their variability with
the number of repetitions. A confidence interval states that, with a
given level of “certainty,” the true value will likely be in the identi-
fied range (Wallis, 2013). The lower confidence interval is denoted
as Lr, and upper limit is denoted as Uyp. The interval [Ly; Uy] is

ARTICLE scitation.orgljournal/rsi

associated with a confidence level of 100- (1 — ()%, where ( is the
error level. The intervals are computed based on the sampling dis-
tribution of the instantaneous void fraction, and it will contain the
value of the ensemble-averaged void fraction, (1 — {) percent of the
times (Pires and Amado, 2008). These intervals depend on the num-
ber of independent trails and the method of calculation. In line with
the work of Furlan ef al. (2019), two methods are used herein to
calculate confidence intervals:

1. Wald method (Appendix A), which calculates a symmetrical
binomial confidence interval based on the approximation of
the binomial distribution with the Normal distribution, and

2. Clopper-Pearson “exact” method (Appendix B), which is
mathematically more complicated, but it was introduced to
overcome the limitations of the Wald method (Clopper and
Pearson, 1934).

The results are given in Fig. 8, with confidence intervals
decreasing for the increasing number of repetitions, confirming
that the Clopper—Pearson method produced wider confidence inter-
vals, thus representing a more conservative approach (Clopper and
Pearson, 1934; Agresti and Coull, 1998; and Sauro and Lewis,
2005).

For both Wald and Clopper-Pearson methods, the confidence
interval (C.I.) was identified as C.I. = Uy, — Ly, and plotted in Fig. 9(a)
for two selected times behind the front, corresponding to differ-
ent ensemble-averaged void fractions Cago. The results showed
that less than ten repetitions resulted in confidence intervals larger
than +0.22 (i.e., C.I. ~ 0.45) and 50 repetitions to +0.1 (i.e., C.I.
~ 0.2). A minimum of ~100 repetitions were necessary to achieve
a Clopper-Pearson C.I. of +0.075 (i.e,, C.I. = 0.15) with an 80%
probability that the “exact” value might fall within this interval. The
importance of this probability value is reflected in Fig. 9(b), showing
that the same 100 repetitions would lead to a 50% confidence interval
of ~0.08 and a 90% confidence interval of ~0.17. This clearly indi-
cated the interplay between the extension of the confidence interval
and its associated probability in the assessment of the void fraction
in highly unsteady flows.
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FIG. 6. Sensitivity analysis of the median chord time (¢ ) for (a) reference probe at a fixed elevation z/ds = 1.06 for 2000 repetitions, Fr1 = 2.4 (dataset 1); (b) center probe
at six elevations for Fry = 2.4 (dataset 2), and two elevations for Fry = 2.1 (dataset 3) based on 100 repetitions each.

Rev. Sci. Instrum. 93, 054502 (2022); doi: 10.1063/5.0077774
Published under an exclusive license by AIP Publishing

93, 054502-7


https://scitation.org/journal/rsi

Review of

Scientific Instruments

ARTICLE

scitation.org/journal/rsi

1.0 — — 1.0
I 7-0.0055| 77— 0.005s o — T'=0.005s - Ca000 = 0.602
E i r=0mss| o 0602 0.9 O 40 |1z 770050 - Cawo~0323
0.g | 7=0050s{ (O —1.000 | 038 oo 603
° oog o116
[}
T=0.0255 o 07 ° o 3% % %50
0.6 Ca000 = 0.439 - g 06 4 8 99 8 O; o
= {Chyppp = 0.000 8 099 iy §8 i
2 g 05 oo o028 § o
=% = 0 o0
T=0.05s S 3
0.4 E 2 04 o0 002 8 8
Caooo = 0.323 S e 02688 |5 %@_ 880 o
(€00 = 0.000 0.3 istitli Zg§ § é‘ SeTo %
0.2 0.2 o o 002380
go8
0.1 o0
00 1 1 L 1 1 L 1 OO
0 01 02 03 04 05 06 07 08 09 1 1 2345710 2030 50 100 200 500 1000

Instantaneous void fraction ¢

(a)

Number of repetitions »

(b)

FIG. 7. Instantaneous void fraction data with single threshold technique at selected times behind the front: (a) PDF of the raw signal, with the ensemble-averaged Cygg and
ensemble-median (C)a000 Values. (b) Sensitivity analysis for the reference probe. Dataset 1 is given as follows: 2000 repetitions, Fry = 2.4, and z/dy = 1.06 (Table I). Data
refer to the left tip of the reference probe, while the right tip was used to synchronize all repetitions.

The results also showed that, for repetitions n > 20, lower void
fractions (T = 0.100 s, Cap00 = 0.160) were associated with smaller
confidence intervals [Fig. 9(a)]. This finding hinted a relationship
between void fraction and confidence intervals, visible in Fig. 9(c).
The results showed a symmetrical pseudo-parabolic behavior for
both methodologies, with a maximum at C = 0.5, indicating that
the most uncertainties occurred for 0.4 < C < 0.6. A simplified solu-
tion of the Clopper-Pearson confidence intervals was provided by
Wiithrich et al. (2020a; 2020b) in Fig. 9(c) as a function of the C.I. at

C=0.5:
ClL \/72
————— =2:1/025-(C-0.5)". 7
(CL) s ( : v

2. Linear threshold technique

The linear threshold technique applied to the raw signal is illus-
trated in Fig. 2(b). The raw voltage is associated with values of the

instantaneous void fraction ranging across the interval ¢ € [0; 1].
That is, c is no longer a Bernoulli variable and the theory of discrete
distributions does not apply. The ensemble-averaged instantaneous
void fraction C, computed using the linear threshold technique to
the 2000 repetitions of the left tip of the reference probe (dataset
1: Fr1 = 2.4, z/d; = 1.06), is represented in Fig. 10(a) and com-
pared to the corresponding single threshold technique. The data
showed a decreasing void fraction trend with time from C =1 (air)
to C = 0 (water). With the exception of 0 < T < 0.015 s, very little
differences were observed between the linear and single threshold
techniques. The results also suggested a substantial difference in
behavior between the ensemble average and ensemble median, with
the latter being characterized by a sudden decrease from C = 1
to C = 0 [Fig. 10(a)]. Herein, the ensemble-averaged void fraction
was used as it was deemed more representative of the physical phe-
nomenon. Results in terms of the Standard Error (SE) (Appendix A)
showed a pseudo-parabolic shape, in line with the previous results

1.0
T=0.025s
Mean (Cyggo = 0.439)
[ 80% Clopper—Pearson method|

0.8 80% Wald method
&)
g 00 FIG. 8. 80% confidence intervals com-
3 puted with Wald and Copper—Pearson
ﬁ methods at T = 0.025 s. Signal ana-
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FIG. 9. (a) 80% confidence intervals for the void fraction obtained with a single threshold technique, computed with Wald and Copper—Pearson (C&P) methods at two
selected times: T = 0.025 s (Cy00 = 0.439) and T = 0.100 s (Co000 = 0.160) for the left tip of the reference probe (dataset 1: Frq = 2.4, z/d; = 1.06, and 2000 repetitions).
(b) Variability of the confidence intervals at C = 0.5 for various probabilities that the “exact” value might fall within this interval. (c) Same confidence intervals computed with
Wald and Clopper-Pearson methods for a reduced number of 100 repetitions and plotted as a function of the void fraction C (dataset 1: Fry = 2.4, z/d; = 1.06).

of Leng and Chanson (2019a). The linear threshold technique had
some slightly smaller standard errors values compared to the single
threshold technique [Fig. 10(b)].

Similarly to the single threshold technique (Fig. 7), the linear
threshold technique resulted in a highly bimodal distribution of the
instantaneous void fraction ¢, with peaks at the extremes of the inter-
val, as shown in Fig. 11 for two selected times behind the bore front.
These times are shown in Fig. 10(a) with vertical dashed lines. At
T =0.005 s and T = 0.050 s, a sensitivity analysis was conducted in

1.0 —T
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= LT - Ensemble Average C>ggo
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0.8 F Cloper—Pearson 80% 