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A B S T R A C T   

This experimental study investigated the air-water flow properties and bubble characteristics in hydraulic jumps 
with Froude numbers Fr1 = 2.4 and 6.3, using four dual-tip phase detection probes with sensor sizes from 0.25 
mm to 0.64 mm. The hydraulic jumps were characterized by a fully breaking roller with substantial air 
entrainment and turbulent two-phase flow patterns. The measurements encompassed distributions of void 
fraction, bubble count rate, interfacial velocity and bubble clustering properties and the data sets were consistent 
with previous studies. The comparison of the different probes showed a small impact of the tested sensor sizes on 
the air-water flow properties, in terms of the trends, magnitude and maximum values. Some differences were 
observed in terms of the bubble count rate, with the larger probes detecting a lesser number of bubbles. The trend 
was further confirmed through a comparison with the data set of Chanson and Brattberg (2000) [10] with a 
smaller probe sensor size (Ø1 = 0.025 mm), in which the maxima of bubble count rates were almost twice that of 
the present dataset for identical flow conditions. The present results confirm that the traditional signal processing 
techniques can be used for relatively small probe sizes, although different approaches might be needed for larger 
probes which cannot detect sub-millimetric bubbles. Overall, the findings should facilitate the development of 
sturdier phase-detection needle probes and help breaching the gap between laboratory and prototype.   

1. Introduction 

Air-water flows are commonly observed in both natural and built 
environments [1,2]. To investigate these flows, intrusive 
phase-detection probes were introduced to quantify their key two-phase 
properties, interfacial velocities and turbulent characteristics [3,4,5]. 
Investigations with intrusive phase-detections probes measure either the 
difference in conductivity between air and water (conductivity probes), 
or the difference in light refraction (optical fibre probes). Several studies 
focused on air-water flow properties in hydraulic jumps because of their 
suitability as energy dissipators in hydraulic structures. Latest in-
vestigations employed dual-tip phase-detection conductivity probes [6, 
7,8,9,10], whilst fewer works used single-tip probes [11] and most 
recently, an array of phase detection probes [12]. 

Phase-detection conductivity needle probes consist of an inner 
electrode insulated from an outer electrode within a tube of small di-
mensions, typically less than 1 mm. Prototype measurements of air- 

water flows are rare because hindered by the fragility of probe sensors 
and the development of thicker and sturdier instruments has been a 
challenge for decades. Hohermuth et al. [13] reported practical chal-
lenges restraining the use of conductivity probes in prototype mea-
surement. Yet, successful air-water flow measurements were performed 
in flows with interfacial velocities up to 18 m/s using a needle with 0.2 
mm inner sensor size [14], up to 22 m/s with 1 mm sensor size [15], and 
up to 38 m/s with an outer diameter of 0.6 mm [13]. In hydraulic jumps, 
prototype measures were conducted using conductivity probes (inner 
electrode 0.1 mm, outer electrode 0.8 mm), sustaining inflow velocities 
of 5.9–8.6 m/s [16,17]. A more comprehensive summary of studies on 
air-water flow properties using various probe size can be found in Shi 
et al. [18]. These studies demonstrated that the construction of me-
chanically resistant probes is an achievable goal, but a larger sensor size 
enhances the probe’s intrusiveness and might alter the acquired 
phase-detection signal. Previous studies have shown that the size of the 
inner conductor has an influence on the air-water flow properties, 
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including bubble size characteristics and interfacial area data [15,3,19, 
20]; . The influence of probe’s inner sensor diameter Ø1 on the air-water 
flow measurements in plunging jets and stepped chutes was briefly 
discussed by Refs. [21,20,22,23]. Reference [24] suggested the outer 
diameter Ø2 to be a key factor affecting the sensor intrusiveness, hinting 
that an increasing tube diameter reduced the chance of detecting small 
particles, although the needle shape must also be considered. For hy-
draulic jumps, Tang et al. [25] provided a comparison between labo-
ratory and prototype measurements (Ø2 = 3 mm), introducing a 
modified signal processing method to extract reliable air-water flow 
properties from the thick-tip probe outputs. 

While it is acknowledged that all intrusive phase-detection probes 
affect the measured signal, previous results seem to show a limited 
impact of the probe sensor size on the void fraction and interfacial ve-
locity data. On the other hand, some larger differences were observed in 
terms of bubble count rate and bubble size characteristics [26,20]. 
Despite a practical relevance, some general knowledge on the effect of 
sensor size on the air-water flow properties remains limited. For this 
reason, the objective of this study is to provide an assessment of the 
effect of sensor size in air-water flow measurements in hydraulic jumps 
with two Froude numbers and relatively high Reynolds numbers, using 
several double-tip phase-detection probes with different sensor sizes. 
With larger sensors becoming more widely used in field measurements, 
these results are critical for the development of sturdier phase-detection 
conductivity probes that will support future research in breaching the 
gap between laboratory and prototype. 

2. Experimental approach 

2.1. Experimental set-up and instrumentations 

A new series of experiments was performed in a large-size facility at 

the University of Queensland, Australia. A hydraulic jump was induced 
in a horizontal channel with a 3.2 m long, 0.5 m wide and 0.4 m deep 
rectangular section, where x, y and z represented the longitudinal, 
transverse and vertical coordinates, respectively (Fig. 1). Water was 
initially issued from an upstream head tank equipped with flow 
straighteners and a rounded undershoot gate, inducing a horizontal and 
contraction-less impinging flow. The downstream test section was built 
with a smooth HDPE bed and glass sidewalls. The longitudinal position 
of the roller toe xtoe was controlled through an adjustable overshoot 
vertical gate located at channel downstream end. The water discharge 
was measured using a Venturi flowmeter (precision ±2%) and up/ 
down-stream water depths were measured with a pointer gauge with 
an accuracy of ±0.5 mm. 

The air-water properties were investigated using four double-tip 
phase-detection conductivity probes manufactured at the University of 
Queensland. Each probe had two identical needle sensors with a longi-
tudinal separation distance Δx, parallel mounted with a transverse 
separation distance Δy (Figs. 1 and 2). The sensor had an inner 
conductor filament with a diameter Ø1, covered with coasting material 
with a diameter Øcoat, isolating the conductor from an outer needle 
made of stainless steel with a diameter Ø2. In the present study, the 
sensor size referred to the inner conductor diameter Ø1. An array of two 
phase-detection probes was used to record the data instantaneously on 
the channel centreline (Fig. 2). The detailed dimensions of the phase- 
detection probes are listed in Table 1, including the probe information 
for two previous studies, since these data are used for comparison [7, 
10]. Following a number of previous studies (e.g. Refs. [25,10,12]), the 
phase-detection probes were sampled with an acquisition frequency of 
20 kHz per sensor for 45s. 

Fig. 1. (a) Sketch of experimental facility and instrumentation, including details of the conductivity probes; (b) Front view of the hydraulic jump with Fr1 = 2.4; (c) 
Side view of the hydraulic jump roller for Fr1 = 6.3; the support of the phase-detection probe is seen above the roller. Both pictures were taken with a relatively high 
shutter speed. 
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2.2. Flow conditions 

The hydraulic jumps are described using their inflow Froude number 
Fr1=V1/(g⋅d1)0.5, where V1 is the initial flow velocity, d1 the initial flow 
depth and g the gravitational constant. In addition, the Reynolds number 
is defined as Re = ρV1d1/μ, where ρ is the water density and μ the dy-
namic viscosity. As detailed in Table 1, this work focuses on two flow 
conditions: Fr1 = 2.4 in line with Wthrich et al. [10] and Fr1 = 6.3 for 
comparison with the data set of Chanson and Brattberg [7] who used a 
dual-tip phase-detection probe with a smaller tip sensor diameter (Ø1 =

0.025 mm and Ø2 = 0.2 mm). This approach therefore provides a data 
comparison for six different phase-detection probe sensor sizes ranging 
from 25 μm to 640 μm (Table 1). 

The Froude number was shown to highly influence the air-water 
properties in hydraulic jumps, especially the maximum void fraction 
and bubble count rate in the developing shear layer [27]. Thus, in the 
present study the air-water flow properties were measured at vertical 
profiles corresponding to four different longitudinal locations 
(x-xtoe)/d1 = 1.19, 3.57, 7.14 and 14.29, where x is the longitudinal 
distance from the inlet, d1 the initial flow depth and, xtoe is the 
time-averaged position of the jump. Herein xtoe = 1.3 m for Fr1 = 2.4 as 
in Ref. [10]; and xtoe = 0.5 m for Fr1 = 6.3 as per [7]. 

2.3. Signal processing 

Based on the different values of their electrical resistance/conduc-
tivity, the needle-shaped sensors simultaneously detected whether the 
tip was located in air or water [28,29]. The raw signal was 
post-processed using a single threshold technique set at 50% of the 
voltage difference between air and water [3,7], thus assigning an 
instantaneous void fraction value of 1 for air and of 0 for water. The 
time-averaged void fraction C was defined as the average time spent in 
air relative to the total time. The bubble count rate F was defined as the 
number of air bubbles or water droplets per second, calculated as half of 
the total number of air-water and water-air interfaces over the total 

sampling duration. The air-water interfacial velocity V was obtained 
through a cross-correlation technique as V = Δx/T, where Δx was the 
longitudinal distance between the two tips and T was the time lag cor-
responding to the maximum cross-correlation coefficient between 
leading and trailing tip signals [15,28]. The advection of large-scale 
coherent structures leads to non-random regrouping of air bubbles, 
namely the clustering [30]. In the present study, a near-wake criterion 
was used to define the one-dimensional bubble clustering [31,32]. That 
is, a cluster forms when two bubbles travel one after another with an 
interval time smaller than the passage time of the leading bubble. The 
longitudinal clustering properties were investigated, in terms of clus-
tering count rate Fclu defined as the number of clusters per second, 
average cluster size Nclu defined as the average number of bubbles per 
cluster, and cluster proportion Pclu defined as the ratio of the number of 
bubbles in clusters to total number of bubbles. Following Wang and 
Chanson [33] the bubble clustering was studied for 0 < C < 0.3, and 
droplet clustering for 0.7 < C < 1.0. 

3. Data analysis 

The data analyses focused on the main air-water flow properties, 
including void fraction (Section 3.1), bubble count rate (Section 3.2), 
interfacial velocities (Section 3.3), bubble clustering properties (Section 
3.4) and bubble chord time statistics (Section 3.5), based on signal 
processing described in Section 2.3. 

3.1. Void fraction 

The vertical distributions of time-averaged void fraction are pre-
sented in Figs. 3a and 4a for Fr1 = 2.4 and 6.3, respectively, at different 
longitudinal locations behind the jump and for various phase-detection 
probes. For both flow conditions, the data exhibited a typical bell-shape 
in the developing shear layer, where the profile tended to flatten with 
increasing longitudinal distance. This region was followed by a mono-
tonically increasing distribution when approaching the free surface. 

Fig. 2. Photos and sketches of the conductivity probes used in the present study: (left) photo of Probe 1 to 4; (right) sketch and picture of the probe array.  

Table 1 
Summary of flow conditions investigated in the present study and double-tip phase-detection conductivity probes used at the University of Queensland.  

References Fr1 Re d1 

[m] 
V1 [m/ 
s] 

Probe 
No. 

Ø1 

[mm] 
Ø2 

[mm] 
Øcoat 

[mm] 
Δx 
[mm] 

Δy 
[mm] 

Conductor 
material 

Manufacturer of 
conductor 

Chanson and 
Brattberg [7] 

6.3 3.3⋅104 0.014 2.3 6 0.025 0.20 0.043 8.00 1.33 Platinum Goodfellow, UK 

Wuthrich et al. [10] 2.4 1.9⋅105 0.084 2.2 5 0.25 0.80 0.298 5.10 1.80 Silver Goodfellow, UK 
Present study 2.4 

6.3 
1.9⋅105 

3.3⋅104 
0.084 
0.014 

2.2 
2.3 

1 0.25(*) 1.00 0.298 7.5 2.47 Silver Goodfellow, UK 
2 0.25(*) 1.00 0.330 7.8 2.20 Silver SDR Scientific, UK 
3 0.38 1.10 0.480 7.0 2.22 Silver SDR Scientific, UK 
4 0.64 1.30 0.760 6.8 3.23 Silver SDR Scientific, UK 

(*) Note that the inner conductors of Probe 1 and 2 had the same size Ø1, but came from different manufacturers. 
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Overall, the present findings were consistent with data from several 
previous studies, including [7,34,9]. A good agreement can be seen for 
all void fraction profiles recorded with the five probes, with some dif-
ferences close to the upper free-surface, where the presence of large-size 
air pockets might have an influence on the air-water signal. Yet, the 
current data suggested that the range of inner sensor diameters tested in 

the present study had a minimal impact on the void fractions, in line 
with Tang et al. [25]. 

Maximum values of the void fraction in the shear layer (Cmax) are 
characterized by a rapid decay downstream of the roller toe [i.e. 
increasing values of (x − xtoe)/d1], likely due to an intensive air diffusion 
process near the impingement point. While this decay is well-known in 

Fig. 3. Air-water properties measured with different probes in a hydraulic jump with: (left) Fr1 = 6.3; and (right) Fr1 = 2.4. Properties include: (a) void fraction C; 
(b) bubble count rate F; (c) time-averaged interfacial velocity V. Data for Fr1 = 6.3 were compared to Chanson and Brattberg [7]; while data for Fr1 = 2.4 was 
compared to Wuthrich et al. [10] at (x − xtoe)/d1 = 3.57. Legend applies to all figures. 
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literature, Fig. 5a clearly shows that all probes tested in the present 
study (0.25 < Ø1 < 0.64 mm and 0.8 < Ø2 < 1.3 mm) were able to 
capture this phenomenon, confirming that the probe’s sensor sizes 
tested within this study gave consistent values. 

3.2. Bubble count rate 

The bubble count rate data consistently showed a bimodal distribu-
tion, with a maximum peak Fmax in the shear layer region (Fig. 3b), 

indicating the presence of a strong shear layer within the roller, 
responsible for breaking large air bubbles into finer pieces [7,33]. A 
secondary peak occurred near the free-surface (Fig. 3b) at vertical lo-
cations where C = 0.4–0.6, similarly to self-aerated spillway flows [35]. 
The occurrence of this secondary peak might be induced by the air 
entrapment associated with the free-surface fluctuations. The vertical 
profiles of bubble count rate flattened with increasing longitudinal 
distance, showing a monotonic decrease of Fmax with increasing longi-
tudinal distance (Fig. 3b), likely associated with the advection-diffusion 

Fig. 4. Air-water properties measured with different probes in a hydraulic jump with: (left) Fr1 = 6.3; and (right) Fr1 = 2.4. Properties include: (a) clustering count 
rate Fclu; (b) average number of bubbles per cluster Nclu; (c) cluster proportion Pclu. Note that only data for C < 0.3 (air bubble) and C > 0.7 (water droplets) are 
presented. Legend applies to all figures. 
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process within the shear layer. 
The bubble count rate profiles measured with probes 1 to 4 (i.e. Ø1 =

0.25–0.64 mm) showed results similar in both shape and magnitude. 
However, the maximum bubble count rate in the shear layer (Fmax) 
revealed a slightly decreasing trend for larger probes, with probe 3 (Ø1 
= 0.64 mm) detecting 80 % and 86 % of the number of bubbles 
compared to the probes 1 and 2 (Ø1 = 0.25 mm) at xtoe/d1 = 1.19 and 
3.57, respectively [18]. In line with these findings, previous data ac-
quired with a finer sensor size (Ø1 = 0.025 mm, [7]), revealed bubble 
count rates that were almost twice the values obtained with the present 
thicker probes, thus suggesting that smaller probes are able to capture a 
substantially larger number of bubbles. This finding is consistent with 
previous results by Refs. [26,20,23,34,25]. 

3.3. Interfacial velocities 

The distributions of interfacial velocities are presented in Fig. 3c, 
where the data exhibited positive velocities in the turbulent shear flow. 
A boundary layer was observed immediately above the channel bed, 
characterized by increasing velocities until a maximum value is reached, 
followed by a rapid decrease in the vertical direction. Velocities within 
the shear layer showed a clear decelerating pattern in the longitudinal 
direction [i.e. for increasing values of (x-xtoe)/d1], in line with previous 
studies. Some flow reversal occurred near the free surface immediately 

downstream of the roller toe, and quasi-uniform velocity distributions 
were seen further downstream. At a given location, the velocity distri-
butions derived from the signals acquired with five different probes 
showed some good agreement. The results implied that, within the 
tested range, the needle probe sensor’s size had a negligible impact on 
the interfacial velocity measurements. 

3.4. Bubble clustering properties 

The vertical profile of clustering count rate, i.e. the number of clus-
ters per second Fclu, exhibited a bimodal distribution in hydraulic jumps 
for both Froude numbers, with a primary peak Fclu,max in the shear layer 
(0 < C < 0.3, air bubbles) and a secondary peak Fclu,sec in the recircu-
lation region (C > 0.7, water droplets) (Fig. 4a). Note that the secondary 
peaks of some profiles [e.g. (x-xtoe)/d1 = 1.19 for Fr1 = 2.4] were absent 
since the data for 0.3 < C < 0.7 were not included. The results were 
consistent with previous studies on hydraulic jumps (e.g. Ref. [36]). 
Similarly to the bubble count rate (Fmax, Section 3.2), the vertical pro-
files tended to flatten with increasing longitudinal distance from the 
roller toe, hence with decreasing values of both Fclu,max and Fclu,sec. In 
the shear-layer, this longitudinal trend suggested that the 
advection-diffusion process broke-up clusters, thus reducing their 
number. In the downstream part of the hydraulic jump roller, the sec-
ondary peak became larger than the primary peak, where most clusters 

Fig. 5. Maximum values of air-water flow properties for Fr1 = 2.4 (top) and Fr1 = 6.33 (bottom): (left) void fraction; (middle) bubble count rate; (right) clustering 
count rate. The data for Fr1 = 6.33 were compared to those by Chanson and Brattberg (2000) in Ref. [7] (vertical dashed line). 
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were associated with water droplets near the free surface. 
The vertical distributions of the average cluster size, i.e. average 

number of bubbles per cluster Nclu, and cluster proportion, i.e. the ratio 
of bubbles in clusters to total bubbles Pclu, exhibited comparable profiles 
to the void fraction, with local maxima located in the lower shear layer 
region. The one-dimensional clusters consisted of, in average, 2 to 4 air 
bubbles in the shear layer and 3 to 6 water droplets in the spray region. 
Away from the roller toe, the clusters tended to be smaller and with a 
lower bubble proportion. 

Interestingly, despite the slightly lower number of bubbles detected 
by the probe with larger sensors, the comparison for all data, collected 
with the four probes 0.25 mm ≤ Ø1 ≤ 0.64 mm, showed similar profiles, 
indicating negligible effects of the present sensor sizes on the clustering 
properties in the hydraulic jump with a relatively high Froude number 
Fr1 = 6.3. Consistently, the distribution of Fclu,max in Fig. 5c also shows 
similar values for all tested probe diameters. 

3.5. Bubble chord times 

The probability density functions (PDFs) of bubble chord time (tch)air 
at zFmax (i.e. the elevation where Fmax occurs) are presented in Fig. 6 at 
four longitudinal locations behind the roller. PDFs have a bin size of 
0.25 ms from 0 to 10 ms and chord time data larger than 10 ms were 

regrouped, as shown in Fig. 6. All data exhibited similar distributions, 
with over 70% of the bubbles having a chord time duration of less than 3 
ms. It was noted that, with increasing longitudinal distance, the number 
of smallest (tch<0.5 ms) and largest (tch>10 ms) bubbles decreased, 
which could be associated with a combination of the de-aeration process 
of larger bubbles and the break-up of larger bubbles during advection. 

For a given longitudinal location, the comparison of the chord time 
data for the four probes showed a good agreement (Fig. 6), suggesting 
very small effects of inner sensor size within the tested range (0.25 mm 
≤ Ø1 ≤ 0.64 mm). 

4. Discussion 

The goal of the present study is to present and discuss differences and 
similarities in the broad range of air-water flow properties measured 
using four phase-detection needle probes with inner conductors Ø1 
ranging from 0.25 to 0.64 mm. While the results showed similar values 
in terms of void fractions and interfacial velocities, the present data 
showed that the largest probe (Ø1 = 0.64 mm) was only able to detect 
80–85 % of the bubbles detected with a more widely-used smaller-sensor 
probe with Ø1 = 0.25 mm. This influence of the probe’s inner diameter 
on the bubble count rate is further highlighted when the present data are 
compared to previous data by Chanson and Brattberg [7], who detected 

Fig. 6. Probability density functions (PDF) of bubble chord time for hydraulic jump with Fr1 = 6.33 at the characteristic elevation zFmax (i.e. the elevation where Fmax 
occurs) at three selected longitudinal positions: (A) (x − xtoe)/d1 = 1.2; (B) (x − xtoe)/d1 = 7.1; (C) (x-xtoe)/d1 = 14.3. 
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almost double the bubble frequencies for a hydraulic jump with the 
same Froude and Reynolds numbers (Fig. 5b). Despite this difference in 
bubble frequency, the present data revealed similar clustering properties 
and bubble chord time distributions (Figs. 4 and 6). 

This difference in behaviour might be associated with the probe’s 
wetting/drying processes, which allow smaller probe needles to detect 
finer bubbles. However, the fact that clustering properties and bubble 
size distributions had similar behaviours, indicates that this difference 
might be also associated with incomplete piercing processes, as previ-
ously suggested by Tang et al. [25] and discussed by Shi et al. [18]. In 
fact, the current data showed that most differences in the air-water 
signal were observed at low voltages (i.e. in air), which confirms the 
theory that increasing probe diameters is likely to result in “sliding-off” 
bubble detection. This leads to incomplete voltage drops and therefore 
in a reduced detection of bubbles. This outcome is in line with earlier 
results by Refs. [3,37,22,24,38] pointing out a velocity bias due to in-
teractions between bubbles/droplets and the probe tips. This theory is 
also supported by a new sensitivity analysis, presented in Fig. 7, where 
values of the maximum bubble count rate Fmax were computed for 
different air-water thresholds and normalized with the value Fmax,50% 
obtained for a thresholds of 50% in hydraulic jumps with Fr1 = 2.4 at 
(x-xtoe)/d1 = 3.57. The data showed an increase in the number of bub-
bles detected by the largest probe for thresholds higher than 60%, 
compared to the data for smaller probe sensors. This finding suggests 
that larger probes may require adjusted thresholds in order to detect a 
similar quantity of air bubbles compared to smaller probes, in line with 
the approach taken by Bai et al. [16], who utilized an 85% threshold 
based on laboratory calibration. Alternately, a different signal process-
ing technique might be applied, e.g. dual signal threshold, a combination 
of signal thresholds and gradient thresholds, although the optimum 
processing technique is yet to be validated. Nonetheless, the disparity 
linked to the probe sensor size may become particularly pronounced 
with very large probes, as illustrated by Tang et al. [25] with Ø1 = 1 mm 
and Ø2 = 3 mm. In this case, adjusting the threshold level proved inef-
fective in compensating for the difference, necessitating the exploration 
of alternative strategies. 

Overall, the current results show that, for probes up to Ø1 = 0.64 mm 

and Ø2 = 1.3 mm, the traditional signal processing techniques with a 50 
% threshold can be applied to compute the main air-water flow prop-
erties with minor errors, while different techniques and methodologies 
might only be necessary for larger probes, in particular due to an 
absence of small bubble/droplet detection. 

5. Conclusion 

New experiments were performed using four dual-tip phase detec-
tion probe sensor sizes to characterise a wide range of air-water and 
bubble clustering properties in hydraulic jumps with low and high 
Froude numbers, Fr1 = 2.41 and 6.33 respectively. The four needle 
probes were equipped with different inner sensor diameters Ø1, referred 
as the inner sensor size, ranging from 0.25 mm to 0.64 mm (Table 1). 
The two hydraulic jumps exhibited similar flow patterns, featuring a 
fully breaking roller with air bubble entrainment, large free-surface 
fluctuations and advection of large-scale coherent structures. This 
study focused on the air-water flow and bubble characteristics, 
including clustering properties. The void fraction data exhibited a 
diffusion process in the breaking roller, with the presence of a local 
maximum in the developing shear layer. The bubble count rate data 
showed a bimodal peak distribution, with the primary peak corre-
sponding to the maximum shear force in the developing shear layer, and 
the secondary peak in the upper part, possibly associated with air 
entrapment from the free surface fluctuations. The time-averaged 
interfacial velocity distributions revealed a wall jet, with a recircula-
tion immediately downstream of the roller toe. The cluster count rate 
data exhibited distributions that were similar to the bubble count rate 
data, while average cluster size and cluster proportion showed similar 
behaviours to the void fraction data. The probability density functions 
(PDFs) of bubble chord times highlighted that the small and large 
bubbles decreased with increasing longitudinal distance. Overall, air- 
water properties had features consistent with literature. 

The present data comparison showed negligible impacts of the tested 
sensor sizes (0.25 mm < Ø1 < 0.64 mm) on a broad range of air-water 
flow properties, in terms of the trends, magnitude and maximum 
values. Some sizeable differences were observed in terms of the bubble 
count rate, with the larger probes detecting a lesser number of bubbles. 
This was confirmed through a comparison with the data of Chanson and 
Brattberg (2002) in Ref. [7] for the same flow conditions (Fr1 = 6.33) 
and a smaller probe sensor size (Ø1 = 0.025 mm), where the maxima of 
bubble count rates were almost twice that of the present dataset. 

Overall, the current findings suggest that, for probe sensor sizes up to 
Ø1 = 0.64 mm and Ø2 = 1.3 mm, the traditional signal processing 
techniques with a 50% threshold can be applied to compute the main 
air-water flow properties, while different techniques and methodologies 
might be necessary for larger probes to achieve more ‘reliable’ bubble 
characteristics. Nevertheless, the little difference observed herein be-
tween sensor sizes (0.25 mm < Ø1 < 0.64 mm) is an encouraging result 
for the development of sturdier and more robust probes, suitable for 
field studies and prototype measurements. 
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