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A B S T R A C T   

Fully-rough turbulent free-surface flows are encountered in a variety of natural and man-made applications. 
When strong turbulence interacts with the water surface, the intense air–water mixing yields a complicated two- 
phase gas–liquid flow structure due to the cumulative contribution of entrained bubbles and droplets. This study 
presents an in-depth investigation of fully-rough turbulent free-surface flows, through some experimental 
measurements in high-velocity free-surface flows over macro-roughness. The measurements focused on skim-
ming flow conditions. Downstream of the inception region of self-aeration, some strong air entrapment and 
intense turbulence was recorded. The void fraction profiles compared well with a theoretical model, and the 
relationship between void fraction and bubble count rate exhibited a quasi-parabolic profile. The interfacial 
velocity distributions followed a power law, while high turbulence levels were recorded across the air–water 
column. A large proportion of clustered particles was observed in both the lower bubbly flow region and upper 
spray region, with a strong correlation between the percentage of clustered particles and void/liquid fraction.   

1. Introduction 

Free-surface flows represent a central issue in many natural, bio-
logical and industrial fields. Fully-rough turbulent free-surface flows are 
encountered in a variety of natural and man-made applications 
[44,13,62]. Civil and environmental engineering applications include 
mountain streams, bedrock rivers, artificial cascades, storm waterways, 
and dam spillways. These free-surface flows are most often characterised 
by strong air–water mixing at the free-surface, called “white waters” 
[51,67,12] (Fig. 1). Fig. 1A shows the white waters on an unlined rock 
cascade. Fig. 1B highlights the self-aeration in an artificial cascade 
fountain in front of the Taipei 101 building. Fig. 1C presents a large dam 
stepped spillway in operation during a major flood. Air entrainment in 
free-surface flows is ubiquitous in macro-roughness channels 
[25,50,68]. Air bubble entrapment requires large turbulent shear 
stresses acting next to the water surface to overcome both surface ten-
sion and buoyancy effects [73,74]. Experimental observations indicated 
that the turbulent free-surface flows exhibit some surface ’waves’ with 
small-scale eddies and larger underlying vortices, and air–water mixing 
is caused by the action of high intensity turbulent shear close to the 
water surface [66,16]. 

When strong turbulence interacts with an air–water surface, a 
number of different manifestations may occur, including the generation 
of surface waves, projections, cusps and dimple to surface breakup with 

formation of bubbles, drops and fully-mixed two-phase flows [8]. The 
mass transfer between air and water is drastically augmented by the 
combination by the large interfacial area in the air–water flow, the 
longer residence time, compared to smooth turbulent flows, and the 
fully-rough turbulent mixing [57,45]. The intense air–water mixing 
yields an increased gas–liquid interfacial area due to the cumulative 
surface area of both bubbles and droplets, and this makes the problem of 
turbulent gas–liquid multiphase flow far more complex than its single- 
phase counterpart [61,6]. A challenging issue is the limited amount of 
detailed validation data sets [53,3]. 

When the bubble entrapment is sizeable, e.g. as in Fig. 1, a dominant 
feature of the two-phase flow is turbulence modulation and coupling. 
Turbulence modulation by entrained particles (bubbles, droplets) may 
be caused by a number of mechanisms, including enhanced dissipation 
due the presence of particles, transfer of kinetic energy to the fluid from 
the bubbles, formation of wakes and vortex shedding behind the parti-
cles, and a combination of these mechanisms [3]. The influence of tur-
bulence on the entrained air and surrounding atmosphere cannot be 
ignored and encompass air entrapment, bubble collision, break-up and 
agglomeration, drop ejection, droplet transport, roller interfacial 
deformation. This is sometimes referred to as ’two-way coupling’ or 
even ’four-way coupling’ [28]. To date, limited data exists for quanti-
fying the interfacial processes and air–water flow structure. due to the 
metrology limitations [37,26,60]. Rather, most previous investigations 
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of self-aerated flows have been focused in limited time-averaged 
properties. 

This paper aims to gain an in-depth understanding of fully-rough 
turbulent free-surface flows, and provides a validation data set to 
assess the effect of turbulence on the coupling between the two phases. 
This was achieved through some experimental measurements in high- 
velocity free-surface flows over macro-roughness, in which detailed 
two-phase flow measurements were undertaken. 

2. Similarity, physical model and methodology 

2.1. Presentation 

Laboratory experiments and computational models are commonly 
used during the engineering design process to optimise the final design 
and to ensure a safe operation [31]. In the laboratory model, the flow 

properties must be similar to those in the full-scale system with a simi-
larity of form, of motion and of forces [42]. The modelling approach 
must be developed based upon the fundamental principles of similitude 
and dimensional analysis [4,52]. With most free-surface flows, the 
gravity effects are important and a Froude similitude is implemented. 
Considering an air–water flow down a staircase rectangular prismatic 
channel (Fig. 2), the characteristic length scale for a Froude similitude is 
the critical flow depth dc = (q2/g)1/3, with q the discharge flow rate per 
unit width, also called unit discharge of water, and g the gravity constant 
[34,15]. The dimensional analysis gives a series of dimensionless re-
lationships in terms of the two-phase air–water flow properties, at a 
dimensionless location (x/dc, y/dc, z/dc) in the self-aerated chute flow, 
as functions of the fluid and physical properties, the channel geometry 
and boundary conditions: 

Fig. 1. Free-surface aeration in fully-rough free-surface flows (A) Unlined rock cascade at Bosméléac, France on 11 June 2022 (shutter speed: 1/8,000 s). (B) Stepped 
cascade at entrance of Exhibition and Convention Centre, Tapei City, Taiwan on 14 November 2010 (shutter speed: 1/320 s). (C) Skimming flow on Hinze Dam 
stepped spillway, Australia on 5 March 2022 - Flow direction from bottom left to top right, Re = 7 × 106, h = 1.5 m, θ = 51.3◦ (shutter speed: 1/8,000 s). 
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(1)  

where C is the local void fraction, V the interfacial longitudinal velocity 
component, Vc the characteristic velocity, called critical velocity, Vc =

(g × dc)1/2, F the bubble count rate, Tu a turbulence intensity, chp a 
characteristic air–water particle size, Nc the number of bubble clusters 
per second, x, y and z are respectively the longitudinal, normal and 
transverse coordinates, ρ and μ the water density and dynamic viscosity 
respectively, σ the surface tension between air and water, B the channel 
width, ks the equivalent sand roughness height of the channel boundary 
surface, h the vertical step height, θ the angle between the invert and the 
horizontal (Fig. 2). 

In Equation (1), right hand side, the 6th term is inversely propor-
tional to a Froude number defined in terms of the vertical step height h, 
and the 8th and 9th terms are the Reynolds number and Weber number 
respectively. Since the Vaschy-Buckingham theorem implies that any 
non-dimensional parameter number could be replaced by a combination 
of other non-dimensional parameters and itself, the Weber number may 
be replaced by the Morton number Mo defined as [41,12]: 

Mo = g×
μ4

ρ× σ3 =
We3

Re4 × Fr2
(2) 

Herein, the same fluids, air and water, are used in laboratory and at 
full-scale, and the Morton number is an invariant. Further, the experi-
ments were performed in a channel of constant width B with smooth 
surface roughness (ks ≈ 0) and constant chute slope θ. For the present 
air–water free-surface flow study, Equation (1) may be simplified as: 
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With a combined Froude and Morton similarity, and a physical 
model smaller than the prototype structure, the Reynolds number may 
be significantly smaller than at full-scale [47,48]. Herein, new experi-
ments were repeated with an identical Froude and Morton number in a 
relatively large channel. The experimental configuration corresponded 
to Reynolds number 0.95 × 105 < Re < 2 × 105 comparable to, or larger 
than, that of prototype free-surface flows commonly seen in cascades 
(Fig. 1A and 1B), man-made storm waterways and water treatment 
plants. 

2.2. Physical model and instrumentation 

The physical experiments were conducted in a stepped chute 
experiment located at the University of Queensland (UQ). The water was 
delivered by three pumps feeding a 1.7 m deep and 5 m wide concrete 
basin. The flow from the basin was smoothly converged into a sym-
metrical sidewall convergent before entering the 0.985 m wide test 
section. The convergent ensured a smooth and waveless flow into the 
upstream broad-crested weir. The crest controlled the flow over the 
1.4 m high stepped chute, equipped with 0.10 m high, 0.08 m long and 
0.985 m wide steps made of smooth PVC. The facility had the same slope 
as and was a simplified 1:15 scale model of the Hinze Dam stepped 
spillway, Australia seen in Fig. 1C. 

The flow rate was calculated based upon the measured head above 
crest using a carefully-calibrated weir equation [22]. The clear-water 
flow depths were recorded with pointer gauge mounted over the chan-
nel centreline. The two-phase gas–liquid flow measurements were per-
formed using a dual-tip phase-detection probe designed, developed and 
manufactured at the University of Queensland. The probe was equipped 
with two identical needle tip (∅0.25 mm) separated by a longitudinal 
distance Δx = 9.0 mm. Each needle tip signal was recorded for 45 s at 
20 kHz. The two-phase flow properties were measured at several cross 
sections in the air–water flow region. The translation of the phase- 
detection probe in the direction normal of the chute slope was made 
with a Mitutoyo™ digital scale unit with accuracy of ± 0.025 mm. Vi-
sual observations were conducted with two dSLR cameras, PentaxTM K-3 
(24 Mpx) and PentaxTM K-3iii (26 Mpx), equipped with professional- 
grade prime lenses with negligible lens distortion and a CasioTM EX-10 
Exilim camera recording movies at 120 fps and 240 fps. 

2.3. Signal processing 

The needle tip signals were post-processed using a single threshold 

Fig. 2. Definition sketch of self-aerated fully-rough free-surface flow down a 
staircase invert. 

Table 1 
Experimental flow conditions.  

Reference θ B h Q dc h/dc Re Instrumentation 
(◦) (m) (m) (m3/s) (m) (m) 

Present study 51.3  0.985  0.10      
Visual observations     0.005 to 0.199  0.014 to 0.16 0.6 to 7 5 × 103 to 2 × 105 Video cameras and dSLR cameras 
Two-phase flow measurements     0.094  0.098 1.02 0.94 × 105 Dual-tip phase-detection probe     

0.150  0.133 0.75 1.51 × 105 (Ø = 0.25 mm)     
0.193  0.158 0.63 1.95 × 105  

Notes: B: rectangular channel breadth; dc: critical flow depth; h: upstream gate opening; Q: water discharge; Re: Reynolds: Re = ρ×Vc × dc/μ; θ: chute slope; For all 
experiments, phase-detection probe signal outputs sampled at 20 kHz per sensor for 45 s. 
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technique set at 50 % of the air–water voltage [11,58]. The time- 
averaged void fraction C was equal to the average time spent by the 
needle in air relative to the total sampling time. The bubble count rate F 
was the average number of detected particles (i.e. bubbles or droplets) 
per unit time [54,18]. The interfacial velocity V was derived from a 
cross-correlation technique, based upon the time lag corresponding to 
the maximum cross-correlation coefficient between leading and trailing 
needle signals [35,9,26]. The interfacial turbulence intensity Tu, defined 
as the ratio of rms velocity to time-averaged velocity, was deduced from 
the broadening of the cross-correlation function relative to the auto- 
correlation function [39,24]. 

The identification of particle clusters was undertaken based upon the 
analysis of the water/air chord between two successive bubbles/drop-
lets detected by the lead sensor (Fig. 4). Herein, two adjacent particles 
were considered part of a cluster when the trailing particle was in the 
near wake of the lead particle [20]. For a bubble flow, the water chord 
between two adjacent bubbles was compared to the chord of the lead 
bubble such as: 

tch− w < λ× tch− a (4)  

where tch-w is the water chord time and tch-a is the chord time of the 
leading bubble. The coefficient λ was taken as unity following the 
sensitivity analysis of Sun and Chanson [55]. Fig. 4 presents an example 
of three-bubbles cluster detected by the needle tip. The near wake 
clustering detection method is considered to be robust as it is based upon 

a comparison between local two-phase flow time scales [32]. 

2.4. Experimental flow conditions 

The experiments were conducted for water discharges between 
0.005 m3/s and 0.198 m3/s (Table 1). Visual observations were per-
formed for dimensionless ration h/dc between 0.6 and 7, corresponding 
to Reynolds numbers within 0.5 × 104 < Re < 2 × 105, with Re =
ρ×Vc × dc/μ. Detailed two-phase flow measurements were undertaken 
for three dimensionless ratios h/dc, corresponding to Reynolds numbers 
within 0.94 × 105 < Re < 1.95 × 105 (Table 1). The flow conditions 
corresponded to a skimming flow pattern. 

3. Basic flow features 

Visual observations were undertaken for a wide of discharges 
(Table 1). With small discharges, i.e. h/dc > 2.2, the flow presented a 
series of free-falling nappes, taking off at each step and impacting on 
downstream step. For a range of intermediate flow, i.e. 1.1 < h/dc < 2.2, 
the flow motion was chaotic and some strong splashing and spray was 
observed. For large flow rates, i.e. h/dc < 1.1, the water skimmed over 
the pseudo-invert formed by the step edges. The mainstream was par-
allel to the pseudo-invert, as seen in Fig. 3B. This was a skimming flow 
regime, also called quasi-smooth or tranquil flow [46,40]. 

In skimming flows, a turbulent boundary layer developed down-
stream of the spillway crest, and the free surface appearance varied 
longitudinally (Fig. 5A). When the outer edge of the developing 
boundary layer started to interact with the water-surface, the turbulent 
Reynolds stresses acting in the vicinity of the water surface overcame the 
surface tension and buoyancy effects, and self-aeration took place with 
the sudden appearance of “white waters” [73,29,16]. The inception 
region of free-surface aeration was characterised by intense free-surface 
turbulence with rapidly-varied flow properties, in line with the relevant 
literature based upon laboratory and prototype observations on steep 
slopes [71,19]. Downstream of the inception region, the flow was 
aerated and the air–water mix presented a white appearance (Fig. 5). In 
the experimental channel, some strong recirculation was observed in 
each step cavity through the glass sidewalls, with irregular ejections of 

Fig. 3. Experimental channel (flow direction from right to left). (A, Left) Flow above the broad-crest weir - Q = 0.150 m3/s, h/dc = 0.75, Re = 1.51 × 105. (B, Right) 
Air-water flow down the staircase chute - Q = 0.193 m3/s, h/dc = 0.63, Re = 1.95 × 105. 

Fig. 4. Schematic of particle cluster detection by a phase-detection probe in 
dispersed air–water flow. 
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fluid out of the cavity into the main flow combined with some 
replacement of cavity fluid near the step edge, in a manner similar to d- 
type roughness cavity flow motion [27]. 

A visual comparison between the laboratory flow and Froude-similar 
prototype flow is shown in Fig. 5, in which the prototype has the same 
slope and is 15 times larger than the laboratory chute. In Fig. 5, the 
caption lists the respective flow conditions. Qualitatively, the physical 
experiments presented a similar appearance to the prototype overflow. 
There were however some key differences, namely (a) the extreme 
brightness of the air–water flow in the prototype, and (b) the intense 
nature of air–water turbulence in the self-aerated flow region of the 
prototype spillway (Fig. 5B). The first point was qualitatively and 
quantitatively documented through the exposure and white balance 
settings of the dSLR cameras. The brightness of the air–water flow at the 
Hinze Dam stepped spillway generated high to very-high light values 
(LVs), including during overcast and heavy rain episodes. These LV 
changes were difficult to predict and could happen rapidly within the 
ambient atmospheric conditions. The second point suggested a very 
dynamic air entrainment process in the prototype chute, combined with 
energetic bubble-turbulence two-way coupling. The finding implied that 
the air bubble diffusion process in laboratory might not be in true 
similitude with that in large prototype spillways, as previously discussed 
[12,71]. 

4. Two-phase air-water flow measurements 

4.1. Void fraction data 

In the air–water flow region, the two-phase flow properties were 
recorded at all step edges. In the direction y normal to the main stream, 
the measurements were obtained above the pseudo-bottom formed by 
the step edges up to the upper spray area. Typical results are presented 
in Figs. 6, 7, 8 and 9, where Y90 is the characteristic distance where the 
void fraction equals 90 %, V90 is the characteristics air–water velocity at 
y = Y90, and Fmax is the maximum bubble count rate in the section. 

At each step edge, the void fraction profiles followed an inverted S- 

shape, illustrated in Fig. 6A. The void fraction distributions compared 
favourably to the advective diffusion theoretical model: 

C = 1 − tanh2

⎛
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(5)  

with y’ = y/Y90, and Do a function of the depth-averaged void fraction 
and related to the dimensionless turbulent diffusivity D’ [24]: 

D′ =
Do

1 − 2 ×

(

y′ − 1 /3

)2 (6) 

The void fraction data highlighted a strong flow aeration and air–-
water turbulent mix of the skimming flow, characterised by increased 
aeration with increasing distance downstream from the inception region 
of free-surface aeration. This is illustrated by the increased slope of void 
fraction distributions shown in Fig. 6A. At the downstream end of the 
stepped chute, the depth-averaged void fraction was about 40 % for all 
three flow conditions. 

4.2. Bubble count rate data 

The fragmentation of the air–water flow was quantified by the 
bubble count rate (Fig. 6B and 7). At each step edge, the bubble count 
rate profiles exhibited a marked maximum Fmax (Fig. 6B). The rela-
tionship between void fraction and bubble count rate presented a 
pseudo-parabolic shape, although it was skewed, reaching a maximum 
for void fraction between 0.35 and 0.5 [59], as illustrated in Fig. 7A. All 
the data indicated an increasing maximum bubble frequency with 
increasing longitudinal distance without reaching an asymptotic value 
(Fig. 7B). This is seen in Fig. 7B. The finding is important as it un- 
equivocally demonstrated that the two-phase flow structure, hence the 
bubble-turbulence interactions, evolved along the chute and did not 
reach an equilibrium before the downstream end of the channel. This 

Fig. 5. Air-water skimming flow down 51.3◦ staircase chutes under Froude similar conditions (h/dc = 0.63), with flow direction from top to bottom - (A) Laboratory 
channel, Q = 0.193 m3/s, h = 0.1 m, h/dc = 0.63, Re = 1.95 × 105, shutter speed: 1/100 s; (B) Hinze dam stepped spillway, Q = 143 m3/s, h = 1.5 m, h/dc = 0.63, 
Re = 1.16 × 107, shutter speed: 1/640 s. 
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longitudinal pattern might have some implication in terms of up-scaling 
the data and for model-prototype compliance [23,65]. 

4.3. Interfacial velocity and turbulence data 

The interfacial velocity data showed some continuous air–water 
velocity distributions from the pseudo-bottom (i.e. y = 0) formed by the 
step edges up to the upper free-surface and 95 % to 99 % of void fraction. 
The experimental results compared favourably with a power law, for 
void fractions less than 90 %, and a quasi-uniform profile, above as 
shown in Fig. 8A: 

V
V90

= y′1/N 0 < y′ < 1 (7a)  

V
V90

= 1 y′ > 1 (7b) 

Herein, the inverse of power law exponent, i.e. N, varied between 3.5 
and 6, comparable to earlier studies with similar boundary conditions 
[43,5]. The longitudinal variation of the characteristic air–water ve-
locity data V90 highlighted the acceleration of the flow down the steep 

chute. The trend is presented in Fig. 8B, with H1 the upstream total 
energy per unit mass, also called upstream total head. The current 
air–water flow data, in Fig. 8B, are compared with non-aerated surface 
velocity data Vs estimated from a theoretical solution of the Bernoulli 
principle [13], non-aerated flow measurements in laboratory [1,69] and 
quantitative observations at the Hinze Dam spillway seen in Fig. 1C and 
5B [19]. In Fig. 8B, the results demonstrated that the effects of boundary 
resistance were nil on the free-surface velocity in the non-aerated 
developing flow region (Fig. 8B). Downstream of the inception region 
of free-surface aeration, the air–water velocity next to the upper surface 
was smaller than the ideal fluid flow estimate because of the effects of 
boundary friction and form drag caused by the triangular step cavities. 
Altogether, the overall trend is fascinating, with the complementary 
nature of theoretical estimates, laboratory data and prototype data. 

The profiles of interfacial turbulence intensity Tu exhibited a rela-
tively high turbulence level across the entire air–water column, i.e. 
0 < y’ < 1 (Fig. 9A), typically larger than monophase flow values, e.g. 
Ohtsu and Yasuda [49], Amador [1], Zhang et al. [72,70]. The present 
values of interfacial turbulence intensity were of the similar order of 
magnitude as data in wake flows between rocks, separated flows past 
cavities, and surface turbulence in a smooth chute prototype spillway 

Fig. 6. Dimensionless distributions of (A) void fraction and (B) bubble count 
rate in the experimental channel - Comparison between void fraction data and 
Equation (5) (thick dashed lines) - Flow conditions: Q = 0.193 m3/s, h/ 
dc = 0.63, Re = 1.95 × 105. 

Fig. 7. Bubble count rate in air–water flows in the experimental channel. (A) 
Dimensionless relationships between void fraction and bubble count rate - 
Comparison with parabolic relationship - Flow conditions: Q = 0.193 m3/s, h/ 
dc = 0.63, Re = 1.95 × 105. (B) Dimensionless longitudinal distributions of 
maximum bubble count rate. 
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[21]. At each step edge and for all flow rates, the relationship between 
turbulence intensity Tu and specific interfacial area a presented a 
monotonic increase in turbulence intensity with increasing interfacial 
area (Fig. 9B). 

Tu − Tumono∝aM 0 < y′ < 1 (8)  

with Tumono a typical monophase flow turbulence level on macro- 
roughness and a the specific interfacial area. Herein, the present data 
hinted Tumono ≈ 0.25 comparable to the monophase data on stepped 
channels [49,1,72,70](Fig. 9B). The specific interfacial area was esti-
mated as a = 4 × F/V [14]. The definition is valid for bubbly flows and 
sprays, with spherical and ellipsoidal particles. In regions of interme-
diate void fractions (i.e. 0.3 < C < 0.7), the flow structure is more 
complex and a is proportional to the number of air–water interfaces per 
unit length of air–water mixture. 

Immediately downstream of the inception region, the present data 
suggested M < 1. Further downstream, the results implied M ≈ 1 
(Fig. 9B). The strong correlation between turbulence level and interfa-
cial area was likely linked to bubble/droplet breakup processes resulting 
from turbulent interactions with eddies of similar length scales as the 
particle [70,72]. 

5. Bubbly flow structure 

5.1. Bubble chord lengths 

The phase-detection probe signal was analysed in terms of the 
streamwise air and water structures detected by the leading sensor to 
gain some sub-millimetric description of the air–water flow. Where the 
void fraction was less than 0.3, the dispersed phase was air and the 
carrier phase was water. Whereas, when the void fraction was greater 
than 0.7, the dispersed particles were water droplets. In regions of in-
termediate void fraction (0.3 < C < 0.7), the air–water flow structure 
was complicated and most difficult to characterise [30]. In the current 
study, the particle chord length was equal to the particle chord time 
times the interfacial velocity. 

The particle chord length data highlighted a wide range of bubble 
and droplet chord sizes at each measurement location. All the particle 
size distributions were skewed with a preponderance of small particle 
chord lengths relative to the mean. In the bubbly flow region, the dis-
tributions of bubble chords closely followed a log-normal probability 
distribution function. The probability of bubble chord lengths was the 
largest for bubble sizes between 0 and 2.5 mm. Note however the 
amount of bubbles larger than 5 mm. In the spray region (C > 0:7), the 
water chord distributions exhibited some flatter and wider distributions. 
Fig. 10 (Left) shows air-bubble chord size distributions obtained in 
bubbly flow regions (C < 0.3) for three different flow conditions at the 
same step edge with similar void fraction. Fig. 10 (Right) presents some 
typical distributions of water-droplet chord sizes in the spray region 
(C > 0.7). In each graph, each data represents the probability of bubble/ 
droplet chord length in 0.5 mm intervals. The last column indicates the 
probability of chord lengths larger than 20 mm. Altogether, the structure 
of the bubbly and spray flow recorded at step edges was relatively 
comparable for all flow conditions, in terms of the chord size distribu-
tions. In the upper spray region, the microscopic structure of the flow 
appeared little affected by the flow rate. 

5.2. Bubble clustering 

The streamwise particle clustering was carefully documented, since 
the particle clustering rate may serve as a proxy for the level of particle- 
turbulence interactions. Fig. 11 depicts typical probability density 
functions of cluster size, i.e. number of particles per cluster. Measure-
ments were taken at the step edges in the bubbly zone (Fig. 11A) and the 
spray region (Fig. 11B). The results were overall comparable in terms of 
the number of particles identified and the proportion of particles 
forming clusters in the bubbly and spray zones. Altogether, the data 
revealed that an absolute majority of particle clusters comprised only 
two particles travelling one after other, with about 15 % consisting of 
three particles and 5 % consisting of four or more particles. 

For all the data, the clustering properties were summarised in terms 
of the average cluster size Nclu, defined as the number of particles per 
cluster, with Nclu ≥ 2, and the clustering rate Pclu, defined as the per-
centage of clustered particles relative to the total number of detected 
particles. Complete vertical distributions were obtained for C < 0.3 in 
the bubbly flow region and for C > 0.7 in the spray region, and the 
comparison between the bubble count rate and clustering rate profiles 
suggested a similar relationship. The results are shown in Fig. 12, in red 
for droplet clustering in the spray region (C > 0.7) and in blue for bubble 
clusters in the bubbly flow region (C < 0.3). More, the vertical distri-
butions of both Nclu and Pclu showed some similarity with the profile 
shape of void/liquid fraction i.e. C and (1-C) respectively. Fig. 13A plots 
the clustering rate Pclu as a function of the local dispersed phase fraction 
for the data presented in Fig. 12. At the downstream end of the steep 
chute, the cluster rate data distributions showed: 

Pclu∝Cα bubble clusters − C < 0.3 (9a)  

Fig. 8. Air-water velocity data in the experimental channel. (A) Dimensionless 
distributions of interfacial velocity - Comparison with Equation (7) for N = 4 - 
Flow conditions: Q = 0.193 m3/s, h/dc = 0.63, Re = 1.95 × 105. (B) Dimen-
sionless longitudinal distribution of surface velocities in steep stepped chute: 
comparison between non-aerated surface velocity upstream of inception region 
(Theory, Laboratory data, Hinze Dam spillway prototype data) and character-
istic air–water velocity V90 (Present data). 
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Pclu∝(1 − C)β droplet clusters − C > 0.7 (9b)  

independently of the flow conditions, with α ≈ 0.3 for C < 0.3 and β ≈
0.55 for C > 0.7. Such a trend indicated that an increase in local void/ 
liquid fraction led to a larger proportion of particles being clustered and 
interacting with neighbouring particles. 

Overall, in the self-aerated flows, the fraction of bubbles/droplets 
trapped in the cluster structures was considerable (Fig. 12 Left) and 
increased with void/liquid fractions. The number of particles in clusters 
also increased with increasing particle concentrations, i.e. void/liquid 
fractions (Fig. 12 Right). The accumulation of bubbles/droplets was 
enhanced with increasing interfacial area and turbulence intensity. 
Indeed, the turbulence intensity was found to increase as the particle 
volume fraction and specific interface area increased [36,25], Present 
study) (Fig. 9B). This led to a strong intensification of the clustering, 
encompassing a larger fraction of particles. Some key contrasted dif-
ferences between air bubbles and water droplets include the compress-
ibility of the gaseous particles and the inertia of the liquid particles. Due 
to inertial effects arising from the density contrast with the water phase, 
light particles could be expected to remain clustered for much longer 
times than the flow structures which cause the clustering [56]. 

5.3. Discussion 

In two-phase turbulent flows, the dispersed and continuous phases 
can have a significant effect on the other phase’s dynamics When par-
ticles are dispersed in turbulent flows at sufficiently high concentrations, 

the continuous/carrier phase and dispersed phase are two-way coupled 
[3]. The mutual transfer of momentum and energy between the two 
phases yields a modification of both the particle behaviour and flow 
turbulence. In one hand, the dispersed particles modify the turbulence in 
the carrier phase, while their behaviour may be profoundly affected. 
With increasing particle concentrations, hence void/liquid fractions, the 
particles become less able to respond to the carrier phase fluid flow 
fluctuations, and the random un-correlated component of their motion 
grows [10,33]. This translated into a positive correlation between the 
percentage of clustered particles Pclu and turbulence level Tu, illustrated 
in Fig. 13B and observed in the present study. 

The present data set showed a relatively large proportion of clustered 
particles, despite a simplistic streamwise analysis which did not consider 
any two- and three-dimensional clustering [38,55,63]. The present 
longitudinal clustering detection method provided an underestimate of 
the “real” amount of clustered particles and number of particles per 
cluster [55]. In the present study, the fraction of bubbles/droplets 
trapped in cluster structures increased with void/liquid fractions. A 
positive correlation between clustering rates, turbulence levels and 
interfacial area was observed, in line with earlier self-aerated flow data 
sets [25,64]. The accumulation of bubbles/droplets was enhanced with 
increasing interfacial area and turbulence intensity. The finding was 
observed for a relatively wide range of invert roughness ([2], Present 
study) and this result suggests the universality of this positive correla-
tion relationship (Eq. (9)) in fully-rough self-aerated free-surface flows. 

Fig. 9. Dimensionless distributions of interfacial turbulence intensity Tu in the experimental channel. (A) Dimensionless profiles of turbulence intensity at step edges 
for Q = 0.193 m3/s, h/dc = 0.63, Re = 1.95 × 105 - Comparison with void fraction data step edge 12. (B) Dimensionless relationship between turbulence intensity and 
specific interfacial area a. 
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6. Conclusion 

The two-phase flow properties of self-aerated flows were investi-
gated physically in a steep stepped channel. The thrust of the study was 
to deliver a robust characterisation of the un-controlled free-surface 
aeration in high-velocity free-surface flows over macroroughness. The 
physical measurements focused on skimming flow conditions. The up-
stream flow motion was accelerated and non-aerated. Downstream of 
the inception region of self-aeration, some strong air entrapment and 
intense turbulence was recorded. Detailed air–water flow measurements 
demonstrated that the void fraction profiles compared well with a 
theoretical model, that the relationship between void fraction and 
bubble count rate exhibited a quasi-parabolic profile, and that the 

interfacial velocity distributions followed a power law. High turbulence 
levels were recorded and provided quantitative evidence of complicated 
bubble-turbulence interactions and two-way coupling. The experi-
mental results revealed a large proportion of clustered particles in both 
the lower bubbly flow region and upper spray region, with a prepon-
derance of two-particle clusters. Some strong correlation between the 
percentage of clustered particles and void/liquid fraction was recorded. 

Although the present measurements were conducted at relatively 
high Reynolds numbers (0.94 × 105 < ρ×Vc × dc/μ < 1.95 × 105), the 
physical model was smaller than some prototype hydraulic structures 
operating during major flood events with Reynolds numbers above 106 

(e.g. Fig. 1C & 5B). Field measurements in such ultra-high Reynolds 
number free-surface flows presents a number of intrinsic challenges, that 

Fig. 10. Particle chord length distributions in the experimental channel (Left) Air chord lengths in the bubbly flow region for C ≈ 0.11 (Right) water chord lengths in 
the spray region for C ≈ 0.95. 
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Fig. 11. Probability density functions of number of particles in clusters - (A) Clusters of bubbles; (B) Clusters of droplets.  
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Fig. 12. Particle clustering in the experimental channel - (Left) Percentage of clustered particles; (Right) Average number of particles in clusters.  
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would require the development of ultimate two-phase flow metrology to 
obtain un-biased data sets (e.g. [21]). While beyond the scope of the 
present paper, a major challenge of many prototype self-aerated flows 
during major floods is the three-phase nature of these gas–liquid-solid 
flows advecting air, water and sediments [7,17]. 
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