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a b s t r a c t
Air–water high-velocity ﬂows are characterised by strong interactions of air bubbles and water droplets.
The void fraction ranges from a few percent in bubbly ﬂows to up to 100% at the free-surface and a
reliable measurement instrumentation is the phase-detection intrusive probe. Herein new experiments
were conducted on a stepped spillway (h = 26.6°) in transition and skimming ﬂow sub-regimes yielding
new insights into the turbulent air–water ﬂow properties including the turbulence intensities and
integral turbulent time and length scales. The integral turbulent scales showed self-similarity independently of the ﬂow regime. A sensitivity analysis was conducted on the phase-detection probe signals
to investigate the optimum sampling duration and frequency as well as the data analysis parameters
threshold, sub-sampling duration, histogram bin sizes and cut-off effects. The results provide recommendations in terms of optimum sampling and processing parameters for high-velocity air–water ﬂows.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
High-velocity self-aerated ﬂows are often called ‘‘white waters’’
because of the entrained air [45,52,15]. The free-surface aeration in
high-velocity open channel ﬂows induces a drastic change in the
multiphase (gas–liquid) ﬂow structure and its distribution within
the water column that have direct implications in terms of
bubble-turbulence interactions and associated turbulent mixing
processes [4,19]. Most high-velocity free-surface ﬂows are characterised by large amounts of entrained air. The void fractions range
from a few percents to nearly 100% in the upper spray region, and
the ratios of ﬂow velocity to bubble rise velocity are commonly
greater than 10–20.
Classical measurement techniques are adversely affected by the
presence of air bubbles and air–water interfaces, and they can produce highly inaccurate readings: e.g., pointer gauge, Pitot tube,
acoustic Doppler velocimeter (ADV), laser Doppler anemometer
(LDA), particle image velocimetry (PIV) [37,19]. Many air–water
ﬂow measurement techniques are available depending upon ﬂow
type and void fraction fractions (Boyer et al. [5]. For low void
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fractions, a phase Doppler anemometer (PDA) may provide some
meaningful results in terms of turbulence properties and bubble
characteristics [51]. When the void fraction C, or liquid fraction
(1  C), exceeds about 1–3%, the most reliable metrology is the
intrusive phase detection probes, notably the optical ﬁbre probe
and conductivity/resistivity probe [11,2,16]. The principle behind
the optical ﬁbre probe is a change in optical index between the
two phases [10,12,41]. The conductivity/electrical probe works
based upon the difference in electrical resistivity between air and
water [33,47]. Phase-detection intrusive probes are designed to
pierce bubbles and droplets and their design is typically based
upon the needle probe design developed by Neal and Bankoff
[42], Neal and Bankoff [43]. Such probes have been used for over
50 years, including some milestone prototype measurements on
the Aviemore Dam spillway in New Zealand [7,8].
High-velocity free-surface ﬂows are typical on spillways with
slopes ranging between very ﬂat (h = 3°) to very steep (h = 60°).
Spillways may be constructed with smooth surface or roughened
surface such as rockﬁll or step elements. An advantageous spillways design is the stepped spillway which provides a stronger
air entrainment and energy dissipation performances compared
to smooth chutes because the large roughness steps increase the
ﬂow resistance. Many experimental studies of stepped spillway
ﬂows have been conducted in the last decades for steeply sloped
stepped chutes [13,3,39,31] and with embankment dam slopes
(e.g. [50,20,6,36,29]. While previous studies provided extensive
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insights into the ﬂow processes at design discharge in the
skimming ﬂow regime, little information is available about the
air–water ﬂow properties for transition ﬂow discharges apart from
a few studies [23,26]. The transition ﬂow regime occurs for
intermediate ﬂow rates and hence an inclusive analysis of both
transition and skimming ﬂow properties is missing. Herein new
experiments were conducted in high-velocity free-surface ﬂows
on a large scale stepped spillway model with a slope of h = 26.6°
comprising both ﬂow regimes. The experiments were conducted
with phase-detection intrusive conductivity probes and new
results for the transition ﬂow regime include the turbulent
air–water ﬂow properties.
As part of the stepped spillway experiments, the limitations and
potentials of the phase-detection conductivity probes were investigated to identify optimum sampling parameters. Despite some
key contributions [10,16,20], the use of phase-detection probes
in high-velocity free-surface ﬂows is restricted by a lack of accurate method to select the optimum sampling parameters, albeit
for a few sensitivity analysis for basic air–water ﬂow properties
[50,1]. Herein a sensitivity analysis of air–water ﬂow data was
conducted to investigate systematically the effects of the sampling
duration, sampling frequency and sub-sampling duration on the
turbulent air–water ﬂow properties. Furthermore the effects of
the air–water threshold, the histogram bin sizes for the voltage
signals and the cut-off effect on the lower voltage signals were
tested. A procedure for phase-detection probe measurements in
high-velocity self-aerated ﬂows is discussed.
2. Instrumentation and signal processing
Phase-detection intrusive probes were used for the measurements of air–water interfaces in the aerated free-surface ﬂows.
Two probe conﬁgurations were used. A double-tip conductivity
probe comprised two identical sensors separated by a streamwise
distance Dx = 7.2 mm (Fig. 1A). Fig. 1A illustrates such a double-tip
designed to pierce the air bubbles and water droplets in the mainstream ﬂow direction. The double-tip conductivity probe was used
for a detailed sensitivity analysis of sampling parameters in
air–water ﬂows. The second conﬁguration comprised two
single-tip needle probes separated by a transverse distances Dz
(Fig. 1B). A similar probe conﬁguration has been also used by
Chanson and Carosi [21], Felder and Chanson [28].
The measurement of the air–water interfaces is an Eulerian
observation of air bubbles and water droplets at a ﬁxed location
within the air–water ﬂows over a speciﬁc sampling duration. At
that location, the air bubbles and water droplets are detected when
they pierced the probe tips. This results in a square wave voltage
signal as illustrated in Fig. 2. In Fig. 2A, a voltage signal of about
4 indicates the probe tip in water and a voltage of 0.5 is equivalent
to an air voltage. The raw signal is not squared and therefore a signal processing technique must be used to identify the air and water
voltages. Fig. 2B illustrates the PDF of the raw voltage signals with
bin sizes of 0.1 V for the data shown in Fig. 2A. For this data set, the
amount of air and water is close and two distinctive voltage peaks
are visible indicating air and water voltages. Different types of processing techniques have been used to identify the air–water phases
and good overviews were given by Cartellier and Achard [11],
Toombes [50]. Two classes of processing techniques are common.
One is based upon threshold criteria derived from the PDF of the
raw voltage signals and another identiﬁes air and water phases
according to a change in slope of the raw voltage signal.
Herein a simple (single) threshold technique was used to analyse the raw voltage signals and to calculate the basic air–water
ﬂow properties including void fraction and bubble count rate.
The single threshold technique is robust. It is best suited to cover
the wide range of void fractions in the whole air–water ﬂow
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Fig. 1. Conductivity probe designs developed at the University of Queensland. (A)
Double-tip probe (£ = 0.25 mm, Dx = 7.2 mm, Dz = 2.1 mm) – view in elevation. (B)
Single-tip probes (£ = 0.35 mm, Dx = 0 mm, Dz = 50.7 mm).

column. The single threshold technique can identify the instantaneous void fraction c = 1 in air and c = 0 in water. The instantaneous void fraction may be used to calculate the time-averaged
void fraction, the bubble count rate, the air/water chord times,
the bubble/droplet chord lengths and the streamwise particle
grouping. In the present study, the instantaneous void fraction
was used to quantify the time the probe tip was in air and to
calculate the time-averaged void fraction:

Pn
C¼

i¼1 c

ð1Þ

n

where n is the number of samples. The calculation of the bubble
count rate was based upon the number of water to air interfaces.
The air bubble and water droplet chord times were deﬁned as the
time between air to water and water to air interfaces respectively
and the multiplication with the local velocity provided the air
bubble and water droplet chord lengths. The chord sizes were not
the bubble diameters, but characteristic streamwise air–water sizes
[22].
The calculation of further air–water ﬂow properties is based
upon statistical analyses of the raw Voltage signals. A crosscorrelation between the two 2-tip probe sensor signals provides
the cross-correlation function and the maximum cross-correlation
coefﬁcient (Rxy)max [35,15,24]. The ratio of the sensor separation Dx
to the transit time T of the maximum cross-correlation gives the
local time-averaged interfacial velocity:

V¼

Dx
T

ð2Þ

The broadening of the cross-correlation function compared to
the auto-correlation function of the leading sensor may provide
some information about the turbulence intensities in an air–water
ﬂow [38,16]. Chanson and Toombes [22] derived an equation for a
dimensionless expression of the turbulence velocity ﬂuctuations:

Tu ¼ 0:851 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s20:5  T 20:5
T

ð3Þ

where s0.5 is the time scale for which the cross-correlation function
is half of its maximum value such as: Rxy(T + s0.5) = 0.5  Rxy(T),
and T0.5 is the characteristic time for which the normalised
auto-correlation function equals: Rxx(T0.5) = 0.5.
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Fig. 2. Voltage signal of a double-tip conductivity probe in a high-velocity skimming ﬂows on a stepped spillway in the intermediate ﬂow region (C = 0.48, F = 162.7 Hz,
V = 3.7 m/s). (A) Raw signal of double-tip conductivity probe. (B) PDF of voltage signal.

The integration of the auto- and cross-correlation functions
from the maximum correlation till the ﬁrst zero-crossing of the
correlation curve yields the integral time scales Txx and Txy:

Z s¼sðRxx ¼0Þ

T xx ¼

Rxx ðsÞ  ds

ð4Þ

s¼0

Z s¼sðRxy ¼0Þ

T xy ¼

Rxy ðsÞ  ds

ð5Þ

s¼sðRxy ¼ðRxy Þmax Þ

Txx is the auto-correlation integral time scale which characterises the longitudinal air–water ﬂow structure [20], i.e. it represents
a rough measure of the longest longitudinal connection. The
cross-correlation integral time scale Txy characterises the vortices
advecting the air–water ﬂow structure and is a function of the
probe separation distance. [30] redeﬁned Eq. (3) by linking the
integral auto- and cross-correlation time scales to the turbulence
intensity.
For the conﬁguration with an array of two needle probes, a correlation analysis between the two sensors and the integration in
transverse direction provided further information about the large
advecting vortices in transverse direction. An integration of the
results for different transverse separations Dz yields the transverse
integral turbulent length scale:

Lxz ¼

Z

z¼zððRxz Þmax ¼0Þ

z¼0

ðRxz Þmax  dz

ð6Þ

agreement. Cummings [25] tested also the accuracy of void
fraction and velocity measurements against the measured water
discharge via continuity showing accuracies of 5%. Additional tests
were conducted by Carosi and Chanson [9] on the same spillway
facility and by Murzyn and Chanson [40] in a hydraulic jump with
the same phase-detection probes and the same acquisition system
as used in the present study.
The accuracies in terms of water discharge can be estimated as
about 2% and the positioning of the conductivity probes in vertical
position within the spillway test section as less than 0.5 mm.
The void fractions were measured with an accuracy of about
DC/C = 4% and the interfacial velocities had an accuracy of about
DV/V = 5% (0 < C < 0.95) and 10% for C > 0.95 and C < 0.05. The error
on the bubble frequency can be estimated as DF/F = 0.5%.
3. Air–water ﬂow experiments on a stepped spillway in
transition and skimming ﬂows
Air–water ﬂow experiments were performed in a large size
stepped spillway model with slope of h = 26.6° and 10 steps with
height h = 0.10 m (Fig. 3). The spillway had a width of 1 m. A pump
provided the discharge in the circuit system with an accuracy of 2%
over a broad-crested weir at the upstream end of the stepped
section. The experimental facility was used previously in air–water

where (Rxz)max is the maximum cross-correlation values. Lxz represents a characteristic dimension of the transverse integral turbulent
length scale of the large vortical structures advecting the air
bubbles and air–water packets [17,20].
The corresponding integral turbulent time scale is:

R
T int ¼

z¼0

ðRxz Þmax  T xz  dz
Lxz

ð7Þ

where Txz is the transverse cross-correlation integral time scale calculated in analogy to Eq. (5).
The experiments were conducted with fast-response electronics
coupled with a high-speed data acquisition system to minimize the
probe response time. The response time was not affected by underestimation of bubble transit time as shown in a detailed study by
Cummings [25]. In this study, the comparison of photographic
technique and phase-detection intrusive probes showed a good

Fig. 3. Transition ﬂow regime on the stepped spillway (h = 26.6°): dc/h = 0.83,
qw = 0.075 m2/s, Re = 3.0  105.
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(A)

and a large proportion of the ﬂow energy was dissipated. Fig. 3
illustrates a typical appearance of the air–water ﬂows on the
stepped spillway model for a transition ﬂow regime. In transition
ﬂows, the ﬂow pattern is irregular with strong droplet splashing
and ﬂapping mechanisms of air pockets in the step niches (Fig. 3)
[23]. For the larger discharges in skimming ﬂows, the ﬂow is more
stable and the free-surface appears almost parallel to the pseudobottom formed by the step edges [46]. The air–water ﬂow experiments were conducted in both ﬂow regimes to investigate the
air–water ﬂow properties for a comprehensive range of ﬂow
conditions in two sub-regimes.
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ﬂow studies on stepped spillways [21,28]. The experiments
were conducted for a range of discharges per unit width
0.009 6 qw 6 0.241 m2/s representing Reynolds numbers of 3.5 
104 6 Re 6 9.6  105. The discharges corresponded to a dimensionless ﬂow rate 0.2 6 dc/h 6 1.81, where dc is the critical ﬂow depth.
Air–water ﬂow measurements were conducted with a doubletip conductivity probe (£ = 0.25 mm) and the two single-tip
probes (0.35 mm) using the sampling parameters identiﬁed in
the sensitivity analysis (Section 4), i.e. sampling frequency
20 kHz, sampling duration 45 s, sub-sample duration 3 s, PDF bin
size 0.1 V, 50% single threshold. Experiments were performed in
both transition (TRA) and skimming (SK) ﬂow sub regimes. The
transition ﬂows were observed for dimensionless ﬂow rates of
0.69 6 dc/h 6 1.0 and the skimming ﬂow measurements comprised
ﬂow rates of 1.0 6 dc/h 6 1.74. In these ﬂow regimes, the ﬂow aeration started naturally at the inception point of free-surface aeration when the turbulence velocity ﬂuctuations close to the freesurface were strong enough to overcome buoyancy forces and
free-surface tension. Downstream of the inception point, strong
turbulent interactions took place between air–water interfaces
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Fig. 5. Bubble count rate distributions in transition (dc/h = 0.83, qw = 0.075 m2/s,
Re = 3.0  105) and skimming ﬂows (dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7  105).
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3.1. Basic air–water ﬂow properties
A key property in air–water ﬂows is the void fraction which is
the time-averaged air concentration at each measurement location. Typical distributions of void fraction at several consecutive
step edges are shown in Fig. 4 as function of the dimensionless
distance perpendicular to the pseudo-bottom y/Y90 with Y90 the
ﬂow depth where C = 0.9. For the transition ﬂow, two different
types of void fraction distributions were observed: some step
edges showed ﬂat, straight void fraction proﬁles and others
showed S-shape distributions (Fig. 4A). These two proﬁle types
differed between adjacent step edges. The S-shape proﬁles
followed the advective diffusion equation for air bubbles in
skimming ﬂows [22]:
2

C ¼ 1  tanh

y=Y 90 ðy=Y 90  1=3Þ3
K 
þ
2  Do
3  Do

!

0

ð8Þ

where K0 is an integration constant and Do is a function of the mean
air concentration Cmean only. Eq. (8) is added for one step edge in
Fig. 4A. The ﬂat straight void fraction proﬁles were similar to air
concentration distributions in jets and were best compared to an
analytical solution of the advective diffusion equation for transition
ﬂow [23]:




y
C ¼ K  1  exp k 
Y 90

The skimming ﬂow data showed typical S-shape proﬁles
(Fig. 4B) and compared well with Eq. (8). The present data conﬁrmed the previous advective diffusion models for both transition
and skimming ﬂows. However the alternation of two differing
proﬁles for transition ﬂows conﬁrms the instabilities of the ﬂow
regime and highlights the difﬁculty to predict the void fraction
distributions within the ﬂow. Indeed the ﬂow may change from
one step edge to the next (Fig. 4A).
The measurements of the time-averaged interfacial velocity
were conducted with the double-tip conductivity probe and
Fig. 4 illustrates the results of the dimensionless interfacial velocity
V/V90 distributions as a function of y/Y90 where V90 is the characteristic interfacial velocity where C = 0.9. The skimming ﬂow data
were well correlated with a power law (Fig. 4B), commonly
observed for velocity proﬁles in spillway ﬂows:

V
¼
V 90

1=N

0 6 y=Y 90 6 1

ð12Þ

In Eq. (12), N was typically N = 10 for skimming ﬂows (e.g.
[22,21,28], although other researchers found slightly different
values (e.g. [3,48]. The value of N may vary from one step edge
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Fig. 8. Turbulence intensity and maximum cross-correlation coefﬁcient distributions. (A) Transition ﬂow data: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2  105. (B)
Skimming ﬂow data: dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6  105.
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to the next one for a given ﬂow rate. For locations y/Y90 > 1 small
scatter of the data was observed (Fig. 4B), but overall a uniform
velocity proﬁle ﬁtted well the experimental data:
In the transition ﬂow regime, the dimensionless velocity proﬁles showed differences in the region close to the step edge
(0 < y/Y90 < 0.75) (Fig. 4A). For void fractions of about 20–50%, a
bulk in velocity was observed with maxima of about V/
V90  1.05. These velocity proﬁles were observed for step edges
with straight ﬂat void fraction proﬁles and seemed to be linked
with the impact of air–water ﬂows on the step edge. The interfacial
velocity distributions were similar to observations in the impact
region of a stepped spillway device [14] and in the region immediately downstream of the nappe impact in a nappe ﬂow regime [50].
Furthermore similarities were seen with the ﬁndings of Pagliara
et al. [44], who observed larger velocities in the region close to
the end of block ramp elements. The data in the present study differed from observations of Chanson and Toombes [23] who found a
best ﬁt correlation between V/Vmax and y/Y90 for the transition ﬂow
regime for channel slopes between 3.4° and 21.8°.
The air–water interactions within the ﬂows can be measured by
the number of air–water interfaces measured as bubble count rate

(A)
3.5

3

y/Y90 [-]

2.5

2

Txx - step 7
Txx - step 8
Txx - step 9
Txx - step 10
Txy - step 7
Txy - step 8
Txy - step 9
Txy - step 10

1.5

1

0.5

F. Typical dimensionless bubble count rate distributions F  dc/Vc
are illustrated in Fig. 5 for both transition and skimming ﬂows
where dc and Vc are the critical ﬂow depth and critical ﬂow velocity
respectively. Little difference was observed for the two ﬂow
regimes and for all experiments, the maximum bubble count rates
were observed in the intermediate ﬂow region with void fractions
between 35% and 65%. With increasing distance from the inception
point of air entrainment, the overall number of entrained air
bubbles increased. The observations were consistent with previous
studies on stepped spillways with slopes 3.4° 6 h 6 30° (e.g.
[50,21,26].
The air–water interfaces also provided microscopic information
about the chord sizes of the air bubbles and water droplets in
streamwise direction. The chord sizes were not the bubble diameters, but characteristic streamwise air/water sizes. For all transition
and skimming ﬂow data, the air bubble chord sizes were observed
in the bubbly ﬂow region (C < 0.3) and the water droplet chords in
the spray region (C > 0.7). The distributions in both bubbly and
spray ﬂow regions and for both ﬂow regimes showed a wide range
of bubble/droplet chord sizes at each location (Figs. 6 and 7). Fig. 6
shows examples of probability distribution functions for the air
bubble chord lengths for both transition and skimming ﬂows and
Fig. 7 illustrates typical results for the water droplet chord lengths.
The spectrum of both bubble and droplet chord lengths ranged
from less than 0.3 mm to more than 20 mm. Both the bubble and
droplet chord size distributions were skewed with a preponderance of small bubbles/droplets.
The PDF of bubble chord sizes tended to follow a log-normal
distribution with a mode between 0.5 and 3.0 mm (Fig. 6). The
droplet chord size probability distribution functions were ﬂatter
and broader than those of the bubble chords, and tended also to
follow a log-normal distribution (Fig. 7). The trends were observed
for all data in the present study and the results were consistent
with results of earlier skimming ﬂow studies [22,49,21,28,29]. No
major difference was observed between transition and skimming
ﬂow chord sizes.
3.2. Turbulent air–water ﬂow properties

0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Txx×sqrt(g/Y90), Txy×sqrt(g/Y90) [-]

Turbulent air–water ﬂow properties were calculated based
upon the conductivity probe raw data as outlined in Section 2.
Turbulent data have been recently presented for air–water

(B) 2

3

Lxz - step 8 - TRA
Lxz - step 9 - TRA
Lxz - step 10 - SK

1.8

Tint - step 8 - TRA
Tint - step 9 - TRA
Tint - step 10 - SK

2.5

1.6
1.4

2

y/Y90 [-]

y/Y90 [-]

1.2
1

1.5

0.8

1
0.6
0.4

Txx - step 7
Txx - step 8
Txx - step 9
Txx - step 10

0.2

Txy - step 7
Txy - step 8
Txy - step 9
Txy - step 10

0.5

0

0
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Txx×sqrt(g/Y90), Txy×sqrt(g/Y90) [-]
Fig. 9. Auto- and cross-correlation time scale distributions. (A) Transition ﬂow
data: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2  105. (B) Skimming ﬂow data: dc/
h = 1.38, qw = 0.161 m2/s, Re = 6.4  105.
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Fig. 10. Integral turbulent time and length scale distributions in transition ﬂows:
dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2  105 and skimming ﬂows: and dc/h = 1.38,
qw = 0.161 m2/s, Re = 6.4  105.
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skimming ﬂows [21,28] but not yet for the transition ﬂow regime.
Herein the present study provided the ﬁrst comprehensive data set
for both ﬂow regimes.
The turbulence intensity Tu was calculated based upon the
shape of the cross-correlation functions between the two probe
sensor signals (Eq. (3)). For most transition and skimming ﬂow
experiments, typical turbulence intensity distributions were
observed with largest turbulence levels in the intermediate ﬂow
region for void fractions between 30% and 55% and the turbulence
levels were larger for the transition ﬂow regime (Fig. 8). In transition ﬂows, for some step edges, large turbulence levels were
observed close to the step edge (Fig. 8A) which was associated with
ﬂat straight void fraction proﬁles. The turbulence data reﬂect the
instabilities of the transition ﬂow regime including the irregular
impacts of the air–water ﬂows on every second step edge as well
as the irregular ﬂapping mechanisms in the step cavities. Similar
shapes of turbulence intensity distributions were reported by Felder and Chanson [28] at every second step edge on a stepped spillway with h = 21.8° in a skimming ﬂow. For the present skimming
ﬂow discharges, most turbulence data in the bubbly ﬂow region
(C < 30%) and the (upper) spray region (y/Y90 > 1.5), tended to values of about 20–50% (Fig. 8B). Fig. 8 illustrates further the maximum cross-correlation coefﬁcients for both ﬂow regimes. Little
difference was observed for all data sets independent from the distance downstream of the inception point of air entrainment and
the ﬂow rates (Fig. 8).
The auto- and cross-correlation time scales were calculated for
all data. The auto-correlation time scale Txx characterised the time
scale of the large eddies advecting air–water interfaces in the
streamwise direction and the cross-correlation time scales Txy
characterised the vortices advecting the air–water ﬂow structure
(Fig. 9).
For the transition ﬂows, good agreement was observed between
the auto- and cross-correlation data and larger auto-correlation
time scales were observed in the (upper) spray region which did
not interact with the rest of the ﬂow. The data showed strong scatter and differences in the distributions were visible for ﬂat straight
void fraction proﬁles (Fig. 9A).
For the skimming ﬂow regime, the dimensionless distributions
of Txx and Txy showed maximum values in the intermediate ﬂow
region with void fractions of 40–75%. In the bubbly ﬂow region,

the time scales tended to zero (Fig. 9B). Overall the time scales
for the skimming ﬂow data were in close agreement apart from
the upper spray region.
Further measurements were conducted with an array of two
simultaneously sampled single-tip conductivity probes with various transverse distances 3.3 6 Dz 6 80.8 mm. A cross-correlation
analysis was performed between the signals leading the maximum
transverse cross-correlation coefﬁcient and the transverse crosscorrelation time scale. Based on these values the integral turbulent
length and time scales were calculated with Eqs. (6) and (7).
Characteristic dimensionless results are presented in Fig. 10 as
functions of y/Y90 for both ﬂow regimes.
For the transition ﬂow data, the largest integral turbulent time
and length scales were observed in the intermediate ﬂow region
for void fractions between 50% and 70%. In the bubbly ﬂow region,
the turbulent scales tended to zero (C = 0). Small differences were
observed for the two adjacent step edges and the integral turbulent
scales were consistently larger for step edge 8, which was
characterised by an S-shape void fraction proﬁle. The results for
the transition ﬂow data showed similar shapes compared to the
skimming ﬂow observations and the results were consistent
with features that were reported in previous studies of integral
turbulent scales on stepped spillways [21,28,26].
The characteristic maximum values of integral turbulent time
and length scales and advection turbulent length scales are
summarised in Table 1 in dimensional and dimensionless form.
The present observations are compared with previous data sets
on the same stepped spillway facility with h = 21.8° [21,28] and
further data on a stepped spillway with h = 26.6° with different
step height and channel width respectively [26]. The characteristic
maximum turbulent scales were in good agreement for all data
sets (Table 1). The sizes of the large advecting eddies in transverse
and longitudinal direction were mostly independent of step
heights and of channel slopes, but scale effects are an issue as
shown by Felder and Chanson [28] for h = 21.8° and by Felder
[26] for h = 26.6°.
Felder and Chanson [27] found self-similar relationships
between void fraction and dimensionless integral turbulent time
and length scales respectively best reﬂected with a skewed parabolic shape. The correlation was developed for stepped spillway
data with h = 21.8° and with h = 5 cm and h = 10 cm:

Table 1
Summary of characteristic transverse integral turbulent length and time scales; comparison of present data with previous studies.
Stepped spillway

dc/h (–)

Re (–)

Step edge

Y90 (mm)

(Lxz)max (mm)

5

(Tint)max (ms)

h = 26.6°, h = 0.1 m, W = 1.0 m

0.69
0.69
1.11
1.11
1.11
1.11
1.11
1.28
1.28
1.38

2.2  10
2.2  105
4.6  105
4.6  105
4.6  105
4.6  105
4.6  105
5.7  105
5.7  105
6.4  105

8
9
6
7
8
9
10
9
10
10

50.9
68.7
71.6
70.2
79.0
68.4
73.9
88.1
81.8
93.4

11.2
10.6
12.9
13.3
12.0
14.7
14.2
15.0
18.4
15.0

3.8
3.2
4.0
3.5
3.0
3.3
2.9
3.4
3.7
3.1

h = 26.6°, h = 0.1 m, W = 0.52 m Felder [26]

1.15
1.45

4.9  105
6.9  105

10
10

71.7
91.0

16.9
20.1

h = 26.6°, h = 0.05 m, W = 1.0 m Felder [26]

1.14
2.22

1.7  105
4.6  105

10
16

32.3
58.9

h = 21.8°, h = 0.1 m, W = 1.0 m Chanson and Carosi [21]

1.15
1.45

4.6  105
6.4  105

10
10

h = 21.8°, h = 0.05 m, W = 1.0 m Felder and Chanson [28]

1.15
1.15
2.39
2.39
3.05

1.7  105
1.7  105
4.9  105
4.9  105
6.9  105

10
18
17
20
20

ðLxz Þmax
dc

(–)

T int

qﬃﬃﬃﬃ
g
dc

0.16
0.15
0.12
0.12
0.11
0.13
0.13
0.12
0.14
0.11

0.045
0.038
0.038
0.033
0.028
0.031
0.027
0.030
0.032
0.026

20.1
21.2

4.3
4.0

0.15
0.14

10.7
13.1

8.9
13.8

2.8
2.7

0.19
0.12

59.8
73.5

13.4
16.9

3.7
3.5

0.14
0.13

0.034
0.029

33.4
35.4
69.2
85.9
97.8

9.3
14.1
15.2
10.9
12.6

2.6
3.8
2.7
2.3
2.3

0.18
0.25
0.12
0.10
0.09

0.034
0.049
0.025
0.021
0.019

(–)
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06C61

ðLxz Þmax
¼ 0:199  1:35  107  Re
dc

1:5  105 6 Re 6 7  105

rﬃﬃﬃﬃﬃ
g
¼ 0:0452  2:92  108  Re
dc

(Lxz)max/dc, (Lxx)max/dc [-]

ð14Þ

ð15Þ
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0.2

Equation (15)
Equation (16)
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Fig. 12. Dimensionless relationship between maximum integral turbulent scales
and Reynolds number; comparison with Eqs. (15) and (16).

1:5  105

6 Re 6 7  105

(A)

Lxz - θ = 26.6° (h = 10 cm)
Lxz - θ = 26.6° (h = 5 cm)
Lxz - θ = 21.8° (h = 10 cm)
Lxz - θ = 21.8° (h = 5 cm)
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Tint - θ = 21.8° (h = 10 cm)
Tint - θ = 21.8° (h = 5 cm)

0.24

0 6 C 6 0:97

where (Lxz)max and (Tint)max are the characteristic maxima in a crosssection. All integral turbulent scales of the present study were in
good agreement with Eqs. (13) and (14) for both transition and
skimming ﬂows (Fig. 11). Some data for the same channel slope
[26] are also presented in Fig. 11 highlighting no effects of step
heights nor channel widths.
A further dimensionless relationship showed a linear trend
between the characteristic maximum dimensionless turbulent
scales and the Reynolds number for data on stepped spillways with
h = 21.8° and 26.6° [26]:

ðT int Þmax 

0.26

ð13Þ

Tint × sqrt(g/dc) [-]

Lxz
¼ 1:58  C 0:48  ð1  CÞ0:27
ðLxz Þmax
T int
¼ 1:41  C 0:38  ð1  CÞ0:23
ðT int Þmax

ð16Þ

1
0.9

The characteristic maximum scales of the experimental studies
in Table 1 for both transition and skimming ﬂows are illustrated in
Fig. 12. A strong scatter of the data was observed, but overall the
dimensionless trend between Reynolds number and integral
turbulent scales was reasonably well represented by Eqs. (15)
and (16).
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4. Discussion of key sampling parameters in high-velocity freesurface ﬂows
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4.1. Effects of air–water threshold
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A sensitivity analysis was conducted to investigate systematically the effects of several sampling parameters on the two-phase
ﬂow properties. The quality control tests included not only the
effects of sampling duration and frequency, but also sensitivity
analyses of several parameters for data post-processing, i.e. single
threshold of air–water interfaces, the effects of bin size for the PDF
distributions of the raw signal, the sub-sample duration for the
correlation analysis and the effects of cutting-off the raw Voltage
signals. In the sensitivity study, the effects on the void fraction C,
the bubble count rate F, the interfacial velocity V, the turbulence
intensities Tu, the maximum cross-correlation coefﬁcient (Rxy)max,
and the auto- and cross-correlation time scales Txx and Txy were
investigated (Table 2). The ﬁrst three columns in Table 2
summarise the parameters of the sensitivity analysis and the
investigated air–water ﬂow properties.
For the transition and skimming ﬂow sub-regimes, several
vertical positions within the ﬂow were investigated representing
the whole air–water ﬂow column 0 < C < 0.95. The measurement
locations comprised the bubbly ﬂow region (0 < C < 0.3) with small
number of air–water interfaces, the intermediate ﬂow region
(0.3 < C < 0.7) with the largest number of air bubble and water
droplet interactions and the spray region (0.7 < C < 0.95) which
exhibited a decreasing number of air–water interfaces with
increasing void fraction.

1

C [-]
Fig. 11. Dimensionless relationship between void fraction and integral turbulent
scales. (A) Transverse integral turbulent length scales; comparison of data with Eq.
(13). (B) Transverse integral turbulent time scales; comparison of data with Eq. (14).

For the detection of the air–water interfaces and the calculation
of the time-averaged void fraction and bubble count rate, the single air–water threshold is the most crucial parameter. The PDF distribution of the raw voltage signals of a conductivity probe tip is
characterised by two distinctive peaks corresponding to voltages
of air and water respectively (Fig. 2). The air–water threshold is
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Table 2
Sampling parameters for sensitivity analysis; recommendation for high-velocity free surface ﬂow measurements with phase-detection intrusive probes.
Effect of (1)

Constant parameters (2)

Effects on (3)

Outcome/recommendation (4)

Sampling frequency: 1–40 kHz

Sampling duration: 45 s

C, F, V, Tu, (Rxy)max, Txx, Txy

Sampling duration: 1–180 s
PDF-bin size: 0.05–0.1 V

Sampling rate: 20 kHz
Sampling duration: 45 s, sampling rate:
20 kHz

C, F, V, Tu, (Rxy)max, Txx, Txy
C, F

Effects on a few properties ? sampling frequency:
20–40 kHz
No effects for 45–180 s ? sampling duration 45 s
No effects for 0.05–0.1 V ? PDF bin size: 0.1 V

C, F
V, Tu, (Rxy)max, Txx, Txy

Flow region differences ? 50% threshold
Small effects for 1–45 s ? sub-sample duration: 3 s

V, Tu, (Rxy)max, Txx, Txy

Large effects on Tu, Txx, Txy (up to 15%) ? avoid cut-off

Air–water threshold: 15–85%
Sub-sample duration: 0.05–45 s
Cut-off effect; lower cut-off
0.5 V

Sampling duration: 45 s, sampling rate:
20 kHz
Sampling duration: 45 s, sampling rate:
20 kHz

C: y = 7 mm
C: y = 37 mm
C: y = 50 mm
C: y = 60 mm
C: y = 72 mm
C: y = 90 mm

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
15

20

25

30

35

40

45

F: y = 7 mm
F: y = 37 mm
F: y = 50 mm
F: y = 60 mm
F: y = 72 mm
F: y = 90 mm

50

55

60

65

70

with small air concentration. The choice of the air–water threshold
is therefore essential to provide consistent results in all ﬂow
regions and for all ﬂow situations. A choice of a threshold of 50%
seems to fulﬁl this requirement best in high-velocity free-surface
ﬂows.

4.2. Effect of PDF bin size
The calculation of the air–water threshold is based upon the
determination of the two characteristic peaks in the PDF of the
raw voltage signals (Fig. 2B). A characteristic variable is the histogram bin size. A smaller bin size results in a larger amount of bins
and the accuracy of the identiﬁcation of the bin with the largest
probability might be improved. This is important for the present
voltage signals, because the maximum peaks were used for the calculation of the air–water threshold. Herein, the effect of three different bin sizes 0.01, 0.05 and 0.1 V were tested for a complete
cross-section and Table 3 lists characteristic parameters comprising the equivalent clear water ﬂow depth d, the characteristic
depth Y90 where C = 0.9, the maximum bubble count rate in a
cross-section Fmax, the corresponding air concentration CFmax, the
mean air concentration Cmean and the depth-averaged velocity
Uw. The results showed an excellent agreement for all three bin
sizes indicating no effect of the bin sizes between 0.01 and 0.1 V
upon the air–water ﬂow properties.

4.3. Effect of sampling frequency
190
180
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90
80
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10
0
75

80

F [Hz]

C [-]

then deﬁned as the characteristic threshold in per cent between
the air–water voltage span between these two voltage peaks.
Previous investigations of the single air–water threshold identiﬁed an air–water threshold between 45% and 55% of the air–water
voltage range as suitable. Toombes [50] tested the effects of
thresholds between 40% and 60% of the voltage range and conﬁrmed the ﬁndings of Herringe and Davis [34] for air–water
thresholds between 20% and 70%.
In the present sensitivity analysis, the effect of the air–water
threshold on the void fraction and the bubble count rate was tested
for thresholds between 15% and 85% (Fig. 13). Both the void fraction and bubble count rate increased slightly with increasing air–
water threshold values in the bubbly ﬂow region (0 < C < 0.3). For
example, at location y = 7 mm, the bubble count rate increased
from almost 30 Hz for 25% threshold to about 90 Hz for a threshold
of 85% (Fig. 13). In the intermediate ﬂow region (0.3 < C < 0.7), the
values of both air–water properties remained almost constant for
thresholds between 25% and 85%. In the spray region, the void fraction was not affected by the threshold and the bubble count rate
showed a decreasing trend with increasing threshold.
The sensitivity analyses of the air–water threshold showed the
signiﬁcance of this parameter on the basic air–water ﬂow properties. Depending on the threshold, the values of both air concentration and bubble frequency differed strongly especially in regions

85

Air-water threshold [%]
Fig. 13. Effect of the air–water threshold on the void fraction and bubble count
rate; sampling rate 20 kHz, sampling duration 45 s; skimming ﬂow data:
dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4  105.

The effects of the sampling frequency on the air–water ﬂow
properties were tested for a data set recorded with sampling rate
of 40 kHz for a duration of 45 s. The effects of the sampling frequencies between 1 and 40 kHz on the air–water ﬂow properties
were systematically tested. Typical results are illustrated in
Fig. 14. Fig. 14A illustrates characteristic results in terms of void
fraction and bubble count rate at different locations within the
ﬂow. The void fraction remained unchanged for different sampling
frequencies, but the bubble count rate increased signiﬁcantly with
increasing sampling frequency. The results conﬁrmed the ﬁndings
of Chanson [18] in a hydraulic jump and showed that the number
of bubbles was underestimated for sampling frequencies smaller
than 10 kHz.
Table 3
Bin size effects of the PDF distributions of the raw voltage signal on the characteristic
ﬂow parameter in skimming ﬂows.
Bin size
(V)

d (m)

Y90
(m)

Fmax
(Hz)

YFmax
(m)

CFmax
(–)

Cmean
(–)

Uw
(m/s)

0.01
0.05
0.1

0.0571
0.0571
0.0571

0.0902
0.0902
0.0902

162.09
161.67
162.09

0.0540
0.0540
0.0540

0.4125
0.4119
0.4124

0.3669
0.3668
0.3668

2.9151
2.9145
2.9154
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(A)

V: y = 7 mm, SK
V: y = 37 mm, SK
V: y = 60 mm, SK
V: y = 14 mm, TRA
V: y = 22 mm, TRA
V: y = 32 mm, TRA

(B)
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Tu: y = 56 mm, TRA
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(C)

1.6

0.005

0.648

0.00475

0.64

0.0045

0.632

0.00425

0.624

0.004

0.616

0.00375

0.608

0.0035

0.6
Txy, y = 60 mm, SK
Txx, y = 90 mm, SK
(Rxy)max, y = 37 mm, SK

0.00325
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Txx, y = 4 mm, TRA
(Rxy)max, y = 56 mm, TRA

0.592

0.003

0.584

0.00275

0.576

0.0025

(Rxy)max [-]

1

V [m/s]

200

F [Hz]

C [-]

1

F: y = 7 mm, SK
F: y = 50 mm, SK
F: y = 90 mm, SK
F: y = 22 mm, TRA
F: y = 32 mm, TRA
F: y = 56 mm, TRA

Tu [-]

C: y = 7 mm, SK
C: y = 50 mm, SK
C: y = 90 mm, SK
C: y = 14 mm, TRA
C: y = 22 mm, TRA
C: y = 32 mm, TRA

0.568
1

2

3

4

5 6 7 8 910

20

30

40 50

Sampling frequency [kHz]
Fig. 14. Effect of sampling frequency on air–water ﬂow properties; sampling duration 45 s, transition and skimming ﬂow data. (A) Effect on time-averaged void fraction and
bubble count rate. (B) Effect on interfacial velocity and turbulence intensity. (C) Effect on correlation time scales and maximum cross-correlation coefﬁcient.

The effects of sampling frequency on the interfacial velocity and
turbulence intensity are illustrated in Fig. 14B. For most ﬂow
regions in transition and skimming ﬂows, the velocity remained
almost constant for sampling frequencies larger 5 kHz with slightly
larger velocities for frequencies of 20 kHz and 40 kHz. The turbulence intensities conﬁrmed this trend and large scatter of data
could be seen for small frequencies. Small discrepancies in the turbulence data suggest a high sampling frequency of 20–40 kHz for
most accurate results.
Typical results in terms of auto- and cross-correlation time
scales and the maximum cross-correlation coefﬁcient are illustrated in Fig. 14C. For the ﬂow properties, large scatter was visible
for sampling rates smaller 5 kHz. The most consistent results were
visible for 20 and 40 kHz. However the differences in time scales
and maximum cross-correlation coefﬁcients were small and the
effect of the sampling frequency was negligible compared to the
effect on the bubble count rate, interfacial velocity and turbulence
intensity.

Overall, the present observations suggested best results for
frequencies larger than 10–20 kHz. A larger sampling rate of
40 kHz would yield almost identical results, but the amount of
recorded data would be larger.

4.4. Effect of sampling duration
Another fundamental parameter is the sampling duration.
Toombes [50] showed that the sampling period has signiﬁcant
effects on the void fraction and bubble count rate and identiﬁed
a sampling time of at least 10 s as sufﬁcient for his experiments
on a stepped spillway. André et al. [1] investigated the effects of
sampling duration upon the interfacial velocity and the crosscorrelation coefﬁcient and suggested a sampling duration of more
than 30 s. On a hydraulic jump, Chanson [18] showed no effects of
sampling durations larger 30–40 s for bubble count rate and void
fraction.
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In the present investigation, an analysis was conducted for sampling durations between 1 and 180 s with a sampling frequency of
20 kHz per sensor in both skimming and transition ﬂows (Fig. 15).
In Fig. 15A, characteristic observations of void fraction and bubble
frequency are shown highlighting increasing data scatter with
decreasing sampling duration. Fig. 15A showed that the sampling
rate had little effect on void fraction and bubble frequency for
sampling periods larger 45 s.
Similar results were found for the other air–water ﬂow properties. In Fig. 15B, it is visible that the sampling duration had significant inﬂuence on the interfacial velocity and the turbulence
intensity. Fig. 15C illustrates even stronger scatter in terms of the
maximum cross-correlation and the auto- and cross-correlation
time scales for sampling durations smaller 45 s. The sampling
duration had large effects on the auto- and cross-correlation
analyses of the raw signals. With decreasing sampling duration,
the amount of raw data points became too small for accurate
observations. Therefore a sampling rate of at least 45 s is required
for a sampling frequency of 20 kHz. For higher sampling frequencies,
the required sampling duration might be smaller.
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(A)
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4.5. Effect of sub-sample duration
The calculation of some air–water ﬂow properties is based on
statistical analyses of the raw signals of the conductivity probe.
For a double tip probe, the auto- and cross-correlation analyses
of the leading and trailing tips are typically used to calculate the
maximum cross-correlation, the interfacial velocity, the turbulence
intensity u and the auto- and cross-correlation time scales. For
large data sets, the resolution of the auto- and cross-correlation
functions can be biased inversely proportional to the amount of
data [32] and the air–water ﬂow properties might be adversely
affected.
A test of different sub-sample durations between 0.05 and 45 s
was performed for experimental measurements conducted for 45 s
with a sampling frequency of 20 kHz. Typical results for both transition and skimming ﬂows are illustrated in Fig. 16. For sub-sample
durations between 1 and 45 s, the maximum cross-correlation
coefﬁcient did not change signiﬁcantly and decreased for smaller
sub-sample durations. The interfacial velocities were identical for
all sub-sample durations and for all locations in both skimming
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Fig. 15. Effect of sampling duration on air–water ﬂow properties; sampling frequency 20 kHz, transition and skimming ﬂow data. (A) Effect on time-averaged void fraction
and bubble count rate. (B) Effect on interfacial velocity and turbulence intensity. (C) Effect on correlation time scales and maximum cross-correlation coefﬁcient.
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and transition ﬂows (not illustrated). The turbulence intensity and
the auto- and cross-correlation time scales decreased consistently
with decreasing sub-sample duration with a sharpest decline for
sub-sample duration smaller than 1 s (Fig. 16). This effect was
linked with the smaller number of detected bubbles in the
sub-sample segments.
The results of the sub-sample duration sensitivity analysis
suggest that a sub-sample duration must be larger than 1 s.
Considering the correlation of large data sets might be biased,
the largest sub-sample durations might yield an overestimation
of the air–water ﬂow properties. It seems most appropriate to
use a sub-sample duration of 3–5 s (i.e. an ensemble averaging of
15–9 segments) for the analyses of the experimental data as most
robust for the air–water ﬂow column.
4.6. Cut-off effects of air voltage signals
A further sensitivity analysis was conducted to investigate the
cut-off effects for air voltage signals on the air–water ﬂow properties. The principle of the conductivity probes is based on the different resistivity of water and air with larger resistivity of air
compared to water. Larger voltage signals around 4 V correspond
to a water phase (Fig. 2). The voltage raw signal of air is much
smaller of about 0.5 V. For both signals some voltage noise was
present and the voltage signals ﬂuctuated around their two characteristic peak voltages (Fig. 2). The effect of a constant lower voltage
cut-off was tested. Every time the voltage signal was smaller than
0.5 V, it was replaced by the constant 0.5 V, i.e. smaller values were
cut-off from the statistical data processing. The effects of this lower
constant cut-off were analysed for the interfacial velocity,
turbulence intensity, maximum cross-correlation coefﬁcient and
auto- and cross-correlation time scales (Table 4).
The comparative results showed that there were no differences
in the interfacial velocities and small differences in the maximum
cross-correlation values. For the turbulence intensity and the autoand cross-correlation time scales, the effects were larger with differences of up to 15% in the spray region (Table 4). The deviations
between the air–water ﬂow properties of the two data sets
increased with increasing void fraction. The cut-off of raw voltage
signals should be avoided.
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5. Conclusions
Air–water ﬂow experiments were conducted with phasedetection conductivity probes on a large size stepped spillway
model with slope of 26.6°. The experiments covered two subregimes of the free-surface air–water ﬂows, i.e. transition and
skimming ﬂows. The study provided a comprehensive analysis of
the full range of air–water ﬂow properties for both ﬂow regimes
including the basic air–water ﬂow parameters as well as the turbulent properties. The comparison of transition and skimming ﬂow
data highlighted differences for the transition ﬂow regime between
adjacent step edges linked to instable air–water ﬂow processes.
Despite these differences the present data showed a close
agreement in terms of large scale turbulent structures within the
air–water ﬂows and the self-similarity of turbulent data in both
ﬂow regimes.
Furthermore a sensitivity analysis was conducted to identify
optimum sampling and signal processing parameters for phasedetection intrusive probe measurements in high-velocity
free-surface ﬂows. For the present investigation of the full set of
air–water ﬂow properties, a sampling duration of 45 s, a sampling
rate of 20 kHz, a sub-sample duration of 3 s and an air–water
threshold of 50% was optimum for the full air–water ﬂow column.
Air–water ﬂow experiments with phase-detection probes should
be conducted with at least 900,000 measurement points. The
present sensitivity analyses provided a sampling procedure for
high-velocity air–water ﬂow experiments with phase-detection
intrusive probes including a recommendation for particular
sampling parameters depending upon the investigated air–water
ﬂow properties. The present results suggested that the sampling
parameters could be applied for further free-surface air–water ﬂows
such as on smooth spillways and jets. The application to air–water
ﬂows in hydraulic jumps and drop shafts might be also possible.
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