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Current knowledge in high-velocity self-aerated ﬂows continues to rely upon physical modelling. Herein
a miniature total pressure probe was successfully used in both clear-water and air-water ﬂow regions of
high-velocity open channel ﬂows on a steep stepped channel. The measurements were conducted in a
large size facility (θ ¼45°, h¼ 0.1 m, W ¼0.985 m) and they were complemented by detailed clear-water
and air-water ﬂow measurements using a Prandtl-Pitot tube and dual-tip phase-detection probe respectively in both developing and fully-developed ﬂow regions for Reynolds numbers within 3.3  105 to
8.7  105. Upstream of the inception point of free-surface aeration, the clear-water developing ﬂow was
characterised by a developing turbulent boundary layer and an ideal-ﬂow region above. The boundary
layer ﬂow presented large total pressure ﬂuctuations and turbulence intensities, with distributions of
turbulence intensity close to intermediate roughness ﬂow data sets: i.e., intermediate between d-type
and k-type. The total pressure measurements were validated in the highly-aerated turbulent shear region, since the total pressure predictions based upon simultaneously-measured void fraction and velocity
data agreed well with experimental results recorded by the total pressure probe. The results demonstrated the suitability of miniature total pressure probe in both monophase and two-phase ﬂows. Both
interfacial and water phase turbulence intensities were recorded. Present ﬁndings indicated that the
turbulence intensity in the water phase was smaller than the interfacial turbulence intensity.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Dams and reservoirs are man-made hydraulic structures built
across rivers and streams to provide water storage. During major
rainfalls, the large inﬂows into a reservoir induce a rise in water
level associated with the risk of dam overtopping, unless a spillway system is designed. Most dams are equipped with an overﬂow
system, consisting of a crest, a steep chute and a downstream
energy dissipator [31,37,46]. On the steep chute, the ﬂow is accelerated by gravity and a turbulent boundary layer develops at
the upstream end. When the outer edge of the boundary layer
interacts with the free-surface, the turbulent shear stresses next to
the air-water interface may overcome both the surface tension and
buoyancy effects, and free-surface aeration takes place [14,24].
This location is called the inception point of free-surface aeration
[34,49]. Fig. 1 illustrates the overﬂow down a steep chute, and the
inception point of free-surface aeration is clearly seen in Figs. 1A
and B. Downstream self-aeration is commonly observed and the
process is called 'white waters' [7,23,43,48] (Fig. 1). The physical
n
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processes are basically identical for smooth-invert and stepped
spillways, although the latters are characterised by a greater rate
of energy dissipation [11].
Current knowledge in high-velocity self-aerated ﬂows relies
heavily upon physical modelling and measurements, because of
the large number of relevant equations and parameters [5,22,30].
Traditional monophase ﬂow metrology may be used in the developing ﬂow region, although velocity measurements are difﬁcult
close to the free-surface [1,36,38]. Accurate measurements in the
air-water ﬂow region rely upon intrusive phase-detection probes
and hot-ﬁlm probes. Review papers include Cain and Wood [8],
Chanson [13], Chang et al. [10] and Chanson and Carosi [15].
In the present study, it is shown that a miniature total pressure
probe may provide detailed informations in both clear-water and
air-water ﬂow regions. The metrology was applied to high-velocity
open channel ﬂows on a steep stepped channel. The measurements were conducted in a large size facility (θ ¼ 45°, h¼ 0.1 m,
W¼0.985 m) in which detailed turbulent ﬂow properties were
recorded systematically in both developing and fully-developed
ﬂow regions for several discharges, corresponding to Reynolds
numbers within 3.3  105 to 8.7  105.
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Nomenclature

TX

C

Txx
t
Vaw
Vc
Vx
V90
vaw
vx

DH
d
dc
F
g
H1
h
Lxx
(Lxx)max
ks
k′s
Lcrest
l
N
Pk
Ps
Pt
pk
ps
pt
p2k
ps2
p2t
Q
Re
Rxx
rpu

Tu
Tup

time-averaged void fraction deﬁned as the volume of
air per unit volume of air and water;
hydraulic diameter (m) also called equivalent pipe
diameter;
clear water ﬂow depth (m) measured normal to the
pseudo-bottom formed by the step edges;
critical ﬂow depth (m) : dc = 3 Q2/(g W2) ;
bubble count rate (Hz) or bubble frequency deﬁned as
the number of detected air bubbles per unit time;
gravity constant: g ¼9.80 m/s2 in Brisbane, Australia;
upstream head above crest (m);
vertical step height (m);
air-water advection integral length scale (m): Lxx ¼Vx
Txx;
maximum advection air-water length scale (m) in a
cross-section;
step cavity roughness height (m): ks ¼h  cosθ;
equivalent sand roughness height (m);
crest length (m);
horizontal step length (m);
power law exponent;
kinetic pressure (Pa);
static pressure (Pa);
total pressure (Pa): Pt ¼Pk þ Ps;
kinetic pressure ﬂuctuation (Pa);
static pressure ﬂuctuation (Pa);
total pressure ﬂuctuation (Pa);
variance of kinetic pressure (Pa2);
variance of static pressure (Pa2);
variance of total pressure (Pa2);
water discharge (m3/s);
Reynolds number deﬁned in terms of the hydraulic
diameter;
normalised auto-correlation function;
correlation between static pressure and streamwise
⎛
⎞
velocity ﬂuctuations: rpu = ps vx /⎜ v 2x ps2 ⎟
⎝
⎠
interfacial turbulence intensity: Tu =
v 2aw /Vaw ;
turbulence intensity in the water phase deﬁned as:

Tup =

v 2x /Vx ;

2. Physical modelling, experimental facility and
instrumentation
2.1. Presentation
Steep chute ﬂows are characterised by intense turbulence and
interfacial interactions. Physical modelling is typically performed
in a down-sized version of the prototype (Fig. 1). A full dynamic
similarity is necessary for the laboratory model (Fig. 1B) to accurately predict a range of prototype characteristics (Fig. 1A). On a
stepped chute, a simplistic dimensional analysis implies that the
ﬂow properties in the developing ﬂow region must satisfy:
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v 2aw
v 2x
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z

integral turbulent time scale (s) characterising large
eddies advecting the air bubbles;
tRxx = 0
auto-correlation time scale (s): Txx = ∫
R xx(t ) dt
0
time lag (s);
interfacial velocity (m/s);
critical ﬂow velocity (m/s);
streamwise velocity component in water phase (m/s);
characteristic interfacial velocity (m/s) where C ¼0.90;
ﬂuctuation of interfacial velocity (m/s);
ﬂuctuation of streamwise velocity component in water
phase (m/s);
variance of longitudinal component of interfacial velocity (m2/s2);
variance of longitudinal component of water phase
velocity (m2/s2);
channel width (m);
distance along the channel bottom (m);
characteristic depth (m) where the void fraction is
90%;
distance (m) measured normal to the invert (or
channel bed);
transverse distance (m) from the channel centreline;

Greek symbols

δ
μw
θ

boundary layer thickness (m);
water dynamic viscosity (Pa s);
angle between the pseudo-bottom formed by the step
edges and the horizontal;
density (kg/m3);
water density (kg/m3);
surface tension between air and water (N/m);
time lag (s);
diameter (m);

ρ
ρw

s

τ

∅
Subscript
aw
p
w
xx
50
90

interfacial ﬂow data;
total pressure data;
water properties;
auto-correlation;
ﬂow conditions where C ¼0.50;
ﬂow conditions where C ¼0.90.

where d is the water depth, Vx is the mean streamwise water velocity, vx is the streamwise water turbulent velocity ﬂuctuation, Pt and
pt are the mean and ﬂuctuating total pressure, Ps and ps are the mean
and ﬂuctuating static pressure, g is the gravity constant, dc is the
critical depth: dc ¼(Q2/(g W))1/3 with Q the water discharge and W
the chute width, Vc is the critical velocity: Vc ¼(g dc)1/2, ρw is the
water density, x, y and z are respectively the streamwise, normal and
transverse coordinates, h is the step height, DH is the hydraulic diameter, μw is the dynamic viscosity of water, s is the surface tension of
water, θ is the chute slope, and k′s is the equivalent sand roughness of
the step surface (Fig. 1C). In the fully-developed air-water ﬂow region, dimensional analysis yields a different expression:
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where C is the void fraction, Vaw is the interfacial velocity, vaw is the
streamwise interfacial velocity ﬂuctuation, and F is the bubble count
rate.
In Eqs. (1) and (2), the developing clear-water and fully-developed air-water ﬂow properties at a given location (x, y, z) are
expressed as functions of the Froude, Reynolds and Morton
numbers (4th, 5th and 6th terms) and channel properties. Note
that the dimensionless discharge dc/h is equivalent to a Froude
number deﬁned in terms of the step height Herein a Froude similitude was adopted based upon Eqs. (1) and (2). The dependence on the Reynolds number implied potential scale effects
since the Reynolds numbers in laboratory were smaller than in
prototypes. The facility was operated at relatively high Reynolds
numbers up to 8.7  105 to minimise potential scale effects. Lastly
the ﬂuid properties were invariant; thus the Morton number was
an invariant.
2.2. Experimental facility and instrumentation
Physical experiments were conducted in a large stepped spillway model (1 V:1 H) located at the University of Queensland
(Fig. 1B). The test section had a footprint of 4.6  0.985 m2. It
consisted of a 0.6 m long and 0.985 m wide broad crest with a
1.2 m high vertical upstream wall, an upstream rounded nose
(0.058 m radius), and a downstream rounded edge (0.012 m radius) The weir was followed by a steep chute consisting of 12
steps: each step was 0.1 m long, 0.1 m high and 0.985 m wide. A
smooth and stable discharge was delivered by three pumps driven
by adjustable frequency AC motors. Water was fed into a 1.7 m
deep, 5 m wide intake basin with a footprint of 2.7  5 m2, leading
to a 2.8 m long side-wall convergent with a contraction ratio of
5.08:1, resulting in a smooth and waveless inﬂow into the test
section. The water discharge was deduced from detailed velocity
and pressure measurements above the broad crested weir [50]:
3
⎛
H ⎞ ⎛2 ⎞
Q
= ⎜ 0.8966 + 0.243 1 ⎟ g ⎜ H1⎟
W
L crest ⎠ ⎝ 3 ⎠
⎝

Fig. 1. High-velocity self-aerated ﬂows down stepped chutes. (A) Paradise Dam
stepped spillway in operation on 5 March 2013 (θ¼ 57.4°, h ¼0.62 m, Q¼ 2,320 m3/
s, dc/h¼ 2.85, Re¼ 2.9  107), (B) Physical model in operation (θ¼ 45°, h ¼ 0.10 m,
Q¼ 0.085 m3/s, dc/h¼0.9, Re¼ 3.6  105), (C) Deﬁnition sketch.

(3)

where W is the crest width (W¼0.985 m), H1 is the total upstream
head above crest, and Lcrest is the crest length (Lcrest ¼0.60 m)
(Fig. 1C).
Clear-water ﬂow depths were measured with a pointer-gauge
on the channel centreline, as well as using photographic observations and performing cheques with a phase detection probe.
Velocity measurements were performed in the clear water developing ﬂow region with a Dwyers 166 Series Prandtl-Pitot tube
(Ø¼3.18 mm). The tube was equipped with a hemispherical total
pressure tapping and four equally spaced static pressure tappings
located 25.4 mm behind the tip. The longitudinal separation between the total and static tappings was taken into account, by
repeating independently measurements at each location.
The instantaneous total pressures were recorded with a microelectro-mechanical-system (MEMS) MeasureX MRV21 miniature
pressure transducer with an inner diameter of 1 mm and an outer
diameter of 5 mm. The sensor featured a silicon diaphragm, with
minimal static and thermal errors. The transducer was customdesigned to measure relative pressures ranging between 0 and
0.15 bars with a precision of 0.5% full scale (FS). Note that the
sensor could not measure sub-atmospheric pressures with any
degree of reliability. The signal was ampliﬁed and low-pass ﬁltered
at a cut off frequency of 2 kHz. A sampling frequency of 5 kHz was
selected to minimise information loss [47]. The sampling duration
was 60 s in the clear-water developing ﬂow region and 180 s in the
air-water fully-developed ﬂow region during simultaneous sampling with the phase-detection probe.
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Fig. 2. Phase-detection and total pressure probes mounted side-by-side with 6.5 mm between total pressure sensor centreline and leading tip of phase-detection probe Flow conditions: dc/h ¼ 1.3, Re ¼5.8  105, arrow points to the ﬂow direction. (A) Probes located above the clear-water ﬂow region, (B) Probes located in the upper spray above
the air-water ﬂow region (view in elevation).

Air-water ﬂow measurements were conducted using dual-tip
phase detection probes developed and built at the University of
Queensland [13]. The probe consisted of two tips, each having an
inner diameter of 0.25 mm and an outer diameter of 0.8 mm. The
inner and outer electrodes of each tip were respectively made of
silver and stainless steel. The longitudinal separation between the
tips for each probe was between 6.9 mm and 8.0 mm depending
upon the probe. The probe was excited by an electronic system
(Ref. UQ82.518) designed with a response time less than 10 μs.
Each probe tip signal was recorded at a sampling rate of 20 kHz for
a duration of 45 s, selected based upon previous sensitivity analyses [26,45]. The sampling rate and duration were 5 kHz and 180 s
respectively during simultaneous sampling with the pressure
sensor (Fig. 2). In that case, the total pressure probe tip was at the
same elevation as and 6 mm aside the leading tip of the double-tip
phase-detection probe.
A trolley system was used to support and position the probes
(Pitot, total pressure, phase-detection). The longitudinal movement was ﬁxed by steel rails parallel to the pseudo-bottom formed
by the step edges and the normal movement was controlled by a
Mitutoyo™ digital ruler to achieve an accuracy of 70.01 mm.
2.3. Total pressure signal analysis
The total pressure sensor measured the instantaneous total
pressure in the direction aligned with the sensor:
2
1
P˜t = ρ˜ V˜x + P˜s
2

In the followings capital and lower case letters are used to denote
mean and ﬂuctuating quantities; for example, P˜t = Pt + pt .
In clear water ﬂows, the relationship between turbulence intensity and root mean square of total pressure ﬂuctuation may be
derived:

Tup =

where P̃t is the instantaneous total pressure, ρ̃ is the instantaneous
ﬂuid density, Ṽx is the instantaneous streamwise ﬂuid velocity
detected by the sensor, and P̃s is the instantaneous static pressure.

V x4

(5)

where Tup = vx2 /Vx and Vx is the streamwise velocity component
in the water. Eq. (5) is similar to an expression derived by Arndt
and Ippen [3] (see discussion in Appendix I).
In a two-phase ﬂow, the total pressure output showed a distinct bimodal distribution because of the effects of air bubbles.
This is illustrated by the probability density functions (PDF) of the
total pressure probe signals (Fig. 3). In Fig. 3, the ﬁrst signal
probability distribution function (PDF) shows a unimodal distribution because of the small number of air bubbles (C ¼0.008,
purple line), where C is the time-averaged void fraction and F the
bubble count rate. The other two PDFs exhibit large peaks next to
zero, likely linked to interfacial and capillary effects during air
bubble impacts on the total pressure sensor. Neglecting the air
density and capillary effects and for Tup r0.4–0.5, the relationship
between total pressure ﬂuctuation and turbulence intensity yields:
pt2

Tup =
(4)

pt2
ρw2

2
V x4
ρw

−

(

(1 − C ) C
4

(1 − C ) 1 +

C
2

)

(6)

where Tup is the water-phase turbulence intensity, C is the timeaveraged void fraction and Vx was assumed to be equal to the
interfacial velocity: Vx EVaw. More generally, the higher order
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Fig. 3. Bimodal distributions of total pressure probe output – Flow conditions:
θ¼ 45°, h ¼ 0.1 m, dc/h ¼1.7, Re ¼8.7  105, step edge 12.

terms (i.e. Tup3, Tup4 ) may not be neglected, and a more complete
relationship between total pressure ﬂuctuation and turbulence
intensity is (Appendix I):

pt2
ρw2

V x4

⎞
⎛
⎛1
C⎞
= ⎜ (1 − C ) ⎜ + ⎟ + 0.34(1 − C )2⎟Tup4
⎝
⎠
2
4
⎠
⎝
⎛
1 ⎞
− 0.116(1 − C )2Tup3 + (1 − C )⎜ 1 + C ⎟ Tup2
⎝
2 ⎠
1
+ C (1 − C )
4

succession of free-falling nappes (i.e. nappe ﬂow regime) for small
discharges: i.e., dc/ho0.4. For a range of intermediate ﬂow rates,
the ﬂow motion appeared pseudo-chaotic with strong spray and
splashing, and a combination of ﬁlled and partially-ﬁlled step
cavities: i.e., a transition ﬂow regime observed for 0.4 r dc/ho0.9.
For larger discharges (dc/h Z0.9), the ﬂow skimmed as a coherent
stream above the pseudo-invert formed by the step edges, as seen
in Fig. 1. Beneath the pseudo-bottom, cavity recirculation was
maintained through the transfer of momentum from the main
stream to the recirculating motion. A signiﬁcant amount of turbulent kinetic energy was dissipated to maintain the cavity circulation. For the remaining sections, the focus is on the skimming
ﬂow regime, typical of large prototype spillway operation (Fig. 1A).
At the upstream end of the chute, the skimming ﬂow freesurface was smooth and no free-surface aeration took place
(Fig. 1B). Once the outer edge of the developing boundary layer
interacted with the free-surface, the ﬂow was characterised by
strong air bubble entrainment [9,12,50]. This location is known as
the inception point of free-surface aeration, and divides the spillway ﬂow into an upstream clear water developing ﬂow region,
and a downstream air-water fully-developed ﬂow region. The ﬂow
in step cavities exhibited a pseudo-stable recirculation motion
characterised by self-sustaining vortices. A close examination of
the cavity vortical structures showed irregular ejection of ﬂuid
from the cavity into the mainstream ﬂow next to the upper vertical step face, and replacement of cavity ﬂuid next to the step
edge, in manner similar to the observations of Djenidi et al. [21]
and Chanson and Toombes [16].
3.2. Velocity, total pressure and turbulence intensity

(7)

These analytical expressions (Eqs. (6) and (7)) were derived to
estimate the water-phase turbulence intensity from total pressure
ﬂuctuations in both clear-water and aerated ﬂows. Eq. (6) characterises the turbulent ﬂuctuations in the water phase of a highvelocity air-water ﬂow, which simpliﬁes into Eq. (5) for a clearwater ﬂow. Both Equations may be used with reasonable accuracy,
except when Tu exceeds O(1) (Appendix I).
2.4. Experimental ﬂow conditions
Total pressure and two-phase ﬂow measurements were conducted for a range of discharges with a focus on the skimming
ﬂow regime (dc/hZ0.9). Both clear-water and two-phase measurements were undertaken at each step edge for 0.9 rdc/hr1.7,
corresponding to Reynolds numbers between 3.3  105 and
8.7  105. The experimental ﬂow conditions are summarised in
Table 1.

3. Flow patterns and developing ﬂow region
3.1. Presentation
Visual observations indicated that the overﬂow consisted of a

In the developing ﬂow region, the velocity data indicated a
turbulent boundary layer with an ideal ﬂow region above. In the
ideal ﬂow region, the ﬂow was accelerated by gravity and the freestream velocities followed closely theoretical estimates based
upon the Bernoulli equation. Fig. 4 presents some typical distribution of time-averaged velocity and total pressure measured at
step edges. Next to the pseudo-bottom, the velocity and total
pressure distributions both showed a steep gradient because of
effects of form drag. Above, the velocity and total head remained
constant as predicted by the Bernoulli equation. The length of the
developing ﬂow region was seen to increase with increasing discharge. For dc/h41.9, no free-surface aeration was observed because the ﬂow was partially-developed over the entire chute
length.
All data showed large ﬂuctuations in total pressure next to the
pseudo-bottom formed by the step edges. This is illustrated in
Fig. 5A, where pt2 is the variance of the total pressure ﬂuctuations.
The total pressure ﬂuctuations were the largest about y/dc E 0.1
and decreased towards the free-surface. The occurrence of this
local maximum might be linked to vortices in the wake of the
preceding step edge. Herein the largest dimensionless total pressure ﬂuctuations were observed for the smallest discharge (dc/
h¼0.9) corresponding to the shortest developing ﬂow region
(Fig. 5A). The turbulence intensity was derived from the total
pressure ﬂuctuation and time-averaged velocity data (Eq. (5)).
Typical results are presented in Fig. 5B. In the developing

Table 1
Experimental ﬂow conditions.
Ref.

Q (m3/s)

dc/h

Location

Comments

Instrumentation

Series 1
Series 2
Series 3

0.001–0.211
0.08F3–0.216
0.057–0.216

0.045–1.67
0.9–1.7
0.7–1.7

Step edges 1-12
Step edges 3-9
Step edges 5-12

Clear water and air-water ﬂow regions
Clear water ﬂow region
Air-water ﬂow region

Visual observations.
Total pressure probe & Pitot tube.
Total pressure probe & Phase-detection probe.
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Fig. 4. Dimensionless distributions of time-averaged velocity and total pressure in the developing ﬂow region of skimming ﬂow - Flow conditions: dc/h ¼1.7, Re¼ 8.7  105.
(A) Streamwise velocity Vx, (B) Total pressure Pt.

boundary layer, the turbulence intensity Tup ranged between 0.05
and 0.45, with maxima next to the pseudo-bottom. In the ideal
ﬂuid ﬂow region above, Tup was typically less than 0.05. The
present results were quantitatively of the same order of magnitude as the results of Djenidi et al. [21] above d-type roughness
using laser Doppler anemometry (LDA) and Amador et al. [1]

above a stepped spillway model using particle image velocimetry
(PIV).
In the present geometry, cavity recirculation vortices formed in
the step cavities in a manner somehow similar to the classical
d-type roughness [20,21,41]. The triangular cavity might however
affect the main ﬂow to a greater extent than a typical d-type

Fig. 5. Dimensionless distributions of total pressure ﬂuctuations and turbulence intensity in the developing ﬂow region of skimming ﬂow at step edge 4. (A) Total pressure
ﬂuctuations pt2 , (B) Turbulence intensity Tup.
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Fig. 6. Turbulence intensity distributions in the developing boundary layer (step
edge 3) - Comparison with intermediate roughness data - Dashed line indicate the
boundary layer thickness deﬁned in terms of 99% of free-stream velocity.

Dimensionless autocorrelation time and length scale distributions are presented in Fig. 7, where ks denotes the step cavity
roughness height: ks ¼h cosθ ( ¼0.071 m herein). At step edge 3,
the largest time and length scales were found around the midboundary layer (y/δ E0.5), except for the largest discharge. The
characteristic eddy sizes were about three times the cavity
roughness height, close to the data of Okamoto et al. [39] who
obtained Lxx/ks E 2 for various types of k-type triangular ribs. In
the developing region, the ﬂow was accelerated by gravity and
vortices were stretched by the streamwise velocity gradient (∂Vx/
∂x), explaining possibly the slightly larger results than Okamoto
et al. [39]. Outside the boundary layer, the auto-correlation time
and length scales were small. At the next step edge (step edge 4),
the data showed a somewhat different pattern (Fig. 7). The locations of maximum time and length scales shifted towards the
outer edge of the boundary layer, and larger time and length scales
were recorded across the water column up to the free-surface. This
lack of similarity might be linked to the highly ﬂuctuating nature
of the boundary layer and highlighted the complexity of the stepwake interactions over a stepped invert.

4. Fully-developed air-water ﬂow region
ribbed roughness. At each step edge, the interactions between the
overﬂow and the step edge induced separation and disturbances
(eddies) convected by the mean ﬂow. The mean ﬂow properties in
the overﬂow were thus altered through interactions with such
eddies. When such vortical structures were produced at a faster
rate than they were dissipated, the skimming ﬂow properties were
altered again before they are restored back to the undisturbed
state. For these reasons, the overﬂow properties above each step
cavity were likely to lack self-similarity and the present conﬁguration might be more appropriately classiﬁed as an intermediate
roughness, bearing characteristics similar to both d-type and
k-type roughness [39,41]. Intermediate roughness ﬂows were investigated experimentally by Okamoto et al. [40] and numerically
by Cui et al. [18] using large eddy simulations (LES). Their results
are compared to the present data in Fig. 6, and a good qualitative
and quantitative agreement was achieved. Interestingly the turbulence intensity levels were non-negligible up to y/δ E1.2 to 1.4,
with δ the boundary layer thickness, highlighting the ﬂuctuating
nature of the outer edge of the turbulent boundary layer
[2,19,35,42,44].
3.3. Autocorrelation time and length scales
The autocorrelation time and length scales were characteristic
scales of the largest eddies advected in the streamwise direction.
In the developing ﬂow region, they were estimated as:

Txx =

∫0

tRxx = 0

L xx = VxTxx

R xx(t ) dt

(8)

(9)

where R is the normalised correlation coefﬁcient of the total
pressure, t is the time lag and it is implicitly assumed that the
turbulent structures were convected at the same speed as the
streamwise mean water velocity Vx. The auto-correlation time
scale is an integral time scale that characterises the longest connections in the turbulent behaviour of the streamwise total pressure ﬂuctuations. The auto-correlation length scale is an advection
length scale that is a measure of the longest connection (or correlation distance) between the total pressures at two points of the
ﬂow ﬁeld [32].

4.1. Presentation
Downstream of the inception point of free-surface aeration, the
ﬂow was fully-developed and strong self-aeration was observed.
This is illustrated in Fig. 8, showing typical distributions of timeaveraged void fraction and interfacial velocity measured with the
phase-detection probe. Herein the interfacial velocity was calculated based upon a cross-correlation technique [17]. The void
fraction distributions showed an S-shape typically observed on
stepped spillways with ﬂat steps [16,27] (Fig. 8A). The data presented some self-similarity. In the overﬂow above the pseudobottom formed by the step edges, the void fraction data followed
closely a theoretical model proposed by Chanson and Toombes
[16] (Fig. 8A, solid line). The interfacial velocity data were approximated by a power law:
1/ N
Vaw ⎛ y ⎞
=⎜
⎟
V90
⎝ Y90 ⎠

( at step edge,

0 < y < Y90)

(10)

where Y90 is the characteristic distance normal to the pseudobottom where C ¼0.9, and V90 is the interfacial velocity at y ¼Y90.
For y 4Y90, the interfacial velocity distributions were essentially
uniform and described by:

Vaw
=1
V90

( at step edge,

y /Y90 ≥ 1)

(11)

The above relationships were compared to present experimental data, showing a satisfactory agreement for N ¼10 for all
step edges (Fig. 8B), despite some scatter next to the inception
point. In the vicinity of the inception point, the ﬂow was subjected
to rapid ﬂow bulking.
4.2. Total pressure and turbulence intensity
In the air-water ﬂows, the total pressure signal showed a distinct bimodal distribution because of the effects of air bubbles
(Fig. 3). Typical distributions of time-averaged total pressure are
presented in Fig. 9, and compared with the void fraction distribution. The data showed a maximum total pressure slightly
below y¼Y50, where Y50 is a characteristic depth for C¼ 0.5.
Neglecting the air density and the capillary effects of wetting
and drying (i.e. during interfacial interactions with probe sensor),
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Fig. 7. Autocorrelation time and length scales in the developing ﬂow region (step edges 3 and 4). (A) Streamwise integral time scale Txx, step edge 3, (B) Advection length
scale Lxx, step edge 3, (C) Streamwise integral time scale Txx, step edge 4, (D) Advection length scale Lxx, step edge 4.

the mean total pressure may be expressed as:

Pt = Pk + Ps =

1
(1 − C )ρw Vx2 + vx2 + Ps
2

(

)

∫y

Ps = ρw g cos θ
(12)

where Pk is the mean kinetic pressure and Ps is the time-averaged
static pressure. If the pressure gradient is hydrostatic, the timeaveraged static pressure, Ps, may be deduced from the time-averaged void fraction distribution:

Y90

(1 − C ) dy

(13)

where y is the coordinate normal to the pseudo-bottom and θ is
the angle between the pseudo-bottom and horizontal. Based upon
Eq. (12), the kinetic pressure term (Pk) may be estimated from the
phase-detection probe data (C and Vaw), if the time-averaged
streamwise water velocity component Vx equals the interfacial
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Fig. 8. Dimensionless distributions of time-averaged void fraction and interfacial velocity in the air-water fully-developed ﬂow region for dc/h ¼ 1.3, Re¼ 5.8  105. (A) Void
fraction distributions, (B) Interfacial velocity distributions.

Fig. 9. Dimensionless distributions of total pressure and void fraction in the air-water fully-developed ﬂow region of skimming ﬂows - Comparison between total pressure
data Pt and estimated total pressure Pt,est based upon phase detection probe data - Dashed line indicates elevation Y50 where C¼ 0.5. (A) dc/h ¼ 0.9, Re ¼3.4  105, step edge 5,
(B) dc/h ¼ 1.7, Re ¼8.7  105, step edge 12.

velocity Vaw, and the turbulence intensity is small ( vx2/Vx2 < < 1).
Combining with the assumption of hydrostatic pressure distribution (Eq. (13)), an estimate of the mean total pressure may be
derived from the phase-detection probe data, denoted Pt, est. Fig. 9
presents typical comparisons between the total pressure sensor
data Pt and the estimate of mean total pressure Pt, est based upon

the phase-detection probe data. The present data set showed a
good agreement between the measured and estimated total
pressures (Fig. 9). The ﬁnding implied that a hydrostatic pressure
distribution, taking into account the air entrainment (Eq. (13)),
may be assumed in fully-developed air-water skimming ﬂows. The
close agreement between Pt and Pt, est further implied that the
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Fig. 10. Dimensionless distributions of total pressure ﬂuctuations in the air-water
fully-developed ﬂow region of skimming ﬂow - Flow conditions: dc/h ¼ 0.9,
Re ¼3.4  105.

water phase turbulence intensity was small in aerated skimming
ﬂows (Tup o0.4–0.5) (see discussion below).
Typical distributions of the root-mean-square (rms) of dimensionless total pressure ﬂuctuations
pt2 are presented in
Fig. 10. The distributions presented a characteristic shape with a
maximum about y/Y90 E0.7. Next to the free-surface, moderate
total pressure ﬂuctuations were recorded (top most data points)
but these data might be biased by capillary and interfacial effects
during the droplet impacts onto the sensor.

17

The water phase turbulence intensity Tup may be derived from
the total pressure signal and two-phase ﬂow properties (Eq. (6))
(see Appendix I). Tup characterises the streamwise velocity ﬂuctuations of the water phase. Typical data are presented in Fig. 11,
where they are compared with interfacial turbulence intensity,
calculated based upon cross-correlation of dual-tip phase detection probe signals [16]. Fig. 11A shows the water phase turbulence
intensity Tup ranging between 0.1 and 0.5, irrespective of the
discharge. Local maxima were found next to the pseudo-bottom
ranging between 0.25–0.3, close to developing ﬂow skimming ﬂow
data [1,38]. The turbulence intensity of the water phase presented
a minimum value about 0.1–0.15 next to y/Y90 E 0.5 to 0.7. These
minimum values were higher than those recorded at the outer
edge of the developing boundary layer (5%, Section 3). For y/
Y90 40.5–0.7, Tup increased with increasing distance from the
pseudo-bottom. The relatively large values of Tup next to the freesurface might be partially attributed to the breaking surface with
substantial water spray. The data trends are highlighted with black
solid lines in Fig. 11. Typical interfacial turbulence intensities Tu
deduced from a dual-tip phase-detection probe are presented in
Fig. 11B. The interfacial turbulence intensities were systematically
larger, ranging between 0.4 and 3.0. The data trends are also
markedly different, as illustrated by the trend lines (thick solid
lines) in Fig. 11. A systematic comparison between the two sets of
data showed opposite trends, as seen in Fig. 11.
The present data trends (Fig. 11) might suggest that the velocity
ﬂuctuations of the water phase were damped by the presence of a
large number of air bubbles in the mid-water column, because of
surface tension and compressible nature of air. The direct contrast
with the large interfacial turbulence intensities in that region
might hint that the water particles and air-water interfaces ﬂuctuated at different scales despite zero slip on average (Vx E Vaw).
Considering the transport of a ﬂuid particle under an instantaneous streamwise pressure gradient −∂P̃s/∂ x , assuming that
the ﬂuid behaves like an incompressible ﬂuid and neglecting all
other surface and body forces, the streamwise acceleration equals
−1/ρ × ∂P˜s/∂x , where ρ is the density of the ﬂuid. Since the density

Fig. 11. Dimensionless distributions of turbulence intensity in the air-water fully-developed ﬂow region of skimming ﬂow: comparison between water phase turbulence
intensity Tup and interfacial turbulence intensity Tu - Flow conditions: dc/h ¼1.7, Re¼ 8.7  105. (A) Total pressure sensor data Tup, (B) Phase-detection probe data Tu.
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scale data of Chanson and Carosi [15], Felder [25] and Felder and
Chanson [26] obtained in skimming ﬂows on ﬂat to moderate
slopes (θ ¼8.9° to 26.6°). The results were quantitatively consistent
with present ﬁndings, suggesting that the chute slope and discharge might have little inﬂuence of the interfacial structures.
Such a strong self-similarity could be useful for extrapolation onto
prototype structures, given Reynolds numbers sufﬁciently high to
reproduce large-scale turbulent structures.
The distributions of auto-correlation length scales showed
some self-similarity, with a trend close to those of the auto-correlation time scales. The data showed that the largest bubbly ﬂow
structures and energy-containing structures were respectively
present in the mid-ﬂow region and next to the pseudo-bottom. All
data followed a self-similar distribution far downstream of the
inception point. The length scales satisﬁed typically Lxx/Y90 E 0.1–
0.6, with (Lxx)p E(Lxx)aw for y/Y90 4 0.6. (data not shown).

5. Conclusion
Fig. 12. Auto-correlation time scale distributions in the air-water fully-developed
ﬂow region of skimming ﬂow - Comparison between phase-detection probe data
and total pressure data (Present study, step edge 10), and integral turbulent time
scale in air-water ﬂows [15,26]

.

of water is approximately 800 times larger than that of air, the
acceleration of an air particle is also 800 times larger. If the
pressure gradient is uniform for a characteristic duration τc, an air
particle moves 800 times the distance of a water particle of the
same size during that time, if both particles start from rest. In
reality, a number of processes including capillary forces and
compressibility may contribute to a reduction in the difference
between air and water velocity ﬂuctuation scales. This simplistic
discussion however underlines key distinctions between turbulent
ﬂuctuations of air and water phases.
4.3. Autocorrelation time and length scales
In the air-water ﬂow region, the auto-correlation time and
length scales were calculated based upon the instantaneous total
pressure signal (subscript p) and the instantaneous void fraction
(subscript aw). Typical results are shown in Fig. 12, where present
data are compared with integral turbulent time scale data measured during previous relevant studies. Note that the physical interpretation of the time scales differs depending upon the data
source. (Txx)aw characterised the time scale of the longitudinal
interfacial structures advecting the air-water interfaces in the ﬂow
direction [15]. Present data showed a bell shape, with maximum
values at y/Y90 E0.6–0.8 (Fig. 12). All data tended to follow a selfsimilar distribution. In contrast, (Txx)p represented a characteristic
time scale of the energy-containing eddies advected in the ﬂow
direction. The distributions of (Txx)p presented maxima next to the
pseudo-bottom, and decreased monotonically up to y/Y90 E0.5
(corresponding to C¼ 0.3–0.4). At that location, the data trend
showed a distinct change in slope, implying some physical change
in the air-water ﬂow structure. This location might approximately
correspond to the upper bound of the shear layer created by the
preceding step edge, below which the wake-step interactions
might be signiﬁcant.
The present data were compared to the turbulent integral time

The total pressure distributions were measured in the clearwater developing ﬂow region and air-water fully-developed ﬂow
region above a steep stepped chute. These measurements were
complemented by clear-water velocity measurements with a Pitot
tube and air-water measurements with a dual-tip phase-detection
probe. Analytical expressions were derived to estimate the waterphase turbulence intensity from total pressure ﬂuctuations in both
clear-water and aerated ﬂows. The results were tested for ﬁve
relatively large discharges corresponding to a skimming ﬂow regime, and demonstrated the suitability of miniature total pressure
probe in both clear-water and air-water ﬂows.
Upstream of the inception point of free-surface aeration, the
clear-water developing ﬂow was characterised by a developing
turbulent boundary layer and an ideal-ﬂow region above. The
potential ﬂow velocity was well predicted by the Bernoulli equation. The boundary layer exhibited large total pressure ﬂuctuations
and turbulence intensities. The distributions of turbulence intensity were close to intermediate roughness ﬂow data sets (i.e.
intermediate between d-type and k-type).
The two-phase ﬂow measurements provided time-averaged
void fraction and interfacial velocity distributions, illustrating the
interfacial air–water exchange next to the free surface. The total
pressure measurements were validated in the highly-aerated turbulent shear region, since the total pressure predictions based
upon the void fraction and velocity data agreed well with experimental results recorded by the total pressure probe. The static
pressure exhibited a hydrostatic distribution, taking into account
the void fraction distribution, in the air-water fully-developed ﬂow
region. The distributions of total pressure ﬂuctuations showed a
distinctive shape with a maximum about y/Y90 E0.7. The data
presented a contrast between the interfacial turbulence intensities
and water phase turbulence intensities. The turbulence intensity
in the water phase was typically smaller than the interfacial turbulence intensity, suggesting that velocity ﬂuctuations of the water phase were damped by the presence of a large number of air
bubbles because of surface tension and compressible nature of air.
The auto-correlation time and length scale results were close to
previous ﬁndings with different chute slopes and discharges,
suggesting that these geometrical parameters might have little
inﬂuence on the integral turbulent scales of the interfacial
structures.
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correlation coefﬁcient, Eq. (I.4) may be simpliﬁed into [29]:

⎛1
⎛1
⎛
1 ⎞
C2 ⎞ 2 2
⎟ vx
pt2 = ⎜ ρ2wC2V 4x + ρ2w⎜ 1 + C2⎟Vx2 v 2x+ρ2w⎜ +
⎝
⎝4
2 ⎠
4⎠
⎝2
⎞
ps2 ⎟⎟ (1 − C )
⎠

+ 2 rpuρwVx v 2x
Appendix I. Total pressure signal analysis in air-water ﬂows
The total pressure sensor measures the instantaneous total
pressure aligned with the sensor, comprised of mean and ﬂuctuating components:
2
1
P˜t = ρ̃ V˜ x + P˜s
2

(I.1)

where P̃t is the instantaneous total pressure, ρ̃ is the instantaneous
ﬂuid density, Ṽx is the instantaneous streamwise ﬂuid velocity
detected by the sensor, and P̃s is the instantaneous static pressure.
In what follows capital and lower case letters are used to denote
mean and ﬂuctuating quantities; for example, P˜t =Pt +pt . While
Ippen et al. [33] and Arndt and Ippen [3] proposed derivations for
monophase ﬂows (see below), the present appendix is focused on
the signal analysis in high-velocity air-water ﬂows.
In a two-phase ﬂow, the total pressure output will show a
distinct bimodal distribution because of the effects of air bubbles.
This is seen in the probability density functions (PDF) of the total
pressure probe signals, with a number of examples shown in Fig. 3.
In Fig. 3, the ﬁrst sensor signal PDF (C ¼0.008, purple line) shows a
unimodal distribution because of the small number of air bubbles,
while the other two PDFs exhibit large peaks next to zero, likely
linked to air bubble impacts. When a submerged air bubble impacts the probe sensor, the effects include a kinetic pressure close
to zero because air density is negligible compared to that of water,
a static pressure increase inside the air bubble because of surface
tension which becomes small compared to the kinetic pressure for
bubble sizes greater than the millimetre, and capillary effects
during wetting and drying processes that bias the signal.
Neglecting the air density and capillary effects, Eq. (I.1) may be
decomposed into mean and ﬂuctuating components and written
separately for the individual phases. If the time-averaged void
fraction C is interpreted as the probability of one signal sample
being air, the classical time-average may be redeﬁned as:

f (c , t ) = (1 − C ) ×

f (c , t )|ci= 0 + C ×

f (c , t )|ci= 1

Pt =

1
(1 − C ) ρw Vx2 + v 2x + Ps
2

(

)

(I.3)

where ρw is the water density. Similarly the total pressure ﬂuctuation may be derived as:
2
⎛1
1
1
p2t = (1 − C ) ⎜ ρ2wC2V 4x + ρ2wV2x v 2x + ρ2w v 4x + (1 − C )2ρ2w v 2x
⎝4
4
4
1
1
+ p2s + ρ2wC V2x v 2x − C (1 − C )
2
2
2
⎞
1
ρ2wV2x v 2x+ρ2wVx v 3x + 2 ρwVxvxps − (1 − C ) ρ2w v 2x + ρwv 2xps⎟
⎠
2
⎞
⎛1
2⎞
⎛
+ C ⎜ (1 − C )2ρ2w⎜ V x4 + 2 V2x v 2x + v 2x ⎟ + p2s ⎟
⎝
⎠
⎠
⎝4
(I.4)

If the static pressure and streamwise velocity ﬂuctuations, respectively ps and vx, are each normally distributed with zero
mean, and denoting

⎛
rpu = psvx /⎜
⎝

v 2x

⎛1
2⎞⎞
⎛
+ ⎜ (1 − C )2ρ2w⎜ V x4 + 2 V2x v 2x + v 2x ⎟⎟ C + p2s
⎝
⎠⎠
⎝4

⎞
ps2 ⎟ their normalised
⎠

(I.5)

For an irrotational ﬂow ﬁeld, Bradshaw [6] demonstrated the
relationship between pressure and velocity ﬂuctuations, showing
that the static pressure ﬂuctuations include contributions from
both irrotational velocity ﬂuctuations and ﬂow convection and
yielding a negative correlation coefﬁcient rpu. In the initial region
of a plane turbulent wind jet, Guo and Wood [28] observed
rpu E  0.25 in the turbulent zone away from the jet core. Given
that the presence of air bubbles might provide some ‘cushioning’
damping, it is proposed that rpu ¼ 0.1, which is yet to be experimentally justiﬁed. (As part of preliminary tests, no major difference ( o5%) was observed for 0.5 o rpu o 0.05 in terms of
turbulence intensity.) In a ﬁeld of homogeneous and isotropic
turbulence with very large Reynolds numbers, the mean-square
pressure ﬂuctuation can be expressed in terms of the mean-square
velocity ﬂuctuation [4]:

p2s = 0.34ρ2w v 2x

2

(I.6)

Considering Eq. (I.6) as a crude approximation, and assuming
rpu ¼  0.1, the relationship between total pressure ﬂuctuation and
turbulence intensity Tup =

pt2
2 4
ρwV x

v 2x /Vx become in air-water ﬂows:

⎞
⎛
⎛1
C⎞
= ⎜ (1 − C )⎜ + ⎟ + 0.34(1 − C )2⎟Tu4p
⎝2
4⎠
⎠
⎝
⎛
1 ⎞
− 0.116(1 − C )2Tu3p + (1 − C )⎜ 1 + C⎟Tu2p
⎝
2 ⎠
1
+ C (1 − C )
4
Tup3 ,

(I.7)

Tup4 )

If the higher order terms (i.e.
are neglected (e.g.
Tup r0.4-0.5), the following approximate form holds:

(I.2)

where f(c,t) is a function void fraction and time, and the overbar
denotes a time-average operation. Applying Eq. (I.2) on Eq. (I.1),
the mean total pressure becomes:
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p2
t

Tup =

ρ 2wV 4x

−

(1 − C )C
4

(

(1 − C ) 1 +

C
2

)

(I.8)

Eq. (I.7) must be used if Tup approaches or exceeds O(1). For
clear water ﬂow (C ¼0), Eq. (I.8) becomes:

p2t
2 4
ρwV x

= Tu2p

(I.9)

Eq. (I.9) assumed implicitly that the static pressure ﬂuctuations
are negligible, as these are a higher order term in Eq. (I-7).
Following Ippen et al. [33], Arndt and Ippen [3] used a similar
approach and obtained an expression in monophase ﬂows:

p2t
ρwV 4x

< Tu2p + Tu3p +

5 4
Tup
4

(I.10)

Eq. (I.10) is identical to (I.9) if the higher order terms are neglected and the operator 'o' is replaced by ' ¼'. The main difference between their work and the present lies in the treatment of
the calculations of expected values of the products of the ﬂuctuating terms. Arndt and Ippen [3] assumed:
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psvx <
psv 2x <

p2s <

ρw
2
ρw
2

ρ2w
4

v 2x

3/2

v 2x

v 2x

(I.11a)
2

(I.11b)

2

(I.11c)

While Eqs. (I.11a) and (I.11b) are correct, Eq. (I.11c) contradicts
Batchelor's [4] hypothesis for isotropic turbulence with Re - þ1
(Eq. (I.6)).
In summary, analytical expressions were derived to estimate
the water-phase turbulence intensity from total pressure ﬂuctuations in both clear water and aerated ﬂows. Eq. (I.8) characterises
the turbulent ﬂuctuations in the water phase of a high-velocity airwater ﬂow, which simpliﬁes into Eq. (I.9) for a clear water ﬂow.
Both Equations may be used with reasonable accuracy, except
when Tu exceeds O(1).
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