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a b s t r a c t

Stepped chutes have been used as flood release facilities for several centuries. Key features are the intense
free-surface aeration of both prototype and laboratory systems and the macro-roughness caused by the
stepped cavities. Herein the air bubble entrainment and turbulence were investigated in a stepped spill-
way model, to characterise the interplay between air bubble entrainment and turbulence, and the com-
plicated interactions between mainstream flow and cavity recirculation motion. New experiments were
conducted in a large steep stepped chute (h = 45�, h = 0.10 m, W = 0.985 m). Detailed two-phase flow
measurements were conducted for a range of discharges corresponding to Reynolds numbers between
2 � 105 and 9 � 105. The total pressure, air–water flow and turbulence properties were documented sys-
tematically in the mainstream and cavity flows. Energy calculations showed an overall energy dissipation
of about 50% regardless of the discharge. Overall the data indicated that the bottom roughness (i.e.
stepped profile) was a determining factor on the energy dissipation performance of the stepped structure,
as well as on the longitudinal changes in air–water flow properties. Comparative results showed that the
cavity aspect ratio, hence the slope, has a marked effect on the residual energy.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Stepped spillways have been used as flood release facilities for
several centuries [11]. In the past few decades, advances in con-
struction materials and techniques led to a regained interest in
stepped spillway design [1,20,10,12]. The steps contribute to some
dissipation of the turbulent kinetic energy and reduce or eliminate
the need for a downstream stilling structure [15]. Stepped spillway
flows are characterised by strong turbulence and air entrainment
(Fig. 1). Early physical studies were conducted by Horner [29], Sor-
ensen [43], and Peyras et al. [36] with a focus on flow patterns and
energy dissipation. Many studies focused on steep chute slopes
typical of concrete gravity dams ([39,9,34,8]. More recent studies
were conducted on physical models with moderate slopes typical
of embankment structures [35,30,22,5,6,45,50].

A key feature of stepped chute flows is the intense free-surface
aeration observed in both prototype and laboratory (Figs. 1 and 2).
A number of laboratory studies investigated systematically the air–
water flow properties at step edges [32,17,44,7,4]. A few studies
measured the two-phase flow properties inside and above the step
cavities [26,23]. The stepped cavities act as macro-roughness, with
intense cavity recirculation. To date the findings hinted a strong
interplay between air bubble entrainment and turbulence, and
complicated interactions between mainstream flow and cavity
recirculation motion, although no definite conclusion has been
drawn in terms of stepped spillway design.

The goal of this contribution is to examine the air bubble
entrainment and turbulence in a stepped spillway model. New
experiments were conducted in a large steep chute (h = 45�)
equipped with 12 flat impervious steps (h = 0.10 m, W = 0.985 m).
Detailed two-phase flow measurements were conducted for a
range of discharges corresponding to the transition and skimming
flow regimes. The total pressure, air–water flow and turbulence
properties in the mainstream and cavity flows were documented
systematically. It is the aim of this work to quantify the interplay
between air bubble entrainment, turbulence and energy
dissipation.
2. Experimental facility and instrumentation

New experiments were conducted in a large-size stepped spill-
way model located at the University of Queensland (Figs. 2 and 3).
The facility consisted of a 12.4 m long channel. Three pumps driven
by adjustable frequency AC motors delivered a controlled dis-
charge to a 5 m wide, 2.7 m wide and 1.7 m deep intake basin
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(A)

(B)

Fig. 1. Hinze dam stepped spillway in operation on 2 May 2015 (h = 51.3�,
h = 1.2 m, q = 2.15 m2/s, Re = 8.5 � 106). (A) View from downstream and (B) view
from the spillway crest.

(A)

(B)

(C)

Fig. 2. Skimming flows above the stepped spillway model (h = 45�, h = 0.1 m,
l = 0.1 m). (A) General view – flow conditions: dc/h = 1.08, Re = 4.4 � 105, (B)
skimming flow above cavity recirculations, with flow direction from right to left
– flow conditions: dc/h = 1.2, Re = 5.2 � 105 and (C) looking downstream at the
upper spray region and splash structures, with the broad-crested weir overflow in
foreground – flow conditions: dc/h = 1.5, Re = 7.2 � 105.
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equipped with a carefully designed diffuser, followed by two rows
of flow straighteners. The intake basin was connected to the test
section through to a 2.8 m long 5.08:1 sidewall contraction. The
entire setup resulted in a smooth and waveless inflow for dis-
charges up to 0.30 m3/s. The stepped chute was controlled by a
broad-crested weir at the upstream end (Fig. 2A). The broad crest
was horizontal, 0.6 m long and 0.985 m wide with a vertical
upstream wall and an upstream rounded nose (0.058 m radius).
During initial tests, the weir ended with a sharp edge (see below).
Later a downstream rounded edge (0.018 m radius) was installed
and all experiments were conducted with the downstream edge
rounding. The stepped chute consisted of twelve 0.1 m high and
0.1 m long smooth flat steps made of plywood (Fig. 2). Each step
was 0.985 m wide. The stepped chute was followed by a horizontal
tailrace flume ending into a free overfall.

The discharge was deduced from detailed velocity and pressure
measurements above the broad crested weir using a Dwyer� 166
Series Prandtl–Pitot tube connected to an inclined manometer, giv-
ing total head and piezometric head data [52]. The results yielded
the following relationship between the discharge per unit width q
and the upstream head above crest H1:

q ¼ 0:897þ 0:243� H1

Lcrest

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g � 2

3
� H1

� �3
s

ð1Þ

where g is the gravity constant and Lcrest is the crest length
(Lcrest = 0.60 m) (Fig. 3). Clear-water flow depths were measured
with a pointer-gauge on the channel centreline as well as dSLR pho-
tography (CanonTM 400D) through the sidewalls.

The air–water flow measurements were conducted using a
dual-tip phase detection probe developed at the University of
Queensland. The probe was capable of recording rapidly varying
air–water interfaces based upon changes in resistivity and
consisted of two identical tips, with an inner diameter of 0.25 mm,
separated longitudinally by a distance Dx. The longitudinal separa-
tion Dx for each probe was 4.89 mm, 6.50 mm, 8.0 mm, and
8.42 mm. The probe sensors were excited by an electronic system
and the signal output was recorded at 20 kHz per sensor for 45 s,
following previous sensitivity analyses [47,25].

The instantaneous total pressure was measured with a Mea-
sureX MRV21 miniature pressure transducer, its sensor featuring
a silicon diaphragm with minimal static and thermal errors. The
transducer was custom designed and measured relative pressures
between 0 and 0.15 bars with a precision of 0.5% full scale. The sig-
nal was amplified and low-pass filtered at a cut off frequency of
2 kHz. The total pressure sensor was mounted alongside the
dual-tip conductivity probe to record simultaneously the instanta-
neous total pressure and void fraction. The probes were sampled at
5 kHz per sensor for 180 s, following Wang et al. [49]. The data
were sampled above each step edge downstream of the inception
point of free-surface aeration.

A trolley system used to position the probes was fixed by steel
rails parallel to the pseudo-bottom between step edges. The verti-
cal movement of the probes was controlled by a MitutoyoTM digital
ruler within ±0.01 mm and the error on the horizontal position was
less than 1 mm.
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Fig. 3. Definition sketch of stepped spillway model.
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2.1. Preliminary tests

Initial tests were conducted with a sharp downstream crest
edge. Un-ventilated deflected jets were observed for 0.15 < H1/
Lcrest < 0.44. The results were quantitatively comparable to the
findings of Pfister [37]. There were however some distinctive dif-
ference across the range of flow conditions, the worst deflecting
jet conditions being observed for 0.18 < H1/Lcrest < 0.27. For these
conditions, deflecting jets took off at step edges 1 and 4, while large
air cavities formed between step edges 1–3 and between step
edges 4–6 respectively. Further a series of tests were performed
systematically with a monotonically increasing discharge, followed
by a monotonically decreasing flow rate. The results showed some
marked hysteresis. The above quantitative observations were
obtained with increasing discharges.

Following these initial tests, a 0.018 m radius rounded edge was
installed at the downstream end of the broad crest (Fig. 3) and no
further jet deflection was observed within 0.045 < dc/h < 2 where dc
is the critical flow depth (dc = (q2/g)1/3) and h is the vertical step
height (h = 0.10 m).

2.2. Experimental flow conditions

Total pressure and two-phase flow measurements were per-
formed for a range of discharges encompassing transition and
skimming flows, although the focus of the study was on the skim-
ming flow regime. Two-phase flow measurements were under-
taken at step edges in the aerated flow region for both transition
and skimming flows. Next the measurements were repeated in
and above several step cavities for a subset of skimming flow dis-
charges. Lastly, simultaneous two-phase flow and total pressure
measurements were conducted in the aerated flow region for a
range of skimming flow conditions. The experimental flow condi-
tions are summarised in Table 1.

3. Results (1) flow patterns

Visual observations were conducted for a broad range of dimen-
sionless discharges dc/h (Table 1). Three main flow regimes were
identified, namely a nappe flow, a transition flow or a skimming
flow regime depending upon the discharge. For dc/h < 0.15, the
water cascaded from one step to the next one and appeared highly
fragmented. For 0.15 6 dc/h < 0.4, a clear water supercritical jet
developed downstream of step edge 2 and reattached upstream
of step edge 5. The jet was deflected again off step 5 edge and a
large amount of air was entrained. A transition flow was observed
for 0.4 6 dc/h < 0.9. For 0.4 6 dc/h < 0.6, the step cavities down-
stream of the large clear water jet impact were partially filled
and the flow appeared highly chaotic with strong splashing and
spray. The upstream clear jet disappeared for 0.6 6 dc/h < 0.9
where all cavities became partially filled with alternating cavity
sizes, similar to previous observations (e.g. [18]. For dc/hP 0.9, a
skimming flow was observed (Fig. 2). The mainstream flow
skimmed over the pseudo-bottom formed by the step edges as
sketched in Fig. 3. The streamlines were approximately parallel,
although the free-surface exhibited a wavy profile approximately
in phase with the steps at lower discharges. At the upstream end,
the flow was smooth and glassy. Downstream of the inception
point of free-surface aeration, some complex air–water interac-
tions were observed (Fig. 2). The flow in each step cavity exhibited
a quasi-stable recirculation motion (Fig. 2B). Visual observations
suggested strong mainstream–cavity flow interactions, as previ-
ously reported [39,17,26,4].

In the following sections, the focus will be on the transition and
skimming flow regime, the latter being typical of steep stepped
spillway operating at large flows during major floods [15].
4. Results (2) air–water flow properties at step edges

Detailed void fraction measurements were conducted with a
dual-tip phase detection probe at all step edges downstream of
the inception point. Typical void fraction distributions are pre-
sented in Fig. 4A and B for transition and skimming flows. For most
flow rates, the results showed an S-shape typically observed on
stepped spillways with flat steps [40,8,17]. The void fraction data
showed some self-similarity except at the first step edge down-
stream of the onset of aeration. In the overflow above the stepped



Table 1
Experimental flow conditions.

Study type Q (m3/s) dc/h Re Locations Flow regime Remarks

Visual observations 0.001–0.24 0.045–1.8 4 � 104–9.7 � 105 Step edges 1–12 Nappe, transition, skimming Clear water flow and
aerated flow

Air–water flow measurements 0.057–0.216 0.7–1.7 2.3 � 105–8.7 � 105 Step edges 5–12 Transition, skimming Aerated flow
0.083–0.179 0.9–1.5 3.3 � 105–8.5 � 105 Step cavities 7–9

& 11–12
Skimming Aerated flow

Total pressure & air–water measurements 0.083–0.216 0.9–1.7 3.3 � 105–8.7 � 105 Step edges 5–12 Skimming Aerated flow

Notes: Q: water discharge; Re: Reynolds number defined in terms of hydraulic diameter.
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Fig. 4. Void fraction and bubble count rate distributions in the air–water flow region – geometry: h = 45�, h = 0.10 m. (A) Void fraction, dc/h = 0.7, transition flow, (B) void
fraction, dc/h = 1.3, skimming flow, (C) bubble count rate, dc/h = 0.7, transition flow and (D) bubble count rate, dc/h = 1.3, skimming flow.
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bottom, the void fraction data followed closely a theoretical distri-
bution [17]:

C ¼ 1� tanh2 K 0 � y0

2� D0
þ y0 � 1

3

� �3
3� D0

" #
ð2Þ

where y0 = y/Y90, y is the distance normal to the pseudo-bottom
formed by the step edges, Y90 is the normal distance from the
pseudo-bottom for C = 0.9, and K0 and D0 are functions of the
depth-averaged void fraction Cmean:
Cmean ¼ 1
Y90

�
Z Y90

0
C � dy ð3Þ

Eq. (2) is plotted in Fig. 4 for the first and last step edges down-
stream of the inception point. Overall a good agreement was
obtained, despite small scatter underlying void fraction and height
measurements uncertainties.

The bubble count rate F is defined as half the number of air–
water interfaces detected by the probe sensor per unit time. The
bubble count rate is a function of the flow fragmentation. For a
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given interfacial velocity, F is proportional to the specific interface
area [13], thus providing some information on the re-aeration rate.
Typical dimensionless bubble count rate F � dc/Vc distributions are
shown in Fig. 4C and D. The data showed a distinct shape, with a
maximum bubble count rate Fmax at about 0.3 < y/dc < 0.4
corresponding to a void fraction between 0.4 and 0.5, as previously
reported [48,4].

The interfacial velocities were calculated based upon a cross-
correlation method. The velocity data exhibited some self-
similarity and they were approximately by a simple power law
for y < Y90 and an uniform profile above:

V
V90

¼ y
Y90

� �1=N

0 < y < Y90 ð4aÞ

V
V90

¼ 1 y=Y90 P 1 ð4bÞ

where the interfacial velocity V was normalised in terms of the
characteristic velocity V90 defined as the interfacial velocity for
C = 0.9. The above relationships were compared successfully to data
(data not shown), with a satisfactory agreement for N = 10 on aver-
age. For a given discharge, the velocity power law exponent N was
observed to vary from one step to the next one, as shown by Felder
and Chanson [22]. For a given discharge, the velocity power N
showed some longitudinal fluctuation with a wavelength about
1–2 cavity lengths. Such a longitudinal variation in N was likely
linked to the flow response to contraction and expansion, and inter-
actions with vortices shed from the bottom roughness. Herein the
longitudinal distribution of the velocity power N in skimming flows
is plotted in Fig. 5, where x is the streamwise distance from step
edge 1, xi is the streamwise location of the inception point of
free-surface aeration and Lcav is the cavity length (Lcav =
(h2 + l2)1/2). The data showed large scatter without correlation to
the discharge.

The interfacial turbulence intensity is defined as the ratio of the
root-mean-square of interfacial velocity fluctuations to the mean

interfacial velocity: Tu ¼
ffiffiffiffiffiffiffiffiffiffiffi
v2=V

q
. It was calculated based upon a

cross-correlation technique between the probe signals [17]. Typi-
cal distributions are presented in Fig. 6. In the transition flow,
the turbulence intensity data generally increased with increasing
elevation, with local maxima next to the step edge at y/dc � 0.4,
which were respectively linked to the existence of a large number
of air–water interfaces and irregular flow impingement on the hor-
izontal step face [24]. In skimming flows, the data followed a char-
(x-xi)/Lcav
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Fig. 5. Longitudinal variation of the velocity power law exponent N.
acteristic shape with maximum turbulence levels at y/dc � 0.4
(Fig. 6). Overall the turbulence levels tended to be larger in skim-
ming flows than in transition flows. For all discharges, the local
maxima in turbulence levels approximately occurred at those of
maximum bubble count rates (see discussion below).

5. Results (3) total pressure measurements in the air–water
flow region

Total pressure measurements were undertaken in the aerated
flow region downstream of the inception point. The sensor was
aligned with the main flow direction and recorded the instanta-
neous total pressure. Neglecting the surface tension effects during
interfacial interactions with the probe sensor, the time-averaged
total pressure at an elevation y equals:

Pt ¼ 1
2
� ð1� CÞ � qw � ðV2

x þ v2
xÞ

þ qw � g � cos h�
Z Y90

y
ð1� CÞ � dy ð5Þ

where qw is the water density, Vx is the time-averaged velocity of
the water phase, v2

x is the variance of the water velocity and h is
the angle between the pseudo-bottom and the horizontal. Eq. (5)
assumes implicitly that the pressure distribution is hydrostatic tak-
ing into account the time-averaged void fraction distribution in the
direction normal to the pseudo-bottom. Herein total pressure sen-
sor measurements were compared to estimates derived from
Eq. (5). Typical results are shown in Fig. 7, where the pressure sen-
sor data Pt are compared to Eq. (5) (Fig. 7, black symbols). The total
pressure sensor data showed a maximum corresponding to about
C = 0.5. A reasonable agreement was observed between the mea-
sured and estimated total pressures (Eq. (5)) as illustrated in
Fig. 7. The result implied that the hydrostatic pressure distribution
assumption, taking into account the void fraction distribution and
chute slope, might be a reasonable approximation in the aerated
skimming flows.

Fig. 8A shows typical distributions of the root-mean-square of

the total pressure fluctuations
ffiffiffiffiffi
p2
t

q
. The data presented a marked

maximum about y/Y90 = 0.7, close to the location of maximum
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bubble count rate Fmax. Fig. 8B shows a typical relationship
between the bubble count rate F and the total pressure fluctuations
in skimming flow. In Fig. 8B, the data are normalised in terms of
their respective maximum values at the corresponding cross sec-

tions: i.e., F/Fmax and
ffiffiffiffiffi
p2
t

q
=

ffiffiffiffiffi
p2
t

q
max

. Overall the data indicated a

strong positive correlation between the variables, indicating that
the total pressure fluctuations were influenced by density fluctua-
tions induced by strong turbulent diffusive actions. Note that the
data also showed some hysteresis about F/Fmax = 1. This might be
linked to the roughness contributions to the total pressure fluctu-
ations, which was significant next to the pseudo-bottom but
decreased towards the upper free-surface.

The turbulence intensity in the water phase may be deduced
from the total pressure fluctuations and void fraction with the
approximate form:

Tup ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2t

q2
w�V4

x
� 1

4 � C � ð1� CÞ
ð1þ 1

2CÞ � ð1� CÞ

vuuut ð6Þ

Fig. 9 presents the turbulent intensity distributions deduced
from the total pressure sensor for the same flow conditions, as
the data shown in Fig. 6. The results were obtained by applying
Eq. (6), using void fraction measured with the phase-detection
probe located 6.5 mm beside the total pressure probe sensor. The
turbulent intensity in the water phase Tup was between 0.1 and
0.5 for all the discharges and locations along the chute. The data
showed a local minimum about (Tup)min � 0.1 � 0.15 about
y/Y90 = 0.5 � 0.7. The total pressure sensor data (Fig. 9) may be
compared to the interfacial turbulent intensities Tu deduced from
a dual-tip conductivity probe (Fig. 6). The interfacial turbulent
intensities were consistently larger in magnitude, ranging between
0.4 and 3.0. They also presented a different trend, with a local
maximum about y/Y90 = 0.5 � 0.7. It is suggested that the velocity
fluctuations of water particles were damped by the presence of a
large number of air bubbles.
6. Results (4) air–water flow properties between step edges

Detailed air–water measurements were conducted at several
locations between step edges for 0.9 6 dc/h 6 1.5, with the phase-
detection probe aligned both parallel to the pseudo-bottom as well
as in the direction perpendicular to the horizontal step face in the
step cavities.

In the mainstream flow above step cavities, all void fraction
data showed the same S-shape (Eq. (2)) for y/Y90 > 0.3. Typical data
are shown in Fig. 10. Fig. 10B presents the longitudinal variation of
void fraction along the pseudo-bottom (y = 0). The data showed a
monotonic increase up to xs/Lcav = 0.7, where xs is the streamwise
distance from the step edge: xs = x � xi. The presence of the cavity
was felt on the void fraction in a region immediately above the
pseudo-bottom (i.e. y/Y90 < 0.3). Fig. 10C shows a typical void frac-
tion contour between step edges 7–9; the contour plot was con-
structed from discrete data samples recorded at locations marked
by black dots. Overall the data indicated a lesser aeration in the
step cavities compared to the mainstream flow above (Fig. 10C).
A greater amount of air was trapped at the centre of the cavity than
next to the step faces, as confirmed by visual observations. For all
data, the void fraction distributions showed a local peak in the step
cavities at xs/Lcav � 0.7, comparable to previous data [23].

Bubble count rate measurements in the overflow above step
cavities followed a distinctive shape, with maxima recorded at
y/dc � 0.3 � 0.4 corresponding to C � 0.4 � 0.5, as previously
reported [17,26,23]. All data showed some scatter towards the
pseudo-bottom because of cavity effects (data not shown). In the
step cavities, the bubble rate distributions highlighted some effect
of the developing shear layer downstream of each step edge, while
an increase in bubble count rate was observed above each step
edge because of the step-wake interactions. In the downstream
cavity, lower bubble count rates were recorded because of flow
expansion.

The interfacial velocity distributions presented some self-
similarity. In the main stream, the data followed closely a power
law (Eq. (4a)), with the best correlation for N = 8.5 (R = 0.84) in con-
trast to N = 10 observed at step edges. The difference might be
related to a downward shift of the velocity profiles above the step
cavity because of flow expansion. Typical velocity contours
between step edges are shown in Fig. 11A and B for two skimming
flow conditions. The flow was significantly faster at step edges
than above step cavities, showing patterns consistent with flow
expansion and contraction above each step cavity. The velocity
contours highlighted a developing shear layer in the wake of each
step edge. In Fig. 11C, the velocity distributions in the shear layer
are compared to Tollmien and Goertler solutions for the plane
shear layer [38,41]:
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Re = 3.3 � 105.
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V
V0

¼ d
du

C2 � e�u þ C3 � eu=2 � cos

ffiffiffi
3

p

2
�u

 !"

þ C4 � eu=2 � sin

ffiffiffi
3

p

2
�u

 !#
Tollmien solution ð7Þ
V
V0

¼ 1
2
� 1þ erf K � y� y50

xs

� �� �
Goertler solution ð8Þ

where C2 = �0.0176, C3 = 0.1337, C4 = 0.6876, V0 is the free-stream
velocity taken as 0.9 � V90 as Gonzalez and Chanson [26] and Felder
and Chanson [23], u = y/(a � xs), a = (2 � lm

2 /xs2)1/3, lm is the Prandtl’s
mixing length, K is an empirical constant inversely proportional to
the shear layer expansion rate, y50 is the normal distance from
the pseudo-bottom where Vx = 0.5 � V0, and erf is the Gaussian
error function. The results showed strong self-similarity (Fig. 11C)
and were consistent with previous studies [26,23,21].

Typical interfacial turbulence intensity distributions above step
cavities are shown in Fig. 12. Fig. 12A compares mainstream data,
showing significant turbulence levels across the entire water col-
umn, typically ranging from 0.4 to 1.0. Local maximawere observed
around y/dc = 0.3–0.4, close to the locations of maximum bubble
count rates. Next to the pseudo-bottom, the turbulence levels were
about 100%, exceeding those documented for mono-phase two-
dimensional mixing layers [51]. Large values up to 170% were
recorded towards the second half of the step cavity (xs/Lcav > 0.5)
above the pseudo-bottom. In this region, the overflow reattachment
on the horizontal step face led to air bubble fragmentation and
strong fluctuations of the interfaces. Fig. 12A includes data on
15.9� and 26.6� stepped chutes [26,23]. The present data was quan-
titatively consistent with the 26.6� chute, while data in the 15.9�
chute were smaller in magnitude. Typical interfacial turbulence
intensity contours are plotted in Fig. 12B and C. Overall the data
highlighted regions of high interfacial turbulence for 0.3 < y/
h < 0.6, as well as next to the pseudo-bottom. The turbulence levels
were larger at step edges than above step cavities, which might be
caused by interactions between step edges and large interfacial
structures. The turbulence levels were generally independent of
the discharge, although higher values were recorded at step edges
for the larger discharge possibly because of stronger flow
impingement.

7. Discussion

7.1. Relationship between bubble count rate and turbulence intensity

A number of studies observed positive correlations between
interfacial turbulence intensity and bubble count rate [17,16,48].
This was also the case during the present study and the data are
plotted in Fig. 13 for skimming flows and (x � xi)/dc > 3. In Fig. 13,
present data are compared to an empirical relationship [17]:

Tu ¼ 0:25þ C1 � F � dc

Vc

� �p

ð9Þ
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G. Zhang, H. Chanson / Experimental Thermal and Fluid Science 74 (2016) 368–381 375
where C1 is a constant of proportionality and p characterises the
rate of growth of turbulence intensity with respect to dimensionless
bubble count rate, In Eq. (9), Tu = 0.25 for F = 0, corresponding to
clear water flow measurements upstream of the inception point
[34,2]. The best fit of present data yielded C1 = 0.24 and p = 0.39
(correlation coefficient R = 0.78) and these values are compared to
previous data sets in Table 2.

The process of bubble/droplet breakup may be described as a
result of turbulent interactions with eddies of similar length scales
as the particle [28,31]. Following Kolmogorov [31], a critical Weber
number may be used as a simplistic criterion to predict bubble
breakup:

Wecr ¼ qc � v2
B � rB
r

ð10Þ

where qc is the density of the continuous phase, r is the air–water

surface tension, rB is the bubble radius, and v2
B is the spatial average

value of the square of velocity difference over a distance equalling
2 � rB in the external flow field [42]. Assuming that the process is

ergodic, and
ffiffiffiffiffiffi
v2
B

q
is the same order as the characteristic interfacial

velocity fluctuation
ffiffiffiffiffiffi
v2

p
, the following relationship holds for a con-

stant Wecr and a characteristic bubble radius rB within the inertial
subrange:
rB / e�2=5 ð11Þ
where e is the energy dissipation per unit mass and unit time
(m2/s3):

e � v23=2

Lint
¼ Tu3 � V3

Lint
ð12Þ

since Tu ¼
ffiffiffiffiffiffi
v2

p
=V , with v the turbulent interfacial velocity fluctua-

tion over the interfacial integral length scale Lint measurable by sta-
tistical methods [46]. Following Toombes [47], the air–water flow
may be reduced to a streamwise distribution of small discrete air
and water elements, comprised of the smallest discrete air–water
particles of length scale k, selected such that the probability of
one element being air or water becomes independent of its adjacent
elements. For a sufficiently large number of bubbles, the bubble
count rate may be expressed as:

F ¼ V
k
� C � ð1� CÞ ð13Þ

where V is the interfacial velocity. For a uniform velocity distribu-
tion and assuming the smallest length scale k to be proportional
to rB, it yields:

F / Tu6=5

L2=5int

� C � ð1� CÞ ð14Þ
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implying Tu / F5/6/(C � (1 � C))5/6 if the variation in Lint
2/5 is small

across the water column. Eqs. (14) and (9) both suggest a power
law relationship between turbulence intensity Tu and bubble count
rate F. Eq. (14) shows that Tu vanishes to zero for F = 0, in absence of
interface. In contrast, in Eq. (9), the constant offset term (0.25)
physically relates to the water phase fluctuations in the clear-
water flow immediately upstream of the inception point of free-
surface aeration.

Typical experimental data are presented in Fig. 14 for the last
step edge. In the legend of Fig. 14, CFmax denotes the void fraction
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where F = Fmax and the black arrows indicate the direction of
increasing elevation above the pseudo-bottom. Typically the data
showed two distinct linear trends, marked [1] and [3], plus an
intermediate trend marked [2] in Fig. 14. Starting from the
pseudo-bottom formed by the step edges, the bubble count rate
increased pseudo-linearly with increasing bubble count rate
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Table 2
Relationship between interfacial turbulence intensity and bubble count rate in
skimming flows on stepped spillways: observed values of C1 and p (Eq. (9)).

Reference h (�) C1 p Remarks

Present study 45.0 0.24 0.39 Flat steps.
Re = 2.3 � 105–8.8 � 105

Wuthrich and
Chanson [50]

26.6 0.55 0.5 Flat steps
0.25 0.25 Gabion steps

Felder [21] 26.6 0.19 0.54 Flat steps
Toombes and

Chanson (2003)
21.8 – 1.5 Flat steps
15.9
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following the trend [1]. In the mid-air–water column, the bubble
count rate reached a pseudo-maximum and remained nearly con-
stant despite increasing turbulence levels, as illustrated by trend
[2] in Fig. 14. Trend [3] showed a quasi-linear decrease in bubble
count rate with decreasing turbulence up to the upper free-
surface. The data showed consistently some form of hysteresis,
leading to different slopes between the lower air–water flow
Fig. 14. Dimensionless relationship between bubble count rate and Tu6/5 � C �
(1 � C) in skimming flow: comparison with Eqs. (15a) and (15b) – arrows indicate
trend of increasing elevation and increasing time-averaged void fraction – flow
conditions: dc/h = 0.9, 1.0, 1.1, 1.3, h = 45�, step edge 12.
region (region [1]) and the upper air–water flow region (region
[3]).

For Fig. 14, the data were best correlated by

Tu6=5 � C�ð1�CÞ ¼ 0:0076� F � dc

Vc
� 0:052 Region½1� � C < CFmax

ð15aÞ

Tu6=5 � C � ð1� CÞ ¼ 0:0147� F � dc

V c
� 0:055

Region½3� � CFmax < C < 0:95 ð15bÞ
Both equations are compared to experimental data in Fig. 14,

where the different flow rates are indicated in the figure legend.

7.2. Energy dissipation

Based upon the total pressure measurements undertaken along
the stepped chute centreline, the time-averaged total head Ht was
evaluated as:

Ht ¼ Pt

qw � g
þ ð1� CÞ � z ð16Þ

where Pt is the time-averaged total pressure measured by the total
pressure sensor, and z is the vertical elevation measured above the
spillway toe. The total head Ht is total energy per unit weight of the
fluid [27,33]. Dimensionless time-averaged total head distributions
are shown in Fig. 15, where y is the distance normal to the pseudo-
bottom, dc is the critical depth, x is the streamwise coordinate with
origin at step edge 1, Lcav = 0.141 m is the step cavity length, and Ht,

crest is the time-averaged total head above the spillway crest mea-
sured relative to the spillway toe. For each discharge, the longitudi-
nal flow pattern was divided into a developing flow region and an
aerated flow region. (The location of inception of air entrainment
is clearly marked in Fig. 15.) In the developing flow region, the flow
was separated into a developing boundary layer and a potential
flow region. In the boundary layer, the total head was smallest next
to the pseudo-bottom and increased gradually with increasing ele-
vation. The potential flow region showed Ht/Ht,crest � 1, indicating
negligible energy loss there. Downstream of the inception point,
air was entrained as the boundary layer outer edge extended to
the upper free-surface. The total head presented a maximum about
y/dc = 0.3, which approximately corresponded to the upper edge of
the shear layer. For y/dc > 0.3, the total head decreased rapidly with
increasing elevation because of an increasing void fraction.

At each cross-section, the depth averaged total head may be
estimated as:

Hd ¼ 1
d
�
Z d

0
Ht � dy for developing clear water flow ð17aÞ

Hd ¼

Z Y90

0
Ht � dyR Y90

0 ð1� CÞ � dy
for fully developed air —water flow

ð17bÞ
where Hd is the depth averaged total head at a cross-section and d is
the clear-water depth. Longitudinal distributions of depth-averaged
total head Hd are presented in Fig. 16A. The data trend indicated
that the flow energy decreased almost linearly in the downstream
direction, for all but the largest discharge (dc/h = 1.7). The finding
implied a consistent rate of energy dissipation (oHd/ox) in both
the clear-water and aerated flow regions. For the largest discharge,
the rate of energy dissipation over the first few steps was small
because the boundary layer was thin compared to the flow depth.
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Fig. 15. Dimensionless total head distributions in skimming flows – black dots denote measurement locations and thick black arrow points to the location of inception point
of free-surface aeration. (A) dc/h = 0.9, inception point of free-surface aeration at x/Lcav = 4 and (B) dc/h = 1.7, inception point of free-surface aeration at x/Lcav = 8.
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For all discharges, the overall energy dissipation was about 50% at
the end of the stepped chute.

Another design parameter is the residual head Hres, defined as
the depth-averaged total head at the last step edge: i.e., Hd at step
edge 12. (Herein both total heads, Ht and Hd, residual head Hres and
vertical elevation z are measured above the spillway toe.) Residual
head data are presented in Fig. 16B. In Fig. 16B, the present data
were compared to 26.6� slope data chutes with flat steps [23,24],
and a reanalysis of 26.6� gabion stepped chute data [53]. All data
corresponded to a very close geometry: namely 1 m and 1.2 m high
stepped chutes downstream of a broad-crested weir, and most data
were recorded with the same step height: h = 0.10 m. Solid sym-
bols correspond to flat impervious steps and hollow symbols to
gabion steps in Fig. 16B. For all configurations the dimensionless
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residual head Hres/h increased with increasing dimensionless dis-
charge dc/h. For solid (non-gabion) steps, however, the results indi-
cated a marked difference between 45� and 26� slopes:

Hres

h
¼ 2:05þ 2:6� dc

h
26� slope with 0:7 < dc=h < 1:7 ð18aÞ

Hres

h
¼ 6:1þ 1:19� dc

h
45� slope with 0:9 < dc=h < 1:7

ð18bÞ
It is believed that the main difference seen in Fig. 16B was

caused by the different cavity aspect ratio, and the chute slope.
For completeness, note that the dimensionless residual head has
a lower limit, Hres/dc = 1.5, corresponding to critical flow conditions
[3,27], and shown in Fig. 16B (thick black line).

The large amount of energy dissipation was mostly a result of
form loss behind the steps [12,19]. The flow is commonly assumed
to be quasi-smooth and its resistance expressed using the Darcy–
Weisbach friction factor [39,12]:

f e ¼ 8� Sf �
R Y90
0 ð1� CÞ � dy

dc

 !3

for fully-developed air-water flow ð19Þ

where the friction slope Sf is the slope of the total head line:
Sf = �oHd/ox. For each discharge, the friction factor was calculated.
In the aerated flow region the friction factors ranged between
0.25 and 0.45. The present data were comparable to previous results
[19,14]

Results of the present analyses demonstrated the strong dissi-
pative nature of the stepped chute. The rate of energy dissipation
was close between the aerated flow region and the developing flow
region, except for the largest discharge where the boundary layer
remained thin above the first few step edges (Fig. 16A). The friction
factors were high and the rate of energy dissipation was largely
determined by the bottom roughness. The stepped bottom induced
large form losses in a manner similar to a k-type or d-type rib
roughness, the effects of which might be sensitive to the overflow
discharge.
8. Conclusion

Detailed air–water flow measurements were conducted in a
large facility using both phase-detection and total pressure probes.
The stepped chute flow was characterised by strong free-surface
aeration and turbulent energy dissipation.

Downstream of the inception point of free-surface aeration, the
void fraction distributions presented a S-shape which was mod-
elled by an advection–diffusion equation solution. The location
for C � 0.4–0.5 was characterised by the highest bubble count rate
and strongest interfacial turbulence. A theoretical relationship
between bubble count rate and interfacial turbulence intensity
was derived. In the wake of each step edge, the velocity profiles
highlighted an expanding shear layer. The velocity distribution
above and inside the shear layer respectively followed respectively
a power law and theoretical solutions for a plane shear layer.
Simultaneous total pressure and void fraction measurements
showed quasi-hydrostatic pressure distributions in the main-
stream flow. Energy calculations showed the overall energy dissi-
pation was about 50% regardless of the discharge. The rate of
energy dissipation (oHd/ox) was similar in both the clear-water
and aerated flow regions. Overall the data indicated that the bot-
tom roughness (i.e. stepped profile) was the determining factor
on the energy dissipation performances of the stepped structure,
as well as on the longitudinal changes in air–water flow properties.
Further a comparison between present and earlier data suggested
that the cavity aspect ratio, hence the slope, has a marked effect
on the residual energy.
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