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Abstract With the re-evaluation and revision of a number of design floods, several embank-
ment overtopping protection systems have been developed and a common technique is the
construction of a stepped spillway on the downstream slope. For such moderate slope stepped
channels, detailed air–water flow measurements were performed in a large facility with a focus
on the rate of energy dissipation, flow resistance, air–water interfacial areas and re-aeration
rates. Past and present experimental results showed a significant aeration of the flow. The
median dimensionless residual head was about 3×dc for the 21.8◦ sloping chute and smaller
than that for flatter slopes (θ = 3.4◦ and 15.9◦). The flow resistance results yielded an equiv-
alent Darcy friction factor of about 0.25 implying a larger flow resistance for the 21.8◦ slope
angle than for smaller slope angles. The re-aeration rate was deduced from the integration
of the mass transfer equation using measured air–water interfacial areas and air–water flow
velocities. The results suggested an increasing re-aeration rate with increasing rate of energy
dissipation. The stepped invert contributed to intense turbulence production, free-surface
aeration and large interfacial areas. The experimental data showed however some distinc-
tive seesaw pattern in the longitudinal distribution of air–water flow properties with a wave
length of about two step cavities. While these may be caused by the interactions between
successive adjacent step cavities and their interference with the free-surface, the existence
of such “instabilities” implies that the traditional concept of normal flow might not exist in
skimming flows above moderate-slope stepped spillways.
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Fig. 1 Stepped spillway of Salado Creek Dam Site 15R (Courtesy of Craig SAVELA, USDA-NRCS-
NDCSMC)—Roller compacted concrete construction, θ = 21.8◦, h = 0.61 m

1 Introduction

In recent years, the design floods of a number of dams were re-evaluated and the revised flows
were often larger than those used for the original designs. In many cases, the occurrence of
these revised design floods would result in dam overtopping because of the insufficient storage
and spillway capacity of the existing reservoir, with catastrophic consequences for embank-
ment structures. A number of embankment overtopping protection systems were developed
[2] and a common technique is the construction of a stepped spillway on the downstream
slope (Fig. 1). Figure 1 illustrates an embankment whose primary spillway is a stepped spill-
way on the embankment slope. Stepped spillways are designed to increase the rate of energy
dissipation on the chute [10] and it is essential therefore to predict accurately the turbulent
dissipation above the steps for large discharges per unit width corresponding to the skimming
flow regime. Skimming flows are highly aerated [16,30,34]. Through the air–water interface,
air is continuously trapped and released, and the resulting two-phase mixture interacts with
the flow turbulence yielding a complicated air–water structure. The high level of free-surface
aeration is a characteristic feature of stepped chute flows, and a number of in-stream stepped
cascades were built along polluted and eutrophic streams to re-oxygenate the water. For
example, besides the Calumet waterway; downstream of the Petit-Saut dam [25,36]. The
re-oxygenation performances of a 1.4 m high stepped cascade were recently tested by [39],
and the results showed that the re-oxygenation rate may be derived from the integration of
the mass transfer equation using measured air–water flow properties.

Herein two-phase turbulent flow measurements were conducted in a large facility with a
channel slope angle of 21.8◦ (1V:2.5H). The focus of the new study is a detailed investiga-
tion of the air–water flow properties to complement similar, earlier studies (Table 1). New
experiments were performed with dimensionless discharge dc/h between 1.17 and 3.16, and
Reynolds numbers ranging from 1.7 105 to 7.2 105, where dc is the critical flow depth and h
is the vertical step height. Based upon detailed air–water flow measurements, the data were
analysed in terms of the rate of energy dissipation, flow resistance and air–water interfacial
areas, and the results were compared with relevant literature. It is the aim of this work to
characterise the energy dissipation performances, together with their aeration potential in
terms of dissolved oxygen, of moderate slope stepped spillways.

2 Experimental facilities

New experiments were conducted at the University of Queensland in a 3.2 m long, 1 m wide
chute (21.8◦slope) with flow rates ranging from 43 to 150 L/s. The chute consisted of a
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Table 1 Experimental observations of change in flow regimes on moderate slope stepped spillways

Reference Slope θ h dc/h dc/h Remarks

degree m NA-TRA TRA-SK

(1) (2) (3) (4) (5) (6)

Horizontal steps
Present study 21.8 0.05 0.6 1.0 Series BT_07

and FC_07.
[7] 21.8 0.10 0.5 0.95 Series GH_06.

[16] 21.8 0.10 0.53 0.97 Series TC_200.

[40] 18.8 0.05 0.78 1.05

18.8 0.025 0.78 1.05

[21] 15.9 0.05 0.6 1.25

15.9 0.10 0.6 1.25

[16] 15.9 0.10 0.75 1.2 Series TC_201.

[40] 5.7 0.05 0.76 1.25

5.7 0.025 0.76 1.25

[14] 3.4 0.143 1.0 − Series CR_98.

3.4 0.0715 1.0 1.2 Series EV200.

Inclined downward steps

[35] 21.8 0.04 − 2.1 Wedge-shaped
blocks.

21.8 0.016 − 2.1

Notes dc critical flow depth, h vertical step height, NA-TRA change from nappe to transition flow regimes,
TRA-SK change from transition to skimming flow regimes

broad-crest followed by 20 identical steps (h = 0.05 m, l = 0.125 m) (Fig. 2). The cascade
geometry and range of flow rates were selected to be a 1:2 scale model of the geometry
used by [7] and [16]. The open channel facility is a permanent facility and the inflow quality
has been verified in this and previous studies [23,28]. Waters are supplied by a pump con-
trolled with adjustable frequency AC motor drive enabling an accurate discharge adjustment.
The water discharge was measured from the upstream head above the crest, and the head-
discharge relationship was checked with detailed velocity distribution measurements on the
crest itself [23]. Clear-water flow depths were measured with a point gauge. The air–water
flow properties were recorded using a single-tip resistivity probe (∅ = 0.35 mm, Pt) and a
double-tip resistivity probe (∅ = 0.25 mm, Pt). In the latter, the two tips were aligned in the
direction of the flow and the longitudinal separation was 7.0 mm. Both phase detection probes
were excited by an electronic system (Ref. UQ82.518) designed with a response time <10µs
and calibrated with a square wave generator. The probe signals were sampled at 20 kHz per
sensor for 45 s. The translation of the probes in the direction normal to the pseudo-bottom
formed by the step edges was controlled by a fine adjustment traverse mechanism connected
to a MitutoyoTM digimatic scale unit with an accuracy of <0.2 mm.

2.1 Experimental flow conditions

On a stepped chute, the waters flow as a succession of free-falling nappes (i.e. nappe flow)
at low flow rates. At large flow rates with an identical chute geometry (step height, mean
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Fig. 2 Photograph of skimming flow in the stepped chute highlighting the inception point of free-surface
aeration between step edges 6 and 7—Flow condition: θ = 21.8◦, h = 0.05 m, dc/h = 1.17, Qw =
0.0436 m3/s, Re = 1.7 105, shutter speed: 1/1,500 s

slope), the water skims over the pseudo-invert formed by the step edges (i.e. skimming flow).
For some intermediate discharges, a transition flow regime is observed, characterised by a
chaotic behaviour and strong splashing and droplet projections downstream of the inception
point of free-surface aeration.

The present observations of changes in flow regimes are summarised in Table 1 (columns
4 and 5) together with earlier observations. Columns 4 and 5 give the characteristic dimen-
sionless discharges dc/h, and the present data are compared with earlier results on chute slope
angles ranging from 3.4◦ (1V:16.8H) to 21.8◦ (1V:2.5H). The results and their trend were
in agreement with the literature [9,10] suggesting no effect of the step height on the change
in flow regimes (Fig. 3). Figure 3 presents a comparison of moderate slope data (Table 1)
together with the data reported by Chanson ([10], p. 24) for steeper slopes. It shows that all
data gave a consistent trend. Note that the graph does not include the data of [35] and [33]
for inclined steps, nor pooled step data reported by [10].

The air–water flow measurements were conducted in the skimming flow regime with
dimensionless discharge dc/h between 1.17 and 3.16. The flow conditions corresponded to
flow Reynolds numbers ranging from 1.7 105 to 7.2 105, where the Reynolds number was
defined in terms of the mean flow velocity and hydraulic diameter. The probe sensors were
located on the channel centreline at step edges for all flow rates. Further details on the
experiments and results are reported in [19].

2.2 Data analysis

The analysis of the phase-detection probe signals provided point measurements of the void
fraction C and bubble count rate F defined as the number of bubbles, or droplets, impact-
ing a probe sensor per second. The double-tip conductivity probe measurements provided
additionally the mean air–water interface velocity V, chord length distributions and air–water
interface area at various positions within a cross-section.

123



Environ Fluid Mech (2009) 9:427–441 431

h/l

d
c/

h

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.5

1

1.5
TRA-SK
NA-TRA
TRA-SK (Moderate slope)
NA-TRA (Moderate slope)
1.2 - 0.325.h/l
0.89 - 0.4.h/l

Fig. 3 Flow conditions for the change from nappe to transition flows (NA-TRA) and transition to skimming
flows (TRA-SKI)—Comparison between moderate slope data (Fig. 1) [Blue symbols] and steep stepped slopes
([10], pp. 20–21) [Red symbols], and empirical correlations proposed by [10], pp. 18–19 [Black lines]

For any bubble shape, size distribution and chord length distribution, the specific air–water
interface area may be estimated as:

a = 4
F

V
(1)

where a is air–water interface area per unit volume. Equation 1 is valid for bubbly flows for
ellopsoidal bubbles. In regions of higher air content (C > 0.3 to 0.4), the flow structure is
more complex and Eq. 1 is simply equal to twice the number of air–water interfaces per unit
length of air–water mixture (a ∝ 2 F/V).

2.3 Data accuracy and measurement errors

The data accuracy was typically �C/C < 2% and �V/V < 5 to 10% for void fractions
between 0.03 and 0.95 and time-averaged velocities >0.5 m/s [15,38]. The smallest detectable
chord length size was 0.35 mm with the single-tip probe and 0.25 mm with the double-tip
probe for the observed velocities and selected sampling rate (20 kHz). The accuracy on the
bubble count rate was a function of the bubble size distributions. In the present study, the
characteristic bubble size was about one order of magnitude greater than the double-tip probe
sensor. The accuracy on bubble count rate was about �F/F < 5%, yielding errors on the
specific interface area <10–20%.

3 Basic observations

In transition and skimming flows, the free-surface was clear and transparent on the upper
steps. Significant aeration took place when the turbulence generated by the step cavities
reached the free-surface. This location is called the inception point of free-surface aeration.
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Fig. 4 Dimensionless location of the inception point of free-surface aeration on moderate slope stepped
spillways—Comparison between experimental data and the correlations of [9] (θ = 21.8◦) and of [7]

Downstream the turbulence next to the free-surface is large enough to initiate substantial
flow aeration as illustrated in Fig. 2.

The location of the inception point of free-surface aeration was recorded in transition
and skimming flows. The results are plotted in Fig. 4 where the present data are reported as
LI/(h cosθ ) as a function of the Froude number F∗. LI is the streamwise distance from the
downstream end of the crest, h cosθ is the step cavity height normal to the flow direction,
and F∗ is a Froude number defined in terms of the step roughness:

F∗ = qw√
g sinθ (h cosθ)3

(2)

with qw the water discharge per unit width, g the gravity acceleration and θ the angle between
the pseudo-bottom formed by the step edges and the horizontal. In Fig. 4, the present data
are compared with earlier studies on similar moderate slopes. The data are also compared
with the empirical correlation:

LI

h cosθ
= 9.72 (sinθ)0.0796 F 0.713∗ (3)

developed originally for steep stepped channels [9]. They are further compared with the
simpler correlation of [7] developed for θ = 21.8◦:

LI

h cosθ
= 1.05 + 5.11 F∗ θ = 21.8◦ and 0.45 < dc/h < 1.6 (4)

Figure 4 shows a close agreement between all the data suggesting that the dimensionless
position of the inception point for free-surface aeration is independent of the step height and
relatively little affected by the bed slope for 15.9◦ ≤ θ ≤ 21.8◦. The data illustrate further
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Fig. 5 Dimensionless distribution of void fraction, air–water velocity and specific interface area—Qw =
0.1222 m3/s, dc/h = 2.39, Re = 5.1 105, Step edge 18, Y90 = 0.061m, V90 = 3.46 m/s—Comparison
with Eqs. 5 and 8

that Eq. 3 is also valid for moderate slopes. Equation 3 was successfully compared with steep
slope prototype data [10] and the present results highlight its wide range of applications.

Typical dimensionless distributions of void fraction, velocity and specific interface area
measured downstream of the inception point of free-surface aeration are presented in Fig. 5.
The blue square are void fraction data, the empty triangles are the air–water velocity data
V/V90 and the asterisks are specific interface area data a Y90/10, where Y90 is the charac-
teristic distance where C = 0.9, and V90 is the characteristic velocity where C = 0.9. The data
presented in Fig. 5 were measured four step cavities downstream of the inception point of
free-surface aeration. The void fraction data compared favourably with an advective diffusion
model developed for smooth-invert chute flows:

C = 1 − tanh2

(

K′ − y′

2 Do
+

(
y′ − 1

3

)3

3 Do

)

(5)

where y′ = y/Y90, y is the distance normal to the pseudo-bottom formed by the step edges,
K′ is an integration constant and Do is a function of the depth-averaged void fraction Cmean

only:

K′ = 0.32745 + 1

2 Do
− 8

81 Do
(6)

Cmean = 0.762 (1.043 − exp(−3.61 Do) (7)

Equation 5 was developed by [13,16], and it is shown in Fig. 5.
The velocity measurements performed at step edges showed that, within the main body

of the flow (C < 90%), the data compared favourably with a power law:

V

V90
= y′1/N (8)
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Fig. 6 Longitudinal dimensionless distributions of characteristic air–water depth Y90/dc, velocity V90/Vc,
maximum bubble count rate Fmaxdc/Vc and maximum specific interface area amaxdc—Flow conditions:
Qw = 0.044 m3/s, dc/h = 1.17, Re = 1.7 105, measurements conducted at step edges

In the present study, the velocity power law exponent 1/N was 1/10 in average (i.e. N = 10),
although it varied between adjacent step edges. Such fluctuations were believed to be caused
by some interference between adjacent shear layers and cavity flows. In the upper flow region
(y > Y90), the velocity profile was pseudo-uniform:

V

V90
= 1 (9)

This trend (Eq. 9) implied that the spray was little affected by air resistance. The result was
consistent with the earlier findings of [7] in a stepped spillway model, and [18] and [6] who
investigated high-velocity water jets discharging into air. Equations 8 and 9 are shown in
Fig. 5, and the agreement with experimental data was consistent with earlier studies [7,30].

The dimensionless distributions of air-water specific interface area showed consistently
a characteristic shape with a maximum value for void fractions between 0.40 and 0.6. This
is seen in Fig. 5 for one flow condition. For the present flow conditions, the data showed
maximum specific interface areas of up to 330 m−1 with depth-averaged specific interface
area up to 190 m−1.

A characteristic feature of all experiments was a distinct seesaw pattern in terms of the
longitudinal distributions of dimensionless air–water depth Y90/dc, dimensionless maximum
bubble count rate Fmaxdc/Vc and maximum specific interface area amaxdc, where Vc is the
critical flow velocity (Fig. 6). This is illustrated in Fig. 6 for one flow rate, but the trend was
similar for all investigated flow conditions. Such a seesaw pattern was previously reported,
for example by [30] (θ = 53◦), [16] (θ = 22◦), and Gonzalez, and [11] (θ = 16◦). It is
further discussed below. Also seen in Fig. 6, the maximum specific interface area and bubble
count rate did not reach uniform equilibrium before the end of the chute. The dimensionless
maximum bubble count rate and interface area increased sharply with longitudinal distance
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immediately downstream of the inception point (i.e. (x−LI)/dc < 10), while they continued
to increase gradually with increasing distance further downstream (Fig. 6).

4 Energy dissipation and flow resistance

4.1 Energy dissipation

On the stepped chute, the skimming flows dissipated a major proportion of the flow kinetic
energy. The rate of energy dissipation �H/Hmax and the dimensional residual energy Hres/dc

were estimated at three steps along the chute (steps 10, 18 and 20) based upon the air–water
flow measurements. Herein Hmax is the upstream total head above the sampling location (step
10, 18 or 20), �H = Hmax – Hres, and the residual head Hres is the specific energy of the flow
at the sampling location:

Hres = d cosθ + U2
w

2 g
(10)

where Uw is the flow velocity (Uw = qw/d), qw is the water discharge per unit width and d
is the equivalent clear-water depth defined as:

d =
Y90∫

y=0

(1 − C) dy (11)

with y the distance normal to the pseudo-bottom formed by the step edges. The present results
showed a decreasing rate of energy dissipation on the stepped chute with increasing discharge
from about �H/Hmax = 80% for dc/h < 1.2 to <60% for dc/h > 3. The trend was consistent
with earlier studies [9,30] and very close to the results of [7] with the same bed slope.

For design engineers, the dimensionless residual head Hres/dc is a critical parameter
since it characterises the kinetic energy to be dissipated in a downstream stilling structure.
The residual energy data are shown in Fig. 7 together with earlier experimental results.
The comparative data sets regroup results derived from detailed air–water flow measure-
ments on three chute slopes (θ = 3.4, 15.9◦ and 21.8◦) and for a range of step heights
(0.05 ≤ h ≤ 0.143 m), as well as clear-water flow data for one slope (θ = 26.6◦) and two
step heights (h = 0.025 and 0.05 m). The comparison implied that the dimensionless residual
head was about 2.7 ≤ Hres/dc ≤ 3.1 with a median value of 3.0 for θ = 21.8 and 26.6◦, and
between 3.7 ≤ Hres/dc ≤ 5 with a median value of 4.5 for θ = 3.4 and 15.9◦, independently
of the step height (Fig. 7). Note that, for the small slopes (θ ≤ 16◦), there appeared to be some
dependency of the residual energy with the dimensionless discharge dc/h; but, for larger bed
slopes, the data appeared to be independent of the flow rate.

Practically, the present results were obtained with a fully-developed, aerated flow at the
chute downstream end. For larger discharges, the flow might not be fully-developed before
the downstream end, and the residual energy could be considerably larger [10,24,31].

4.2 Flow resistance

On the stepped chute, the skimming flows were characterised by significant form losses.
Downstream of the inception point of free-surface aeration, the average shear stress between
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Fig. 7 Dimensionless residual energy at the downstream end of the stepped chute—Median values are shown
in dotted/dashed lines—Comparison with non-aerated flow results of [31]

the skimming flow and the cavity recirculation was deduced from the measured friction
slope Sf :

fe = 8 τo

ρw U2
w

=
8 g Sf

⎛

⎝
Y90∫

y=0
(1 − C) dy

⎞

⎠

U2
w

(12)

where fe is the equivalent Darcy-Weisbach friction factor, and the friction slope Sf = −∂H/∂x
is the slope of the total head line [11,27]. Equation 12 gives an estimate of the Darcy-Weisbach
friction factor in the air–water flow region. The flow resistance results are presented on Fig. 8.
In Fig. 8, the friction factor data are plotted as a function of the dimensionless step roughness
height h cosθ/DH, where DH is the hydraulic diameter. In average, the equivalent Darcy
friction factor was fe ≈ 0.25 downstream of the inception point of free-surface aeration for
the present study.

The present results are compared with previous studies in Fig. 8, including two sets of
prototype observations (Dneiper and Brushes Clough) and several laboratory studies. All the
laboratory data were close (Fig. 8) and suggested a larger flow resistance for θ = 21.8◦ than
for the smaller slope angles. This trend was consistent with the findings of [22,26] and [32]
although the discrepancy with the Brushes Clough prototype data remains unexplained [17].
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Fig. 8 Darcy–Weisbach friction factor in air–water skimming flows down moderate-slope stepped spillways

The flow resistance data were compared also with a simplified analytical model of the
pseudo-boundary shear stress in the developing shear layer downstream of each step edge that
may be expressed in dimensionless form as: f = 2/(K

√
π) where 1/K is the dimensionless

expansion rate of the shear layer [17,21]. It predicts f ≈ 0.2 for K = 6 that is close to the
observed friction factors (Fig. 8).

Lastly, it must be noted that the results shown in Fig. 8 applied to the aerated flow region
only. In the developing boundary layer region, [1] derived the flow resistance by applying
an integral momentum method to PIV measurements and their results yielded f = 0.125 for
dc/h = 2.1 and Re = 4.4 105.

5 Re-aeration rate

During the present study, the phase-detection probe data showed a preponderance of milli-
metric size bubbles, and the results gave depth-averaged mean specific area amean ranging
from 30 to 190 m−1 that were of the same magnitude as earlier studies [15,39]. The aeration
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and the integration of the mass transfer Eq. 13

efficiency of the stepped spillway system was deduced from the basic mass transfer law. For
volatile chemicals (e.g. oxygen in water), the mass transfer equation at steady state yields:

∂

∂x
Cgas = kL a

Uw

(
Csat − Cgas

)
(13)

where Cgas is the concentration of the dissolved chemical in liquid, x is the longitudinal dis-
tance in the flow direction, Csat is the concentration of dissolved gas in water at equilibrium
and KL is the liquid film coefficient. [29] showed that the mass transfer coefficient KL is
almost constant regardless of bubble sizes and flow situations.

Equation 13 was integrated using the measured specific interface areas and air–water flow
velocities. The integration provided an estimate of the mass transfer rate. Typical results are
presented in Fig. 9. Figure 9 shows the aeration efficiency per metre drop in invert elevation
in terms of dissolved oxygen at 20 Celsius, standard pressure and zero salinity as a function of
the measured rate of energy dissipation �H/Hmax. The data are compared with earlier stud-
ies, and with the dissolved oxygen measurements of [39] on a flat stepped channel (θ = 3.4◦,
h = 0.143 m).

The results highlighted an increasing re-aeration rate of the flow with increasing rate of
energy dissipation (Fig. 9). This is seen in Fig. 9. The finding was consistent with the results of
[7] who linked turbulent energy dissipation with large-scale vortices and strong interactions
with the free-surface aeration. Physically, the stepped invert contributed to intense turbulence
production, and some turbulent energy was dissipated in the bulk of the flow through droplet
ejections and air bubble entrapment. These led to an enhancement in air–water interfacial
area and hence to an enhanced rate of re-aeration. Despite some scatter, the data implied
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a monotonic increase in aeration performances with increasing rate of energy dissipation
(Fig. 9). For the limited data set, a crude correlation is:

E(O2)

�zo
= 0.15

(
�H

Hmax

)2.6

(14)

where �zo is the total drop in invert elevation (in m) and E(O2) is the aeration efficiency in
terms of dissolved oxygen.

6 Discussion

In a skimming flow, substantial aeration and rapidly varied flow conditions take place at the
inception point of free-surface aeration [8,10]. Downstream the flow is gradually-varied and
fully-developed, and substantial air entrainment is observed. Further downstream, the depth-
averaged void fraction Cmean, characteristic depth Y90/dc and velocity V90/Vc seemed to
reach some asymptotic values. But the results highlighted a distinctive seesaw pattern with
wave length of about two step cavities (Fig. 6). It is believed that the pattern was caused by the
vortex shedding in the shear layers downstream of each step edge, the interactions between
successive adjacent step cavities and their interference with the free-surface [16,21,37]. A
similar observation derived from the re-analysis of earlier data sets [5,30]. Interestingly the
present data showed a monotonic increase in maximum bubble count rate and air–water inter-
face area that did not reach any equilibrium before the downstream end of the chute (Fig. 6).

Altogether the data trend yield some fundamental questions: (a) how do we define uniform
equilibrium flow conditions (normal flow conditions) in skimming flow above a stepped spill-
way ? (b) is there an unique set of normal flow conditions for a given discharge on a stepped
chute ? and (c) do the flow properties alternate between several modes of excitation which
may be regarded as unstable equilibrium conditions ? The concept of uniform equilibrium
flow conditions (normal flow) was developed for smooth-invert chutes e.g. [4,11,27]. It is
not valid for skimming flows on a stepped chute. It was recently argued that “flow resistance
in skimming flows is not an unique function of the flow rate and chute geometry” and the
form drag processes in skimming flows “may present several modes of excitation that are
function of the inflow condition, [...] cavity dimensions, cavity aeration and compliance of
the stepped invert” [12,13]. In a 24 m long chute, [14] highlighted the longitudinal varia-
tions of the air–water flow properties between step edges, although uniform equilibrium flow
conditions were not achieved at the downstream end of their chute despite near full-scale
prototype dimensions. Experimental evidences tended overall to refute the uniqueness of
normal flow conditions in skimming flows, although further works are required to present a
conclusive statement.

7 Conclusion

Detailed two-phase turbulent flow measurements were performed in a large facility with a
moderate slope stepped invert (1V:2.5H). The experimental data were analysed in terms of
the rate of energy dissipation, flow resistance, air–water interfacial areas and re-aeration rates,
while the results were compared with relevant literature. The data demonstrated significant
aeration of the flow for all investigated conditions, with depth-averaged specific interface
area between 30 and 190 m−1, and maximum specific interface areas of up to 330 m−1. The
median dimensionless residual head was about Hres/dc = 3.0 for θ = 21.8◦, while the
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re-analysis of earlier data sets gave Hres/dc = 4.5 for smaller slope (θ = 3.4◦&15.9◦). The
results were found to be independent of step heights and discharges. The flow resistance
results yielded an equivalent Darcy friction factor fe ≈ 0.25 downstream of the inception
point of free-surface aeration. A comparison with earlier studies showed a good agreement
although it suggested a larger flow resistance for θ = 21.8◦ than for the smaller slope angles.

The rate of re-aeration was deduced from the integration of the mass transfer equation
using measured interfacial areas. The results implied an increasing re-aeration of the flow
with increasing rate of energy dissipation for the same flow rate. It is believed that the stepped
invert contributed to intense turbulence production, and some turbulent energy was dissipated
in the bulk of the flow through droplet ejections and air bubble entrapment enhancing the
air–water interfacial area.

The experimental data showed however some distinctive seesaw pattern in the longitudi-
nal distribution of air–water flow properties with a wave length of about two step cavities.
It is thought that the trend was caused by the interactions between successive adjacent step
cavities and their interference with the free-surface. The existence of such “instabilities”
implies that the traditional concept of normal flow might not exist in skimming flows above
moderate-slope stepped spillways.
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