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Experimental investigations of air entrainment in
transition and skimming flows down a stepped
chute

H. Chanson and L. Toombes

Abstract: Stepped spillways have been used for about 3500 years. The last few decades have seen the development of
new construction materials, design techniques, and applications, for example, embankment overtopping protection sys-
tems. Although it is commonly acknowledged that free-surface aeration is significant in stepped chutes, experimental
data are scarce, often limited to very steep slopes (& ~ 50°). This paper presents an experimental study conducted in a
large-size stepped chute (ot = 22°, A = 0.1 m, W = 1 m). Observations demonstrate the existence of a transition flow
pattern for intermediate flow rates between nappe and skimming flows. Detailed air—water flow measurements were
conducted in both transition and skimming flows, immediately downstream of the inception point of free-surface aera-
tion where uniform equilibrium flow conditions were not achieved. In skimming flows, a complete characterization is
developed for the distributions of void fraction, bubble count rate, and velocity, and flow resistance data are compared
with other studies. Transition flows exhibit significantly different air—water flow properties. They are highly aerated, re-
quiring the design of comparatively high chute sidewalls.

Key words: stepped spillway, air entrainment, two-phase flow properties, skimming flow, transition flow.

Résumé : Les déversoirs en escalier ont été utilisés depuis plus de 3500 ans. Les quelques dernieres décennies ont vu
apparaitre le développement de nouveaux matériaux de construction, techniques de conception et d’applications : e.g.,
systémes de protection contre le débordements des barrages en remblai. Bien qu’il soit fréquemment reconnu que
I’aération en surface libre est importante dans les déversoirs en escalier, les données expérimentales sont rares, se limi-
tant souvent a des pentes raides (o ~ 50°). Cet article présente une étude expérimentale conduite dans un grand déver-
soir en escalier (o = 22°, h = 0.1 m, W = 1 m). Les observations démontrent I’existence d’un comportement
d’écoulement de transition pour les débits moyens entre 1’écoulement en nappe et I’écoulement extrémement turbulent.
Des mesures détaillées du débit air—eau ont été prises pour I’écoulement de transition et I’écoulement extrémement tur-
bulent, directement en aval du point d’aération en surface libre ou des conditions d’écoulement uniforme a 1’équilibre
n’ont pas été achevées. Pour I’écoulement extrémement turbulent, une caractérisation compléte est développée pour les
distributions des fractions de vides, le compte des bulles et leur vélocité, et les données de la résistance du débit sont
comparées avec d’autres études. Les écoulements de transition montrent des différences significatives dans les proprié-
tés de débit air—eau. Ils sont grandement aérés, ce qui demande une conception des murs de déversoir plus haut.

Mots clés . déversoir en escalier, entrainement d’air, propriétés des écoulements a deux phases, écoulement extréme-
ment turbulent, écoulement de transition.

[Traduit par la Rédaction]

1. Introduction 1997a). By the end of the 19th century, it was understood
that stepped chutes contributed significantly to the dissipa-
tion of the hydraulic energy, for example, the design of the
Gold Creek and New Croton dam spillways (Wegmann
1907; Chanson and Whitmore 1998). The interest in stepped
cascades dropped, however, during the first half of the 20th
century with new progresses in the energy dissipation char-

Stepped spillways have been used for about 3500 years
(Chanson 2000). During the 19th century, the design tech-
nique was common in Europe, North America, and Australia
(Schuyler 1909; Wegmann 1911; Kelen 1933; Chanson
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velopment of new applications (e.g., re-oxygenation cas-
cades). Research on stepped chute hydraulics has been very
active: one book, 16 journal papers, and 26 discussions
listed in Global Books in Print™ and Science Citation In-
dex™ for the period 1985-2000. However, most studies
prior to 1992 neglected the effects of free-surface aeration
(“white waters™), until the first data by Ruff and Frizell
(1994) and the analysis of Chanson (1993a). Today, experi-
mental data on air entrainment down stepped chute are
scarce, often limited to steep slopes (o ~ 50°) as used for
gravity dams. There is no data for slopes less than 25° that
may be typical for embankment dam spillways.

It is the purpose of this study to provide a comprehensive
database on air—water flows down stepped chutes. Measure-
ments were conducted on a large facility (@ = 22°, A =
0.1 m, W =1 m) with precise instrumentation. Based upon a
Froude similitude, the large size of the facility ensures that
the experimental results may be up-scaled with negligible
scale effects for geometric scaling ratios less than 10:1. Two
flow regimes were investigated, providing a broad spectrum
of flow conditions. A complete characterization of the air—
water flow properties is also provided.

2. Experimental apparatus and
instrumentation

Experiments were conducted at the University of
Queensland in a 2.7 m long, 1 m wide, 21.8° slope chute
(Fig. 1). Waters were supplied from a large feeding basin
(1.5 m deep, surface area 6.8 m x 4.8 m) leading to a side-
wall convergent with a 4.8:1 contraction ratio. The test sec-
tion consisted of a broad-crested weir (1 m wide, 0.6 m
long, with upstream rounded corner (0.057 m radius)) fol-
lowed by nine identical steps (2 = 0.1 m, / = 0.25 m) made
of marine ply. The stepped chute was 1 m wide with perspex
sidewalls, followed by a horizontal concrete-invert canal
ending in a dissipation pit.

The flow rate was delivered by a pump controlled with an
adjustable frequency AC motor drive, enabling an accurate
discharge adjustment in a closed-circuit system. The dis-
charge was measured from the upstream head above crest
with an accuracy of about 2% (Ackers et al. 1978).

Clear-water flow depths were measured with a point
gauge. Air—water flow properties were measured using two
types of conductivity probe: a single-tip probe (@ =
0.35 mm), and a double-tip probe (@ = 0.025 mm). The
probe sensors were aligned in the flow direction and excited
by an air bubble detector (AS25240). The velocity measure-
ments were the longitudinal component of the air—water in-
terfacial velocity. The probe signal was scanned at 5 kHz for
180 s and at 20 kHz for 20 s for the single-tip and double-tip
probes respectively. The translation of the probes in the di-
rection normal to the channel invert was controlled by a fine
adjustment travelling mechanism connected to a Mitutoyo™
digimatic scale unit (Ref. No. 572-503). The error on the
vertical position of the probe was less than 0.025 mm. The
accuracy on the longitudinal probe position was estimated as
Ax < 0.5 cm. The accuracy on the transverse position of the
probe was less than 1 mm. Flow visualizations were con-
ducted with a digital video-camera Sony™ DV-CCD DCR-
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TRV900 (speed: 25 fra/s, shutter: 1/4 to 1/10 000 s) and
high-speed still photographs.

Experimental observations were conducted for flow rates
ranging from 0.025 to 0.30 m’/s. Detailed air—water flow
properties were recorded for 19 flow rates ranging from
0.046 to 0.182 m¥/s (Table 1). Measurements were per-
formed at the step edges, unless indicated (Fig. 1). Note that
uniform equilibrium flow conditions were not achieved at
the downstream end of the chute because the flume was rela-
tively short. Further details of the experimental facility and
of the results were reported by Chanson and Toombes
(2001).

3. Basic flow patterns

3.1. Flow regime

The facility was designed to operate with flow conditions
ranging from nappe to skimming flow regimes. For d /i <
0.53, where d, is the critical depth and 4 is the step height,
the water flowed down the chute as a succession of clear,
distinct free-falling nappes referred to as the nappe flow re-
gime. For d./h > 0.97, the flow skimmed over the pseudo-
bottom formed by the step edges, that is, skimming flow re-
gime (Figs. la and 15b). Intense cavity recirculation was ob-
served at each step. For intermediate discharges (0.53 <
dJ/h < 0.97), a transition flow pattern was observed. Domi-
nant flow features of transition flows included strong splash-
ing and droplet ejections at any position downstream of the
inception point of free-surface aeration. Small to medium air
cavities were observed irregularly. For example, a step with
a small air pocket could be followed by a medium-size air
cavity at the downstream step, followed by a tiny air cavity
at the next drop. For an observer standing on the bank, the
transition flow had a chaotic appearance with irregular drop-
let ejections that were seen to reach heights of up to 3-5
times the step height. It did not have the quasi-smooth free-
surface appearance of skimming flows, nor the distinctive
succession of free-falling nappes observed in nappe flows.

With both transition and skimming flows, the upstream
flow was non-aerated and the free-surface exhibited an
undular profile of same wavelength and in phase with the
stepped invert profile. Free-surface instabilities were, how-
ever, observed (Fig. 1¢). Similar wave instabilities were dis-
cussed by Anwar (1994) and Chanson (1997b). Anwar
suggested that free-surface aeration may be initiated by free-
surface wave development, while Chanson showed experi-
mental evidence of free-surface aeration in partially devel-
oped flows.

Ohtsu and Yasuda (1997) were the first to mention the ex-
istence of a distinct “transition flow” regime between nappe
and skimming flows. The present observations of changes in
flow regime are close to their findings: 0.78 < dJ/h < 1.05
for o = 18.4° (Yasuda and Ohtsu 1999). These are further
consistent with previous reviews of nappe-to-skimming flow
transition conditions (Rajaratnam 1990; Chanson 1996).

3.2. Inception of free-surface aeration

The location of the inception of free-surface aeration was
clearly defined for each test, although cavity aeration was
typically observed one to two steps upstream of the incep-
tion point (Figs. la and 1b). A similar observation was re-
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Fig. 1. Photographs of the experimental facility: (a) definition sketch of the test section; (b) side view of a skimming flow (d/h = 1.5)
from left to right; and (c) free-surface instabilities upstream of the inception point of free-surface aeration in a skimming flow, looking

downstream (d/h = 1.16).
(@)

broad-crest

upstream end
of broad-crest

step edge 1

step edge 3

cavity aeration
upstream of inception

(b)

ported by Horner (1969), Chamani (2000), and Matos
(2000).

Experimental observations of the longitudinal position of
the inception point of free-surface aeration are reported in
Fig. 2 as s/(h cos a) as a function of F. defined as

dw

F =
\/g sin ok cos o)

where h is the step height, o is the slope of the pseudo-
bottom formed by the step edges, g, is the water discharge
per unit width, and s, is the longitudinal distance measured

Inception of
free-surface

/ aeration

-y | e

b

e

from the upstream edge of the broad-crest. In Fig. 2, the data
points (UQ 22°) regroup nappe flow (F. < 10), transition
flow (10 < F« < 18), and skimming flow (F« > 18) observa-
tions. They are compared with an incomplete set of observa-
tions (UQ 16°) obtained in the same flume witha = 16°, h =
0.1 m, and / = 0.35 m. Overall the data are best correlated by

S

_ 1234 0.465
hcosa  (sin

*
a)()40796

(1]

forao=15.9° and 21.9°, and F. < 3.8. Experimental observa-
tions and eq. [1] are compared with skimming flow data

© 2002 NRC Canada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



148

Can. J. Civ. Eng. Vol. 29, 2002

Table 1. Summary of experimental flow conditions for air—water flow measurements.

Location of inception

Q,, (m’/s) of free-surface aeration Flow regime Remarks

Ref. (1) (2) (3) 4 (5)

Series | Single-tip probe
0.182 Step edge 6 Skimming flow Run Q5
0.164 Step edge 6 Skimming flow Run Q6
0.147 Step edge 5 Skimming tlow Run Q7
0.130 Step edge 5 Skimming flow Run Q8
0.124 Step edge 5 Skimming flow Run Q1
0.114 Step edge 5 Skimming flow Run Q9
0.103 Step edge 4 Skimming flow Run Q2
0.099 Step edge 4 Transition flow Run Q10
0.085 Step edge 4 Transition flow Run Q11
0.080 Step edge 4 Transition flow Run Q3
0.071 Step edge 3 Transition flow Run Q12
0.066 Step edge 3 Transition flow Run Q4
0.064 Step edge 3 Transition flow Run Q13
0.058 Step edge 3 Transition flow Run Q14
0.052 Step edge 3 Transition flow Run Q15
0.046 Step edge 3 Transition flow Run Q16

Series 2 Double-tip probe
0.182 Step edge 6 Skimming flow Run Q23
0.114 Step edge 5 Skimming flow Run Q21
0.058 Step edge 3 Transition flow Run Q22

Fig. 2. Characteristic location of the inception point of free-
surface aeration: s;/(h cos @) as a function of Fi.

BEITZ and LAWLESS (50 deg.)
BINDO (51 deg.)

FRIZELL (27 deg.)

HADDAD (6.8&13.5 deg.)
HORNER (36.4 deg.)

SORENSEN (52 deg.)

TOZZI (53.1 deg.)

ZHOU (51.3 deg.)

CHAMANI (51&59 deg.)
WAHRHEIT-LENSING (51.3 deg.)
UQ (22 deg)

UQ (16 deg.)

Trigomil (51.3 deg.) PROTOTYPE
Correlation STEPPED chute (52 deg.) R
= Correlation STEPPED, F* < 3.2 4t

1000

e P X+ XOO 108D

sy/(h cosar)
8

Trigomil

down steep chutes. The latter data set shows good agreement
between laboratory and prototype observations, but they ex-
hibit a trend that is best predicted by Chanson’s (1995a) cor-
relation for steep stepped chute and F« > 2:

2] s, 1972

— X F9'7l3
hcoso  (sin 0079

4. Air-water flow properties in skimming
flows

4.1. Basic air-water flow properties

Downstream of the inception point of free-surface aera-
tion, a rapid free-surface aeration was observed. Air concen-
tration distributions, measured at step edges, exhibited a
smooth continuous profile. Experimental results are pre-
sented in Fig. 3 and compared with an analytical solution of
the air bubble advective diffusion equation

3
Y [L_lj
Y. 3
[31 € =1-tanh? K”—-)—@—q—L_
2D, 3D,

(skimming flows)

where y is distance measured normal to the pseudo-bottom,
Yy is the characteristic distance where C = 90%, K” is an in-
tegration constant, and D, is a function of the mean air con-
centration C.,, only (Appendix 1). A small number of
measurements were taken half-distance between two step
edges (Fig. 3b). The results suggest consistently a greater
overall aeration than at adjacent step edges, with some aera-
tion of the fluid layers next to the recirculation cavity (i.e.,
y/Yge < 0.3).

Velocity distributions are presented in Fig. 3. At the step
edges (Figs. 3a and 3c¢), the data follow the power law:
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Fig. 3. Air-water flow properties in skimming flows (d./h = 1.5) — comparison with egs. [3] and [4] — inception of free-surface aer-
ation upstream of step edge 6: (@) flow conditions at the 7th step edge; (b) flow conditions half-distance between the 7th and 8th step
edges; (¢) flow conditions at the 8th step edge; and (d) dimensionless bubble count rate distributions (data measured with single-tip

probe) for d/h = 1.1 and comparison with eq. [5].
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at step edges, where Vy, is the characteristic velocity for C =
90%. N was found to be about 5.1 and 6.0 for d./h = 1.5 and
1.1 respectively. Chanson (1995a) found N = 3.5 and 4 for
the earlier works of Frizell (1992) and Tozzi (1992) respec-
tively. Matos (2000) performed air—water velocity measure-
ments in a longer chute and observed N ~ 4. In the present
study, the flume was relatively short and uniform equilib-
rium flow conditions were not achieved. This might account
for some difference with Matos’ results while he used a
flushed Pitot tube, which is not accurate at high void frac-
tions. Between step edges, the velocity distribution was af-
fected by the cavity recirculation and did not follow eq. [4]
(Fig. 3b).

Figure 3d presents dimensionless distributions of bubble
count rates F,d/V., where F,, the bubble count rate or
bubble frequency, is defined as the number of bubbles im-
pacting the probe tip per second, d, is the critical depth, and
V, is the critical flow velocity. For a given flow velocity and
void fraction, the bubble count rate F,, is inversely propor-
tional to the mean bubble size and directly proportional to

c '
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the air-water specific interface area. The relationship
between the bubble frequency and air content exhibits a
characteristic parabolic shape, which is best fitted by

Fap

(5] —2—
(Eib)max

= 4C(1 - C)

with the maximum bubble frequency (F,)max for C ~ 50%.

4.2. Turbulent velocity field

Distributions of modified turbulence intensity Tu" are pre-
sented in Fig. 3. The data were measured with the dual-tip
resistivity probe and details of the processing technique, in-
cluding the definition of Tu’, are given in Appendix 2. Al-
though Tu is not exactly equal to the turbulence intensity, it
provides some information on the turbulence level in the
flow. Figure 3 includes data measured at step edges (Figs. 3a
and 3c¢) and in between step edges (Fig. 3b).

In Fig. 3 the distributions of turbulence intensity Tu" ex-
hibit relatively uniform profiles implying high turbulence
levels across the entire air—water flow mixture (0 < y/Yyy <
1). The trend differs significantly from the well-known tur-
bulence intensity profiles observed in turbulent boundary
layers (Schlichting 1979). On stepped chutes, it is believed
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that the high rate of energy dissipation, associated with form
drag, contributes to strong turbulent mixing throughout the
entire flow. Greater turbulence levels are expected within
the developing shear layers, that is, in the wake of each step
edge. Despite some scatter, the trend is observed for the
lower regions (y/Yy, < 0.2 to 0.3) (Fig. 3b).

The quantitative values of turbulence intensity Tu’ are
large (~100%). They are of the same order of magnitude as
turbulence levels measured in separated flows past rectangu-
lar cavity (Haugen and Dhanak 1966), in wakes between
large stones (Sumer et al. 2001), and in the developing shear
region of plunging water jets (Chanson and Brattberg 1998).

4.3. Comparison of void fraction profiles between
smooth- and stepped-invert chute flows

Although the distribution of air concentration follows a
trend similar to that seen in smooth-invert chute flows, small
differences were consistently observed. This is highlighted
in Fig. 4 with a comparison of void fraction distributions ob-
tained for identical mean air concentration. Black symbols
are prototype smooth-invert chute data at Aviemore dam
spillway (Cain 1978) and the cross symbols are stepped
chute data (present study). The skimming flow data are com-
pared with eq. [3], and smooth chute data are compared with
Chanson’s (1995b) model developed and validated for
smooth chute flows:

_ y/Yg

[6] C =1-tanh?| K’
2D

} (self - aerated flows)

where the integration constant K’ and the dimensionless air
bubble diffusivity D’ are functions of the mean air content
only (Appendix 1).

The comparison of void fraction profiles indicates that,
for an identical mean air content, skimming flows are more
aerated in the upper flow layer (C > 0.3 to 0.5) than in
smooth-invert self-aerated flows, and lesser air is observed
in the lower layers (Fig. 4). A similar trend was observed
with the stepped chute data of Tozzi et al. (1998). The result
suggests a stronger droplet ejection mechanism in skimming
flows, whereby water ejections reach comparatively higher
elevations (than in smooth chute flows) before re-attaching
to the flow. The trend must be related to different turbulent
processes, that is, skin friction in smooth-invert chutes ver-
sus form drag in skimming flow down stepped chutes.

5. Air-water flow properties in transition
flows

Free-surface aeration was found to be very intense for all
transition flow rates. Downstream of the inception point of
free-surface aeration, mean air concentrations ranged from
0.2 to 0.6 typically, with maximum mean air content of up to
78% measured at one step edge. Major redistributions of air
content and velocity were observed between adjacent, suc-
cessive step edges. Similar longitudinal fluctuations of flow
properties were observed in transition flows down a 3.4°
stepped chute (7 = 0.071 and 0.143 m) at the University of
Queensland, suggesting that the finding is not specific to the
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Fig. 4. Comparison of air concentration distributions in smooth-
invert and stepped chute flows: (a) Cp.n = 0.27 and (b) C, 0 =
0.35. (Smooth-invert data: black symbols, solid line (eq. [6]);
stepped chute data: cross symbols, dashed line (eq. [3]).)
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facility. Figure 5 shows air—water flow properties for one
typical flow rate.

At most step edges. the distributions of air concentration
may be fitted by

71 C=K"|1- exp(—k i)

90
where K” and A are functions of the mean air content only
(Appendix 1). Equation [7] compares favourably with most
data, except for the first step edge downstream of the incep-
tion point of free-surface aeration and for the deflecting jet
flow (Fig. 5).

For most flow rates, a deflecting flow was observed a few
steps downstream of the inception point of free-surface aera-
tion. Visually, the flow appeared to bypass one step, barely
touching the step edge. At that step, liquid fractions (1 - C)
greater than 10% were measured at distances up to 1.5d, and
some spray overtopped the 1.25 m high sidewalls. The nappe
reattached the main flow at the next downstream step. In
Fig. 5, such a deflected nappe is seen at the 6th step edge
(Fig. 5d). For d/h < 0.8, the deflecting flow was consis-
tently observed at the 4th step edge downstream of the in-
ception of free-surface aeration. At the lowest flow rates, a

© 2002 NRC Canada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chanson and Toombes

151

Fig. 5. Comparison of experimental and theoretical (eq. [7]) results of dimensionless air concentration and velocity distributions in a
transition flow (Q,, = 0.058 m¥s): (a) at the 3rd step edge, immediately downstream of the inception point of free-surface aeration;
(b) at the 4th step edge; (c) at the Sth step edge; (d) at the 6th step edge (deflected nappe); (e) at the 7th step edge; and (f) at the 8th
step edge (figure (f) also shows data for turbulent intensity distributions).
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second deflecting flow was noted at the 6th step edge down-

stream of the inception point.

In transition flows, the distributions of bubble count rates
follow about the parabolic law (eq. [S]) that was observed in

smooth-invert chute flows and in skimming flows.

(d) VIV,
0 0.3 1.0 15 2.0 25 3.0 35 4.0
2.2 + + b + + t 1 |
2+ = n
18 - m Cdata o .
’ O V/V, data a] ]
16 + o -
14 T+ o u
1 Deflecting na o n
<127 © & nappe o ]
= om
> 10t [ =)
% .
08 + [u]
mD
06 + .ID u]
"5
0.4 1 m O
02 %o
- - s a &
0 : —=n 04 :
0 02 0.4 0.6 0.8 1.0
C
(e) VIV,
0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
1.4 + + t + i
om
1.2 + ats
m Cdata om
C theory e
1.0 4 o V/V.daa o
m 0
[ o
. 081 s 0
g = o
m O
06 1 - a
] a
[ o
04 L+ ™ 9,
[ o
[ [a]
- [ B a®
02 + - o
2 o
u o °
0 1 + ; t
¢ 02 04 0.6 0.8 1.0
C
® VIV, Tu'
0 0.5 1.0 1.5 20 25 30 35 4.0
14 t t + i 1 t : 4
wm Cdata
1.2 +
° C theory o -
o V/V.data
1.0+ ° o Tu' data o n
o o -
o =] |
L 08T -] o u
2 ° D =
2
] ° om
0.6 + ° oOm
) [Tal
3 . " o
04 1 9 = =
o n o
] [ 1 x|
) [ =}
02 1 ™o 8
mo- o
5 o o
0 } + + i
0 0.2 04 0.6 0.8 1.0
C

Air—water velocity distributions are presented in Fig. 5 as
VIV, versus y/d.. Although, in a transition flow, the shape of
the air concentration profiles is nearly identical for a given
flow rate, the velocity distributions are rapidly varied from
step edge to step edge (Fig. 5). The distributions of modified
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Fig. 6. Longitudinal distributions of mean air content C_,, and
dimensionless depth Yyy/d_: (@) skimming flow data and compari-
son with numerical calculations (Wood 1985; Chanson 1993b);
and (b) transition flow data.

(a) q

Cinean d/h=1.15 Q1
Cean dc/h=13 Q7
Chean d/h=1.5 Q5
Yop/d dc/h=1.51 Q1
Yg/d, d/m=1.3 Q7
Yoo/d, d/h=1.5 Q5
Crean calcul d/h=1.3

» B ¢ b O D>

s — Yoo/d, calcul dc/h=1.3
0.1
ol .
8 10 12 i4 16 18 20 22 24 26
x/d,
(b)
+ X
1.60 2 Q3 d /=087
1404 y + Ql1 ds/h=0.90
L DA ¢ Q12d/h=0.8
1.20 4 A b o Q4d/h=0.77
) [] ‘o k . =
3 " | = qisancoss
I a =0).
> - SEEaN 2o ¢
« 0.80 T . e . ®Tx.m 4 Ygo/d. d./h=0.87
S , Ba o X
5060 ] SR LN o | * Yed, d/h=038
[ A 4B “q ® o - @~ Yoo/d. d/h=0.77
- [¢] o] -
040+ * g 0%, Aoy --%--Yop/de d/h=0.7
A B Yoyfd. d/h=0.65
020 + +
©
0.00 + + + —+
8 13 i8 23 28 33 38
x/d,

turbulence intensity Tu’ exhibit relatively uniform profiles
across the air—water flow mixture (i.e., 0 < y/Yoq < 1). Fig-
ure 5f shows an example. The quantitative values of turbu-
lence intensity Tu’ are comparable with skimming flow data
(Fig. 3).

5.1. Remarks

Equation [7] is an analytical solution of the diffusion
equation (Appendix 1). It assumes that the air bubble
diffusivity is zero for C = 0 and C = 1, and that it follows a
distribution:

CJyl1-C

8 D=——"
(81 MK - C)

(transition flows)

The shape is somehow similar to the sediment diffusivity
distribution developed by Rouse (1937).

In a transition flow, the design of the sidewalls must ac-
count for the deflecting jet flows. That is, the chute sidewall
height must be sized to at least 1.0Yy, (i.e., about 1.6d,), or
even larger than 1.4Yy, if splashing is not acceptable, for ex-
ample, with a road next to the spillway chute and high risks
of frost and icy conditions. For comparison, Yqo/d. was
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found to be less than 0.7-0.8 in skimming flows, during the
present study (Fig. 6b).

6. Discussion

6.1. Air-water flow properties

Longitudinal distributions of mean air concentration Cp,n
and dimensionless air—water depth Y,y/d. are presented in
Fig. 6, where the horizontal axis x/d, is the ratio of the dis-
tance from the downstream end of the broad crest to the crit-
ical depth. Note that the chute was relatively short and that
uniform equilibriom flow conditions were not achieved at
the downstream end.

In skimming flows, rapid aeration was observed at the in-
ception point, followed by a gradual increase (Fig. 6a). In
Fig. 64, the data are compared with the numerical model de-
veloped for smooth-invert chutes by Wood (1985) and ex-
tended by Chanson (1993b). Calculations were conducted
assuming a friction factor f = 0.3.

Transition flow data are presented in Fig. 6b. Note the dif-
ferent horizontal and vertical ranges between Figs. 6a and
6b. Very large aeration was observed in transition flows, in
excess of acknowledged limits observed in smooth chute
flows (Wood 1991; Chanson 1997b). The air—water flow
depth data Yy, exhibited a saw-edged pattern, reaching up to
1.4-1.6 times d_ at deflected nappes. Overall, both sets of
curves do not show a monotonic trend. Rather chaotic, irreg-
ular variations with increasing distances from the crest were
observed. Similar instabilities were measured down a 3.4°
stepped chute (4 = 0.07 and 0.14 m) at the University of
Queensland. Ohtsu and Yasuda® observed also the chaotic
nature of transition flows for slopes ranging from 5.7° to
55°, although the “chaos” appeared more pronounced for
o < 35°

Experimental results show that the maximum bubble fre-
quency (F,,)max itcreased with longitudinal distance for each
flow rate, and that it did not reach an upper limit within the
length of the experimental channel. The test section was in-
deed relatively short and uniform equilibrium was not
achieved at the downstream end. Figure 3d illustrates the
longitudinal increase in maximum bubble frequency for a
skimming flow.

6.2. Flow resistance in skimming flows

Skimming flows are characterized by significant form
drag and form losses take place predominantly in the cavity
recirculation. In gradually varied flows downstream of the
inception point, the average shear stress between the skim-
ming flow and the cavity recirculation may be calculated
from the friction slope S; (Henderson 1966). For a wide
channel the energy equation yields

y=Yy
8g j(l—C)dy S
81, y=0
9 e: o -
N vz

where the friction slope equals S; = —0H/ds, H is the depth-
averaged total head, s is the curvilinear coordinate along the

2Personal communication.
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Table 2. Summary of experimental results of flow resistance in skimming flows.

Ref. Q,, (m¥s) Flow regime f. Remarks

) (2) (3) (3) 4

Series 1 Single-tip probe
0.182 Skimming flow 0.143 Run Q5
0.164 Skimming flow 0.157 Run Q6
0.147 Skimming flow 0.196 Run Q7
0.130 Skimming flow 0.184 Run Q8
0.124 Skimming flow 0.215 Run Q1
0.114 Skimming flow 0.283 Run Q9
0.103 Skimming flow 0.157 Run Q2
0.099 Transition flow 0.158 Run Q10

Series 2 Double-tip probe
0.182 Skimming flow 0.092 Run Q23
0.114 Skimming flow 0.074 Run Q21

Fig. 7. Flow resistance in skimming flow — comparison with eq. [10] (f; = 0.2) and laboratory data obtained in large-size facilities (BaCaRa
1991; Shvainstein 1999; Chamani and Rajaratnam 1999; Yasuda and Ohtsu 1999; Matos 2000; Boes 2000; Present study (UQ 22°)).

10 < —

w— FQ. Mixing layer O BaCaRa ¢ Boes
A Chamani & Rajaratnam O Matos + Shvainstein
= Yasuda & Ohtsu ® UQ (22 deg.)

01 AR AL

0.01
0.1

flow direction, f, is the Darcy friction factor for air—water
flow, and U, is the mean water flow velocity (U, = g,/d).
For the present series of experiments, the flow resistance
was estimated using eq. [9] (Table 2). The data ranged from
0.093 to 0.28 within average f, = 0.17. In Fig. 7, the present
data are compared with skimming flow data obtained in
large-size laboratory flumes (i.e., # > 0.02 m and Re > 1 x
10°) for slopes ranging from 30 to 60°.

Overall, the friction factor data present no obvious corre-
lation with the relative step roughness (h cos o/Dy),
Reynolds, Froude, nor Weber numbers. However, they com-
pare favourably with a simplified analytical model of the
pseudo-boundary shear stress, which may be expressed, in
dimensionless form, as

81 2 (1
10 . L
o Ja pU2 \/E(K)

where f; is an equivalent Darcy friction factor estimate of
the form drag and 1/K is the dimensionless expansion rate of
the shear layer (Chanson et al. 2000). Equation [10] predicts
fa=0.2 for K = 6, i.e., close to the observed friction factors,
particularly the present data (Fig. 7).

h coso/Dy ]

7. Conclusions

New experiments were conducted in a large-size stepped
chute. Visual observations demonstrated three types of flow
regimes: nappe flow, transition flow, and skimming flow.
The transition flow regime was observed for a relatively
broad range of flow rates. It was characterized by a chaotic
flow motion, strong splashing, and very significant aeration.

Detailed air—water flow measurements were conducted in
both transition and skimming flows immediately down-
stream of the inception point of free-surface aeration. In
skimming flows, a complete characterization was developed
for the distributions of void fraction, bubble count rate, and
velocity. Although the air concentration distribution has the
same shape as smooth chute flows, a slightly different trend
was consistently observed, associated with strong droplet
ejections. Flow resistance data are consistent with re-
analysed data obtained in large-size laboratory chutes
(Fig. 7). Transition flows exhibited significantly different
air-water flow properties from those observed in skimming
flows. For each experiment, a deflected nappe was observed
occasionally (i.e., at one step). The deflected jet was highly
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aerated and the associated spray would overtop the 1.25 m
high sidewall.

Although the study was limited to one slope and for a
short canal, the results highlighted the complexity of the
free-surface aeration down stepped cascades down moderate
slopes (i.e., o = 22° during the present study).
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List of symbols

C air concentration defined as the volume of air per unit
volume, also called void fraction
Cean depth-averaged air concentration defined as (1 -
Y90)Crnean = d
Dy hydraulic diameter (m); Dy = 4dWHW + 2d) for a
rectangular channel
D, twrbulent diffusivity (mzls) of air bubble in air—water
flows
D, dimensionless coefficient
D’ dimensionless air bubble diffusivity (Appendix 1)
Y,

d characteristic depth (m) defined as d = ja —~C)dy

critical flow depth (m); for a rectangl(l)lar channel,
32/ g
Yaulg
F,, bubble count rate (Hz), i.c., number of bubbles de-
tected by the probe sensor per second
(Fap)max Maximum bubble count rate (Hz)
f Darcy friction factor
fy equivalent Darcy friction factor estimate of the form
drag
f. Darcy friction factor of air-water flows
g gravity constant (m/s?) or acceleration of gravity; g =
9.80 m/s? in Brisbane
h height of steps (m) (measured vertically)
K inverse of the spreading rate of a turbulent shear layer
K’, K”, K” integration constants
horizontal length of steps (m) (measured perpendicu-
lar to the vertical direction)
exponent of the velocity power law
discharge (m%/s)
discharge per unit width (m?/s)
normalized cross-correlation coefficient
friction slope
s curvilinear coordinate (m) measured in the flow direc-
tion

e R Z —

N
—_
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O

; distance (m) of the inception point of free-surface aer-
ation measured from the upstream crest edge
T bubble travel time (s) for which the cross-correlation
function is maximum
Tu turbulence intensity defined as Tu = «//V
Tu’ characteristic turbulence intensity in air—water flows
(Appendix 2)
U,, clear-water flow velocity (m/s), U, = q,/d
u” root mean square of longitudinal component of turbu-
lent velocity (m/s)

u, bubble rise velocity (m/s)

(uyyq bubble rise velocity (m/s) in a hydrostatic pressure
gradient

V velocity (m/s)

V. critical velocity (m/s); for a rectangular channel, V, =
V89w

Vgo characteristic velocity (m/s) where the air concentra-
tion is 90%

W channel width (m)

x longitudinal distance (m)

y distance (m) from the pseudo-bottom (formed by the
step edges) measured perpendicular to the flow direc-
tion

Yoo characteristic depth (m) where the air concentration is
90%

o channel slope

Ax distance between probe sensors (m)

AT time scale (s) for which the cross-correlation function
equals half of its maximum

At characteristic time (s) for which the normalized
autocorrelation function equals 0.5

A dimensionless coefficient

p density (kg/m3)

T, boundary shear stress (Pa)

@ diameter (m)

Subscripts
¢ critical flow conditions
w water flow

Appendix 1. Air bubble diffusion in self-
aerated flows (by H. Chanson)

In supercritical flows, free-surface aeration, also called
white waters, occurs when turbulence acting next to the free
surface is large enough to overcome both surface tension for
the entrainment of air bubbles and buoyancy to carry down-
wards the bubbles. Assuming a homogeneous air—water mix-
ture for C < 90%, the advective diffusion of air bubbles may
be analytically predicted at uniform equilibrium. The conti-
nuity equation for air in the air—water flow yields

[Al] 8[1)t Qg) - cos 02 @,C)
avl oy ay

where D, is the turbulent diffusivity, i, is the bubble rise ve-
locity, o is the channel slope, and y is measured perpendicu-
lar to the mean flow direction. The bubble rise velocity in a
fluid of density p,(1 — C) equals

[A2] o =[()pyald-C)
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where (#.)yyq is the rise velocity in hydrostatic pressure gra-
dient (Chanson 1995b, 1997b). A first integration of the con-
tinuity equation for air in the equilibrium flow region leads
to

oC _ 1

a:yl DI

where y* = y/Yo, and D’ = D/((u)uyg cos o Ygp) is a
dimensionless turbulent diffusivity. D’ is the ratio of the air
bubble diffusion coefficient to the rise velocity component
normal to the flow direction times the characteristic trans-
verse dimension of the shear flow.

Assuming a homogeneous turbulence across the flow (i.e.,
D’ constant), the integration of eq. [A2] yields eq. [6], which
was validated with smooth-invert chute model and prototype
data (Chanson 1995b, 1997b). Advanced void fraction distri-
bution models may be developed assuming a non constant
diffusivity, i.e., eqs. [3] and [7]. Full details of integration
were presented in Chanson and Toombes (2001).

For completeness, Toda and Inoue (1997) developed two-
dimensional numerical models of the advective diffusion
equation for air bubbles. The results of both Lagrangian and
Eulerian models gave very similar results to air—water flow
measurements and to the analytical models.

[A3] Cy1-C

Appendix 2. Velocity measurements and
cross-correlation techniques for dual-tip
probe measurements in gas-liquid flows

In two-phase flows, a velocity measurement technique is

based upon successive detection of bubbles/droplets by two
sensors aligned in the flow direction. In highly turbulent air-

Can. J. Giv. Eng. Vol. 29, 2002

water flows, the detection of a bubble by each probe sensor
is highly improbable, and it is common to use a cross-
correlation technique (Crowe et al. 1998). The time-
averaged air—water velocity is defined as

Ax

[Ad] V=—
T

where Ax is the distance between probe sensors and 7 is the
travel time for which the cross-correlation function is maxi-
mum. The shape of the cross-correlation function provides a
further information on the turbulent velocity fluctuations.
For example, flat cross-correlation functions are associated
with large velocity fluctuations around the mean and large
turbulence intensity Tu = u’/V, where u’ is the standard devi-
ation of the turbulent velocity fluctuations. The information
must be corrected to account for the intrinsic noise of the
leading probe signal and the turbulence intensity is related to
the broadening of the cross-correlation function compared to
the autocorrelation function.

Chanson and Toombes (2001) demonstrated that the tur-
bulence intensity u’/V may be approximated as

, AT2 _ as2
TuquzO.SSl—AZ—Ti:Tu'

[A5]

where AT is a time scale for which the cross-correlation
function equals half of its maximum (i.e., R(T + AT) =
R(T)/2) and At is the characteristic time for which the nor-
malized autocorrelation function equals 0.5. Tu" is a
dimensionless velocity scale that is characteristic of the tur-
bulent velocity fluctuations over the distance Ax separating
the probe sensors.
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