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Abstract: The hydraulics of stepped spillways with flat steps has been studied for the last three decades, including for embankment dam
slopes, but studies of alternative stepped designs are limited. In this study, a pooled stepped spillway was investigated in a relatively large-size
facility, and three different pool wall porosities were tested. The flow patterns, the macro- and microscopic air-water flow properties, and the
energy dissipation performances were recorded; the results were compared with the flat stepped spillway design for the same chute slope
(θ ¼ 26.6°). The investigations highlighted a close agreement between air-water flow properties on the configurations in terms of void
fraction, turbulence levels, bubble count rate, and chord sizes. The interfacial velocity distributions showed larger interfacial velocity
on the pooled step configurations of approximately 5–10% linked with a reduced flow depth. On the porous pooled stepped spillways,
the interfacial velocities within the cavity highlighted the flow through the pores and the reduction in cavity recirculation. The porous pooled
weir reduced the form drag, and the residual energy was approximately 1.5–2 times larger on the porous pooled stepped chute with Po ¼ 31%

and approximately 1.3 times larger on the porous steps with Po ¼ 5% compared with the flat stepped chute. The flat step design appeared to
be the most advantageous in terms of flow stability and energy dissipation performance. DOI: 10.1061/(ASCE)HY.1943-7900.0000858.
© 2014 American Society of Civil Engineers.
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Introduction

Stepped spillways are designed for both gravity dams and embank-
ment structures (Chanson 2001). The steps act as large rough
elements, thus increasing the air entrainment and energy dissipation
performances compared with smooth chutes (Rajaratnam 1990;
Chanson 1994; Chamani and Rajaratnam 1999). The stepped de-
sign is compatible with a number of modern construction tech-
niques, including roller compacted concrete (RCC). The steps
increase the flow aeration, thus reducing the cavitation risk.

Stepped spillways are typically designed for large flow rates in
the skimming flow regime. Detailed air-water flow experiments
have been performed on flat uniform steps with embankment dam
slopes and the aeration and energy dissipation performances are
well documented (e.g., Ohtsu et al. 2004; Gonzalez and Chanson
2007; Felder and Chanson 2009a; Bung 2011).

However, the stepped spillway design may be applied to nonuni-
form steps (e.g., Tillot Dam, France) (Chanson 2001), downward
inclined steps (e.g., Brushes Clough Dam, U.K.) (Baker 1994),
changing channel slope (e.g., New Victoria Dam, Australia)
(Felder 2013), pooled steps (e.g., Sorpe Dam, Germany) (Thorwarth
2008), and some hydraulic structures were designed with gabion
steps (e.g., Gabion Dam structure, West Cornfield, New Mexico).
More complex stepped spillway designs were also considered,
i.e., triangular vanes across the step cavities (Gonzalez and Chanson
2008), stepped chutes with wedge-shaped concrete blocks

(Relvas and Pinheiro 2008), nonuniform stepped spillways (Felder
and Chanson 2011), and over gabion stepped weirs (Peyras et al.
1992). The air-water flows on pooled stepped spillways were inves-
tigated with channel slopes of θ ¼ 14.6°, 18.6°, and 30° (André
2004; Kökpinar 2004; Thorwarth 2008). Thorwarth (2008) and
Felder (2013) researched self-induced instabilities on a pooled
stepped spillway with θ ¼ 8.9°, which might cause a risk for safety
as documented for the Sorpe Dam (Chanson 2001; Thorwarth
2008). On the same spillway facility (θ ¼ 8.9°), Felder and Chanson
(2013b) compared the aeration and energy dissipation performances
on stepped configurations with flat, pooled, and combination of
flat and pooled steps. A comparative analysis of air entrainment,
instabilities, and energy dissipation on flat and pooled stepped
spillways with θ ¼ 8.9° and θ ¼ 26.6° was performed by Felder
and Chanson (2013a). Recently, Guenther et al. (2013) studied
the air-water flow patterns and energy dissipation performances
on stepped spillways with in-line and staggered configurations of
flat and pooled steps with θ ¼ 26.6°.

In this study, further pooled step designs were investigated for a
chute slope θ ¼ 26.6° (2 H∶1 V). Three pool wall porosities were
tested: Po ¼ 0, 5, and 31%. A porosity of 31% was approximately
the porosity of gabion pool walls, and the porosity Po ¼ 5% was
tested to reflect a low water discharge drainage system for pooled
stepped spillways. The present study focused upon the flow pat-
terns, the aeration, and the energy dissipation performances on the
porous pooled stepped chutes; the results were compared with the
pooled step design (Po ¼ 0) and the flat reference configuration.

Experimental Facility, Instrumentation, and Flow
Conditions

The experimental study was conducted in a large-size stepped
spillway facility with a 7-m-long, 0.52-m-wide test section with
a slope of 26.6° and perspex sidewalls for flow visualization. The
channel consisted of 10 plywood steps with step height h ¼ 10 cm.
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The pooled step weirs were 3.1 cm high and 1.5 cm thick
[Fig. 1(a)]. The experiments encompassed four stepped spillway
configurations—flat steps, pooled steps (Po ¼ 0), and porous
pooled steps with Po ¼ 5% and Po ¼ 31% (Fig. 1). The pores of
the porous pooled steps were 5-mm-diameter holes drilled into the
pooled weirs with a thickness of 1.5 cm. The porous configuration

with Po ¼ 31% has 254 holes distributed evenly over four lines,
whereas the configuration with Po ¼ 5% consists of 41 holes dis-
tributed over two rows in the upper and lower section of the weir
[Figs. 1(b and c)]. The porous pooled configurations were limited
to one pore size, two pore distributions, and one pool weir height,
and scale effects could exist based upon the porous configurations.

Fig. 1. Stepped spillway configurations with flat, pooled, and porous pooled steps (θ ¼ 26.6°): (a) definition of step numbering and first measurement
position on flat and pooled steps (y ¼ 0); (b) porous pooled steps: Po ¼ 31%, looking downstream; (c) porous pooled steps: Po ¼ 5%, looking
downstream
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For all experiments, the equilibrium flow conditions were not
achieved owing to the length of the stepped chute.

Constant flow rates were supplied by a large upstream intake
basin that supplied smooth, waveless inflows into the test section
through a long sidewall convergent with a 4.23∶1 contraction ratio.
At the upstream end of the test section, the flow was controlled by a
broad-crested weir with height of 1 m, width W ¼ 0.52 m, length
of 1.01 m, and an upstream rounded corner of 0.08 m. The dis-
charge was calibrated with detailed velocity and pressure measure-
ments with a Prandtl-pitot tube (Felder and Chanson 2012)

qw ¼
�
0.92þ 0.153 ×

H1

W

�
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g ×

�
2

3
×H1

�
3

s
ð1Þ

where qw = water discharge per unit width; H1 = upstream total
head; and g = gravity acceleration constant.

For all experimental configurations, detailed visual observations
of the flow patterns were conducted using a Canon EOS450D
dSLR and a Canon Digital IXUS55 camera (Table 1). Table 1 lists
the experimental flow conditions for all step configurations com-
prising flow rates between 0.003 m2=s < qw < 0.282 m2=s includ-
ing nappe, transition, and skimming flows. The experiments were
conducted based upon a Froude similitude, and the dimensionless
discharge was expressed as dc=h with dc the critical flow depth.
The air-water flow measurements were conducted with a double-
tip conductivity probe (inner diameter Ø ¼ 0.25 mm) in transi-
tion and skimming flows for flow rates 0.073 m2=s < qw <
0.250 m2=s equaling Reynolds numbers of 2.9 × 105 < R < 9.9×
105. Hence, the Reynolds numbers were large enough to avoid
significant scale effects as identified in air-water flows on stepped
spillways (Boes and Hager 2003; Felder and Chanson 2009b). The
leading and trailing tips of the probe were offset in the longitudinal
direction by Δx ¼ 7.2 mm with a transverse separation of
Δz ¼ 2.1 mm. The probe was supported by a trolley system
and the positioning of the probe normal to the pseudobottom
was performed with a Mitutoyo digital ruler mounted on a fine ad-
justment screw-drive mechanism. The error in the translation of the
probe in the direction normal to the flow was less than 0.5 mm. The
accuracy on the longitudinal probe position was estimated as
Δx < þ= − 0.5 cm. All measurements were conducted with an

electronic system (Reference UQ82.518), and the signal was ac-
quired with a high-speed data acquisition system (NI USB-
6251), and self-designed LabVIEW data acquisition software.
Based upon a sensitivity analysis, a sampling duration of 45 s,
and a sampling rate of 20 kHz per sensor were identified as opti-
mum for the accurate recording of the air-water flow properties.
More details about the experimental facility, the data acquisition,
and analysis can be found in Felder (2013).

Air-Water Flow Patterns

The air-water flows on the flat stepped spillway exhibited typical
flow patterns in the nappe, transition, and skimming flow regimes
with increasing discharge. For the smaller flow rates in the nappe
flow regime, the water was cascading down the steps in free-
falling nappes as previously observed in stepped spillway flows
(Toombes 2002). For intermediate discharges in the transition flow
regime, small instabilities were observed, including strong droplet
splashing and flapping mechanism within the air pockets of the
step cavities. In the skimming flow regime, the water looked
smooth and glassy at the upstream end, whereas an air-water flow
existed with surface parallel to the pseudobottom formed by the
step edges downstream of the inception point of air entrainment
(e.g., Rajaratnam 1990).

On the pooled stepped spillway, the air-water flow patterns were
comparable to the flat steps, exhibiting three flow regimes depend-
ing upon the flow rate. The changes in flow regimes for the flat and
pooled step designs were in good agreement and compared well
with previous studies on embankment dams with similar channel
slope (Felder and Chanson 2009a). For the smallest flow rates
dc=h < 0.45, a nappe flow regime was observed, and the water dis-
charged in a succession of free-falling nappes from one step pool to
the following. For dimensionless flow rates 0.3 < dc=h < 0.45,
small instabilities of the free-falling nappes were observed. The in-
stabilities resulted from a pulsating flow within the first step cavity,
which caused small deviations of the free-falling nappes (Fig. 2).
These flow disturbances were much smaller compared with the
observations of Thorwarth (2008) and Felder (2013) on a pooled
stepped spillway with θ ¼ 8.9°. Although the instabilities for the

Table 1. Summary of Experimental Configurations and Flow Conditions for the Stepped Spillways with Flat, Pooled, and Porous Pooled Steps (θ ¼ 26.6°,
h ¼ 0.1 m)

Configuration W (m) Po qw (m2=s) dc=h R

Flat steps Not applicable Not applicable 0.008–0.262 0.18–1.91 3.1 × 104 − 1.0 × 106

Pooled steps 0.031 0 0.004–0.267 0.11–1.94 1.5 × 104 − 1.1 × 106

Porous pooled steps 0.031 5% 0.003–0.282 0.10–2.01 1.3 × 104–1.1 × 106

Porous pooled steps 0.031 31% 0.003–0.234 0.10–1.77 1.3 × 104–9.3 × 105

Fig. 2. Pulsating flows in first step cavity in nappe flow regime on the pooled stepped spillway: dc=h ¼ 0.40, qw ¼ 0.025 m2=s, R ¼ 1.0 × 105
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pooled stepped spillway with θ ¼ 26.6° were smaller, the pulsating
flow in the first step cavity must be taken into consideration by
design engineers to allow a safe operation of the pooled stepped
structure. For dc=h ≥ 0.45, the referred instability was not ob-
served, and the transition and skimming flows were similar to
the corresponding flat stepped spillway with stable cavity recircu-
lation movements in skimming flows. The flow depth was larger
than on flat stepped chutes because of the pool weir height. Further
small upwards directed jets were caused by the pooled weir at the
downstream end of each cavity.

The flow patterns on the porous pooled stepped spillways also
exhibited typical nappe, transition, and skimming flow regimes.
Overall, the observations were in good agreement with the flow
patterns on the pooled stepped spillway; although for all flow rates,
differences were caused by small discharges through the pores in
the porous pooled weirs. An estimation of the discharge through the
pores was conducted using resistance coefficients (Idelchik 1994)
and the energy equation across the porous pooled wall

ΔHðPoÞ ¼
ζ ×U2

Po

2 × g
ð2Þ

where ΔHðPoÞ = energy difference between the two sides of the
porous wall (in this study, the difference in free-surface elevation
between one pool weir height upstream and downstream of the
pool weir, identified using visual observations); ζ = resistance
coefficient for a perforated thick plate (Idelchik 1994); and UPo =
streamwise velocity of the discharge through the pores. For skim-
ming flows, the flow discharge through the pores based upon sta-
tionary flow considerations was estimated at less than 7% of the
total flow discharge for the porous configuration Po ¼ 31% and
less than 1% for Po ¼ 5%. In transition and nappe flows, the dis-
charges through the pores were comparatively larger because the
downstream side of the pooled weir was not submerged and a void
existed. The porous discharge calculation was a rough estimate, and
the recirculations within the cavity, the irregular cavity ejections,
and the nonhorizontal angle between flow and pool weir might
affect the porous flow.

For the smallest flow rates, a nappe flow regime was observed
for both porous pooled configurations. The flow pattern was similar
to the nappe flows on the pooled stepped spillway, but some flow
appeared through the pores. Importantly, on both porous pooled
stepped spillways, no pulsations were observed in the first pooled
cavity and no instabilities of the free-falling nappes were present.
The pores tended to balance the pressure between adjacent pooled
cavities and increased the stability of the nappe flows. The transi-
tion flow regime compared reasonably well to the flat and pooled
stepped spillways. However, instabilities were observed with a
small air-water flow jet at the second pooled weir edge and strong
droplet splashing downstream.With increasing discharge, the insta-
bilities disappeared, and the flow became stable in the skimming
flow regime (Fig. 3). The larger porosity reduced the transition flow
rates and provided a more stable skimming flow regime for smaller
flow rates compared with the flat and pooled step configurations.
This is also documented in Table 2, listing the changes in flow re-
gimes for the present step configurations and previous data for
same channel slope (Felder and Chanson 2011).

On the porous pooled stepped chutes, skimming flow was
similar to the observations on the flat and pooled stepped spillways
(Fig. 3). Fig. 3 illustrates typical skimming flow patterns for both
porous pooled configurations including the air-water flows through
the pores. The flow appeared steady, and stable cavity recircula-
tions were observed in the air-water flow region with smaller
recirculation motion for the larger porosity. The visual observations
suggested a smaller amount of air in the porous pooled step cavities
and a smaller interaction between cavity and mainstream flow. The
flow through the pores decreased the size of the upward jet at the
downstream end of the cavity compared with the pooled steps.
Overall the pores affected the air-water cavity flows, but the over-
lying mainstream flow patterns were close to the corresponding
flow regime on the flat and pooled stepped spillways.

It appeared that the porous cavity flow processes were affected
by a monophase flow ventilation mechanism. Hence the flows on
the porous pooled stepped spillways have similarity with wind
flows behind porous fences leading to a reduced recirculation

Fig. 3. Skimming flow regime on the porous pooled stepped spillways: (a) dc=h ¼ 0.99, qw ¼ 0.098 m2=s, R ¼ 3.9 × 105, Po ¼ 31%;
(b) dc=h ¼ 1.44, qw ¼ 0.171 m2=s, R ¼ 6.8 × 105, Po ¼ 5%; (c) dc=h ¼ 0.86, qw ¼ 0.079 m2=s, R ¼ 3.1 × 105, Po ¼ 31%

Table 2. Summary of Changes in Flow Regimes for the Stepped Spillways with Flat, Pooled, and Porous Pooled Steps

Configuration θ (°) h (m) W (m) w (m) Po dc=h NA-TRA dc=h TRA-SK

Flat steps 26.6 0.1 0.52 Not applicable Not applicable 0.5 0.9
Pooled steps 0.031 0 0.45 0.97
Porous pooled steps 0.031 5% 0.46 0.91
Porous pooled steps 0.031 31% 0.43 0.75
Flat steps (Felder and Chanson 2011) 26.6 0.1 1.0 Not applicable Not applicable 0.59 0.91

0.05 0.53 1.06

Note: Comparison with previous data from Felder and Chanson (2011) with same channel slope.

© ASCE 04014002-4 J. Hydraul. Eng.

J. Hydraul. Eng. 2014.140.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
he

 U
ni

ve
rs

ity
 o

f 
Q

ue
en

sl
an

d 
L

ib
ra

ry
 o

n 
03

/1
5/

14
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



behind the fence with increasing fence porosity (Tsukahara et al.
2012). The injection of fluid into the porous pooled cavity is be-
lieved to reduce the overall cavity drag coefficient. The drag reduc-
tion behind ventilated bodies was shown by several researchers
(e.g., Abdul-Khader and Rai 1980; Suryanarayana et al. 1993;
Naudascher and Rockwell 1994). A reduction in drag in the porous
pooled stepped experiments would lead to a reduced flow resis-
tance and a reduced energy dissipation performance.

Air-Water Flow Properties

Detailed air-water flow measurements were conducted with a dou-
ble-tip conductivity probe at all step edges downstream of the in-
ception point for all stepped configurations. The measurements
were taken at the step edges for the flat steps (y ¼ 0) and at the
pool weir edge for the pooled steps (y ¼ 0) (Fig. 1). Furthermore,
for one skimming flow discharge, detailed measurements were con-
ducted along a pooled step cavity for both the pooled step and the
porous pooled step (Po ¼ 31%) configurations.

The void fraction distributions for all stepped configurations
showed an S-shape typically observed in previous studies on flat
stepped spillways in transition and skimming flows (e.g., Chanson
and Toombes 2002; Bung 2011). Little difference was visible be-
tween flat, pooled, and porous pooled stepped spillways in a self-
similar presentation as function of the dimensionless distance from
the (pooled) step edge y=Y90 [Fig. 4(a)], where Y90 is the distance
with void fraction C ¼ 90%. The distributions had an uncertainty
of approximately 4% linked with the measurement of the void frac-
tion as well as the characteristic depth, Y90. For all step configu-
rations, the distributions of void fraction matched the advective
diffusion self-similar equation for air bubbles in skimming flows
reasonably well (Chanson and Toombes 2002)

C ¼ 1 − tanh2
��

K 0 − y=Y90

2 ×Do

�
þ ðy=Y90 − 1=3Þ3

3 ×Do

�
ð3Þ

where K 0 = integration constant; and Do = function of the mean air
concentration Cmean only

K 0 ¼ K� þ 1=2 ×Do − 8=81 ×Do ð4Þ

Cmean ¼ 0.7622 × ½1.0434 − expð−3.614 ×DoÞ� ð5Þ

K� = dimensionless constant. The mean air-concentration Cmean
characterized the depth-averaged air content in terms of Y90

Cmean ¼ 1 −
R y¼Y90

y¼0 ð1 − CÞ × dy

Y90

ð6Þ

The derivation of Eq. (3) is briefly outlined in the appendix. In a
region closest to the pooled weir edge, small differences between
void fraction data and the advective diffusion equation [Eq. (3)]
were observed [Fig. 4(a)]. The void fraction measurements had
an uncertainty of approximately 2%, and the dimensionless posi-
tioning of the probe y=Y90 is also affected by uncertainty of approx-
imately 2%, which is mainly linked with the characteristic position,
Y90. Overall, the uncertainty of the void fraction measurements is
approximately 4%. The agreement between the void fraction data
and Eq. (3) was analyzed, and the root mean square errors are added
to Fig. 4(a).

A dimensionless void fraction profile based upon the Froude
similitude showed also small differences [Fig. 4(b)]. In the Froude
similitude, the void fraction is shown as a function of the dimen-
sionless distance from step edge ðyþ wÞ=dc. The data showed an
upward shift of the void fraction profile for the pooled steps by
w=dc [Fig. 4(b)]. The comparison of the (porous) pooled configu-
rations indicated a good agreement between pooled and porous
pooled configuration with Po ¼ 5%. The void fraction distribu-
tions for the porous pooled stepped spillway with Po ¼ 31% were
slightly lower and showed small differences in terms of flow depth
linked with discharges through the pooled weir pores.

The distributions of bubble count rates showed typical shapes
with maxima in the intermediate flow region for void fractions be-
tween C ¼ 0.4 to 0.5 for all step configurations. For all data sets,
the number of entrained air bubbles was larger for the flat stepped
spillway compared with the (porous) pooled step configurations
[Fig. 5(a)]. In Fig. 5(a), typical dimensionless distributions of the
bubble count rate F × dc=Vc are shown as functions of ðyþ wÞ=dc,
where Vc is the critical velocity. A close agreement in bubble count
rate distributions was observed for the pooled and porous pooled
steps with Po ¼ 5% for all discharges and at all step edges. In con-
trast, a smaller number of entrained air bubbles was observed for

C [-]

y/
Y

90
 [

-]
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Step 9 - pooled (RMSE = 2.18%)
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Step 9 - porous pooled, Po = 5% (RMSE = 1.89%)
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(y
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(a) (b)

Fig. 4. Void fraction distributions on the stepped spillways with flat, pooled, and porous pooled steps: (a) dc=h ¼ 1.29, qw ¼ 0.144 m2=s,
R ¼ 5.7 × 105; comparison with advective diffusion equation [Eq. (3)]; RMSE between experimental data and Eq. (3) added to legend;
(b) dc=h ¼ 1.52, qw ¼ 0.187 m2=s, R ¼ 7.4 × 105
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the porous pooled stepped spillway with Po ¼ 31%. The differen-
ces in bubble count rate between the configurations tended to de-
crease with increasing distance from the inception point of air
entrainment.

The distributions of turbulence intensity Tu showed little differ-
ences qualitatively and quantitatively for the flat, pooled, and
porous pooled stepped spillways [Fig. 5(b)]. For all step configu-
rations, maximum turbulence levels were observed in the inter-
mediate flow region, and the values of Tu tended towards small
values in the bubbly and spray regions. Slightly larger maximum
turbulence levels were observed for the flat stepped spillways in
skimming flows [Fig. 5(b)]. Local maxima were found for some
step edges in a region close to the step face, which was linked with
irregular impingements of air-water flow on the step face. Overall,
the turbulence levels were not affected by the introduction of pool
weir porosity. Similar results were found in terms of the auto- and
cross-correlation time scales, which are characteristic sizes of the
transverse and longitudinal air-water vortices. The results can be
found in Felder (2013).

The interfacial velocity was calculated based upon the cross-
correlation analysis of the air-water raw data of the two conduc-
tivity probe tips. For all configurations, the interfacial velocities
increased with increasing distance downstream from the inception
point. The self-similar presentation of all dimensionless velocity
data V=V90 for the flat, pooled, and porous pooled stepped spill-
ways were in good agreement [Fig. 6(a)] with V90 the interfacial
velocity, where C ¼ 90%. The dimensionless velocity V=V90 com-
pared very well with a power law with an exponent 1=N ¼ 1=10
[Fig. 6(a)]

V
V90

¼
�

y
Y90

�
1=N

y=Y90 ≤ 1 ð7Þ

The exact value of N may vary from one step edge to the next
one for a given flow rate. For y=Y90 > 1, the velocity distributions
had a uniform profile and scatter of the data was observed in the
spray region

V
V90

¼ 1 y=Y90 > 1 ð8Þ

The correlation factor between experimental data and the power
law fit is added to the legend in Fig. 6(a) to highlight the close
agreement.

Differences between the stepped configurations were ob-
served in terms of the dimensionless interfacial velocities V=Vc
in the Froude similitude illustrated as a function of ðyþ wÞ=dc
[Fig. 6(b)]. For all present experiments, the data implied smaller
interfacial velocities on the flat stepped spillway. This finding
was counterintuitive because it was assumed that the pooled steps
increased the chute roughness and would slow down the spillway
flows. However, the comparison of the equivalent clear water flow
depth between the flat and pooled stepped spillways showed
consistently a smaller flow depth for the pooled stepped design
and hence a faster flow motion down the pooled stepped chutes
(θ ¼ 26.6°).

The comparison between interfacial velocities on the pooled and
porous pooled stepped spillways was less definite. The interfacial
velocities of all pooled and porous pooled designs were in rela-
tively close agreement close to the pool weir edge for ðyþ wÞ=dc <
0.6 with almost identical distributions for the pooled steps and the
porous pooled design with Po ¼ 5%. However, the free-stream
velocities suggested a slightly smaller velocity for the porous
pooled stepped design with Po ¼ 5% and a close agreement for
the pooled stepped spillway velocity with more porous pooled steps
(Po ¼ 31%) [Fig. 6(b)]. The differences in interfacial velocities
could not be directly related accurately to differences in flow depth
because the exact contribution of the pores to the flow discharge
was unknown. It is believed that the pores affected the flow proc-
esses in the step cavity, including a drag reduction in a manner sim-
ilar to fluid injection in monophase separated flows (Wood 1964;
Naudascher and Rockwell 1994). This is associated with a decrease
of the cavity recirculations and of the exchange processes between
cavity and mainstream flow. Fig. 6(c) illustrates the interfacial
velocity distributions at several positions along the step cavity
for the pooled step design and the porous pooled configuration with
Po ¼ 31%. Some velocity data are also shown within the pooled
cavity highlighting the velocity immediately behind the porous
wall, showing a uniform distribution of the interfacial velocities.
At the same measurement position, the velocities for the pooled
stepped configuration showed negative velocities, highlighting
the recirculation motions within the step cavity [Fig. 6(c)]. Further-
more, the porous pooled step velocity data were slightly larger in
the region above the pseudobottom, whereas the pooled step veloc-
ity was slightly larger in the free-stream. Fig. 6(c) highlights the
effects of the porous flow upon the step cavity processes and
the interfacial velocities in the different flow regions. Further, that
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Fig. 5. Bubble count rate and turbulence intensity distributions on the stepped spillways with flat, pooled and porous pooled steps: (a) bubble count
rate: dc=h ¼ 0.96, qw ¼ 0.094 m2=s, R ¼ 3.7 × 105; (b) turbulence intensity: dc=h ¼ 1.52, qw ¼ 0.187 m2=s, R ¼ 7.4 × 105
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the flow depth for the porous pooled configurations varied along
the step cavity while it remained steady for the pooled step. It ap-
pears that an explanation on the differences in interfacial velocities
between pooled and porous pooled stepped spillways may be com-
plex because differences were observed for the different flow
regions. Further experiments on porous pooled steps would provide

a better idea about the flow processes resulting in smaller interfacial
velocities in the free-stream.

For all experimental configurations, the microscopic air-water
flow properties were recorded at the (pooled) step edges. Typical
probability distribution functions of chord sizes are illustrated in
Fig. 7. For both air bubble and water droplet chord size distributions,

V/V90 [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
0

(a) (b)

(c)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2

Flat steps 8-10 (R = 0.92)
Pooled steps 8-10 (R = 0.94)
Porous pooled (Po = 31%) steps 9+10 (R = 0.97)
Porous pooled (Po = 5%) steps 8-10 (R = 0.95)
1/10th power law [Eq. (7)]
uniform profile [Eq. (8)]

V/Vc [-]

(y
+

w
)/

d c
 [

-]

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

Step 8 - flat
Step 8 - pooled
Step 8 - porous pooled, Po = 31%
Step 8 - porous pooled, Po = 5%

V/Vc + 3 × xs/X  [-]

(y
+

w
)/

h 
[-

]

-2 -1 0 1 2 3 4 5 6 7
-0.25

0

0.25

0.5

0.75

1

1.25

1.5

1.75

y = 0 for pooled step

Pooled step 9 + 0.1X
Pooled step 9 + 0.4X
Pooled step 9 + 0.6X
Pooled step 9 + 0.8X
Pooled step 10
Porous pooled (Po = 31%) step 9 + 0.1X
Porous pooled (Po = 31%) step 9 + 0.4X
Porous pooled (Po = 31%) step 9 + 0.6X
Porous pooled (Po = 31%) step 9 + 0.8X
Porous pooled (Po = 31%) step 10

Fig. 6. Interfacial velocity distributions on the stepped spillways with flat, pooled, and porous pooled steps: (a) dc=h ¼ 1.52, qw ¼ 0.187 m2=s,
R ¼ 7.4 × 105; comparison with Eqs. (7) and (8); correlation coefficient between experimental data and Eq. (7) added to legend; (b) dc=h ¼ 1.29,
qw ¼ 0.144 m2=s, R ¼ 5.7 × 105; (c) interfacial velocity distributions along pooled step cavity: dc=h ¼ 1.29, qw ¼ 0.144 m2=s, R ¼ 5.7 × 105
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Fig. 7. Chord size PDFs on the stepped spillways with flat, pooled, and porous pooled steps: (a) air bubble chord length: dc=h ¼ 1.29,
qw ¼ 0.144 m2=s, R ¼ 5.7 × 105, Step 10; (b) water droplet chord length: dc=h ¼ 0.82, qw ¼ 0.073 m2=s, R ¼ 2.9 × 105, Step 10
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a good agreement between the bubble and droplet chord lengths was
observed for the flat and (porous) pooled steps. It appeared that the
flat stepped spillway showed slightly larger numbers of smaller bub-
ble and droplet chord sizes (Fig. 7).

Energy Dissipation Performance and Flow
Resistance

For engineering designs, the energy dissipation rates and the
residual energy of stepped spillways are key parameters. The rate
of energy dissipation and the residual energy were calculated in this
study at the downstream end for all stepped spillway configurations
based upon the air-water flow measurements. All stepped spillways
dissipated a significant amount of its flow energy compared with
the smooth chute design. The residual energyHres at the location of
measurement was calculated as follows:

Hres ¼
Z

Y90

0

ð1−CÞ× cosθ×dyþ q2w
2× g× ðR Y90

0 ð1−CÞ×dyÞ2þw

ð9Þ
The dimensionless residual head Hres=dc at the last step edge or

pool weir edge for all discharges is illustrated in Fig. 8 as a function
of the dimensionless discharge. Differences in the residual head
were observed for the different step configurations with smallest
residual energy for the flat steps. On the flat stepped spillway, the
residual head decreased with increasing discharge for the smaller
flow rates, whereas it was about constant for the largest flow rates.
For the pooled and porous pooled steps, the residual energy de-
creased with increasing flow rates. The largest residual energy
was observed for the porous pooled stepped spillways, which was
linked with the reduced momentum exchange between cavity and
mainstream flow caused by the pores in the pool weir. The pores in
the pooled weir reduced both the energetic recirculation motions in
the pooled step cavity and the form drag of the steps.

In Fig. 8, the residual head data were compared with previous
air-water flow data on flat stepped spillways with the same channel
slope and step heights of 5 and 10 cm (Felder and Chanson 2011).
The data with h ¼ 10 cm were relatively close with the present flat
step data for dc=h > 1.2 in the skimming flow regime. However,
the smaller step height showed consistently larger residual energy,

which was linked with scale effects on the stepped spillway (Felder
and Chanson 2009b). Felder and Chanson (2009a) reanalyzed a
large amount of experimental data for moderate slope stepped spill-
ways, and the median residual heads are illustrated in Fig. 8 with
dashed and dotted lines. The upper dotted line expressed median
values for stepped spillway slopes smaller than 15.9°, and the lower
dashed line the median values for flat stepped spillway data with
slopes 21.8° < θ < 26.6° (Felder and Chanson 2009a). The present
flat step data agreed reasonable well with the median values,
whereas the (porous) pooled stepped configurations showed larger
residual energy (Fig. 8).

On stepped spillways, significant form losses are caused by the
steps (Chanson 2001). Additional flow resistance might be caused
by the weir on pooled stepped spillways. The flow resistance is
commonly expressed by the Darcy-Weisbach friction factor, fe
(Rajaratnam 1990; Chanson 2001). The friction factor on a stepped
spillway is the average shear stress between the skimming flow and
the cavity regions. In the present study, no uniform equilibrium
flow was achieved along the stepped chutes. The Darcy friction
factor was deduced from the friction slope (Chanson et al. 2002)
as follows:

fe ¼
8 × g × Sf × ðR Y90

0 ð1 − CÞ × dyÞ3
q2w

ð10Þ

where the friction slope equals Sf ¼ −∂H=∂x; and x = distance in
flow direction (Henderson 1966; Chanson 2001). The experimental
results for all stepped spillway configurations are summarized in
Fig. 9, in which the friction factor is plotted as a function of the
dimensionless step cavity height ks=DH in which DH is the hy-
draulic diameter. Fig. 9 includes both transition and skimming flow
data. The data were compared with the solution of a simplified ana-
lytical mixing length model (Chanson 2001; Chanson et al. 2002),
which expressed the pseudoboundary shear stress

fd ¼
2ffiffiffi

π
p

× K
ð11Þ

where fd = equivalent Darcy friction factor estimate of the form
drag; and 1=K = dimensionless rate of expansion of the shear layer
with K ¼ 6 for a velocity between 2 and 6 m=s (Brattberg
et al. 1998).
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Fig. 8. Dimensionless residual head at the downstream end on the
stepped spillways with flat, pooled, and porous pooled steps; compar-
ison with correlations of further stepped spillways with embankment
dam slopes (dashed and dotted lines) and data from Felder and
Chanson (2011) with same channel slope
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Fig. 9.Darcy friction factors on the stepped spillways with flat, pooled,
and porous pooled steps; comparison with pseudoboundary shear stress
[Eq. (11)] and previous data from Felder and Chanson (2011) with
same channel slope
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Overall, the stepped spillway configurations had Darcy-
Weisbach friction factors between 0.1 and 0.34 (Fig. 9). The present
findings were consistent with the reanalyses of flow resistance data
showing variations of Darcy friction factors between 0.1 and 0.35
for θ ¼ 15.9° and θ ¼ 21.8° (Felder and Chanson 2009a). For the
present configurations, the smallest values of fe were observed for
the porous pooled steps, which confirmed the reduction of form drag
and momentum exchange by the pores.

Conclusion

Experiments were conducted on several stepped spillway configu-
rations (θ ¼ 26.6°) comprising flat, pooled (Po ¼ 5), and porous
pooled steps (Po ¼ 5% and 31%). The comparative study of the
stepped designs included the observations of the flow patterns,
the macro- and microscopic air-water flow properties, and the en-
ergy dissipation performances. The study of porous pooled steps
was limited to one pore size, one channel slope, and one step
height; and further configurations should be investigated to identify
scale effects linked with the pore diameter. The present study was
conducted for Reynolds numbers large enough to minimize air-
water scale effects.

The flow patterns in nappe, transition, and skimming flows were
in relatively close agreement for all configurations. Small instabil-
ities were observed for the pooled stepped spillway in nappe flows,
which was linked with pulsating flows in the first pool and insta-
bilities of the free-falling nappes. The introduction of porosity
(Po > 0) to the pooled weir wall eliminated any flow pulsations,
and the flow patterns were stable for all flow discharges. The pores
contributed to the discharge and decreased the cavity recirculation
and air entrainment into the step cavities. In terms of flow stability,
the porous pooled step design was preferable to the pooled stepped
design.

The comparison of the air-water flow properties for the flat,
pooled, and porous pooled stepped spillways was conducted for
transition and skimming flows based upon self-similar considera-
tions and qualitative representation in a Froude similitude. The self-
similar comparative analyses showed a good agreement in most
air-water flow property distributions, including the void fraction,
bubble count rate, turbulence levels, and dimensionless interfacial
velocity, V=V90. For all flow rates, the comparison highlighted
larger interfacial velocities, V=Vc, for the pooled and porous
pooled stepped spillways compared with the flat stepped chute,
which was linked with a reduction in flow depth. The comparison
of the porous pooled steps and the corresponding pooled step was
less definite, and the interfacial velocities differed in the different
regions of the flow. The detailed investigation of the pooled cavity
flows behind the porous pooled wall highlighted the pore discharge
and the change in cavity recirculation.

The comparison of the residual energy at the downstream end
showed a smaller energy dissipation rate for the pooled and porous
pooled stepped spillways. The larger residual energy on the pooled
stepped spillway was associated with an increased flow velocity
and a smaller flow depth compared with the flat design. The porous
pooled steps induced a reduction in form drag in the cavities, thus
decreasing the momentum exchange between cavity recirculation
and main stream flow. Hence, the porous pooled steps exhibited
smaller energy dissipation performance and smaller friction factors.
The porous pooled stepped design is therefore disadvantageous
compared with the flat step design, which appeared to be the pre-
ferred design option in terms of flow stability and energy dissipa-
tion rate.

Appendix. Advective Diffusion Equation of Air
Bubbles

Wood (1984) and Chanson (1997) developed an analytical model to
predict the advective diffusion of air bubbles in air-water free-
surface flows. The analytical equation is based upon the hypothesis
of uniform equilibrium conditions, i.e., the air concentration is con-
stant in the flow direction. This assumption is not entirely correct
because experimental data highlight a rapid aeration just down-
stream of the inception point of free-surface aeration before equi-
librium air concentration is reached further downstream. A further
characteristic air-water flow parameter, the number of entrained air
bubbles, appears to not reach uniform equilibrium flow conditions.

Despite these limitations, equilibrium conditions were assumed
for the integration of the continuity equation for the air content
(Chanson 1997)

∂C
∂y 0 ¼

1

D 0 × C ×
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − C

p
ð12Þ

where y 0 ¼ y=Y90; and D 0 ¼ Dt=ur × cos θ × Y90) denotes a
dimensionless turbulent diffusivity in which Dt is the turbulent
diffusivity; ur = bubble rise velocity; θ = channel slope; and y =
distance perpendicular to the mean flow direction. D 0 is the ratio of
the air bubble diffusion coefficient to the rise velocity component
normal to the flow direction times the characteristic transverse di-
mension of the shear flow. Chanson and Toombes (2002) expressed
the dimensionless bubble diffusivity D 0 as

D 0 ¼ Do

1 − 2 × ð y
Y90

− 1
3
Þ2 ð13Þ

and Eq. (12) becomes

C ¼ 1 − tanh2
��

K 0 − y=Y90

2 ×Do

�
þ ðy=Y90 − 1=3Þ3

3 ×Do

�
ð14Þ

where tanh = hyperbolic tangent function; K 0 andDo = functions of
the mean void fraction Cmean only; and Y90 is the characteristic dis-
tance in which C ¼ 0.90. Hence, Eq. (14) is valid within the boun-
daries 0 ≤ C ≤ 0.90.

The advective diffusion equation [Eq. (14)] has been applied in
many studies of air-water free-surface flows with various channel
slopes and step configurations. Although the concept of uniform
equilibrium flow conditions on stepped spillways might not be
achieved, experimental results highlighted the successful applica-
tion of the advective diffusion equation in gradually varied flows
(e.g., Matos 2000; Gonzalez and Chanson 2008; Bung 2011;
Felder 2013).
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Notation

The following symbols are used in this paper:
C = void fraction or air content;

Cmean = mean air concentration;
D 0 = dimensionless turbulent diffusivity;
Dt = turbulent diffusivity;
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DH = hydraulic diameter (m);
Do = dimensionless constant of the depth-averaged air

concentration;
dc = critical flow depth (m);
F = bubble count rate (Hz);
fd = Darcy friction factor estimated from form drag;
fe = equivalent Darcy friction factor;
g = gravity acceleration constant (m=s2);
H = total head (m);

Hres = residual energy (m);
h = step height (m);
K = expansion rate of shear layer;
K 0 = dimensionless constant function of the depth-averaged

air concentration;
ks = step cavity height (m);
lw = pool weir length (m);
N = exponent;
Po = porosity of porous pooled steps;
qw = water discharge per unit width (m2=s);
Sf = friction slope;
Tu = turbulence intensity;
UPo = flow velocity through pores (m=s);
ur = bubble rise velocity (m=s);
V = interfacial velocity (m=s);
Vc = critical flow velocity (m=s);
V90 = interfacial velocity where C ¼ 90% (m=s);
W = channel width (m);
w = pool weir height (m);
X = length of step cavity (m);
x = flow direction;
xs = distance along a single step cavity (m);

Y90 = characteristic flow depth, where C ¼ 90% (m);
y = direction normal to the pseudobottom formed by the

step edges;
Ø = diameter of pores and probe tips (m);

ΔHðPoÞ = piezometric head difference between the two sides of
the porous wall (m);

Δx = longitudinal separation between probe tips (m);
Δz = transverse separation between probe tips (m);
ζ = resistance coefficient; and
θ = channel slope.
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