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SUMMARY A

Stepped chutes have become recently a popular method for discharging flood waters. The steps increase
significantly the rate of energy dissipation taking place on the spillway face and reduce the size of the
required downstream energy dissipation basin. This paper reviews the hydraulic characteristics of skimming
flows. The onset of skimming flows is discussed. New results are presented to estimate the flow resistance
along stepped chutes. The study indicates some major difference between the flow patternson steep and flat
stepped chutes. An analogy with flow over large roughness is developed. Then the calculations of the start of
air entrainment are detailed. The results indicate that free surface aeration occurs much more upstream than
on smooth spillways. The effects of flow aeration are later discussed.

RESUME

Récemment, il est devenu courant de concevoir des évacuateurs de crues en marches d’escalier. Les marches
d’escalier augmentent considérablement la dissipation d’énergie au long du coursier, et permettent de
réduire la taille des bassins de dissipation avals. Le présent article décrit les caractéristiques hydrauliques
des écoulements extrémement turbulents sur des coursiers en marches d’escalier. On discute les conditions
d’apparition des écoulements extrémement turbulents. Puis on présente de nouveaux résultats, permettant
d’estimer les coefficient de pertes de charge. Cette étude montre une différence de comportement des
€coulements entre des pentes faibles et fortes. Une analogie avec des écoulements sur de grandes rugosités
est aussi présentée. Puis on décrit les caractéristiques du point d’appariton de I’eau blanche. Enfin, les effets
de 'entrainement d’air dans I’écoulement sont brievement discutés.

1 Introduction

1.1 Applications of stepped chutes

For the last decades, stepped spillways have become a popular method for handling flood releases
(Fig. 1). The steps increase significantly the rate of energy dissipation taking place along the spill-
way face and reduce the size and the cost of the downstream stilling basin. The development of
new construction materials (e.g. roller compacted concrete RCC, gabion) has increased the
interest for stepped spillways. The construction of stepped spillway is compatible with the slip-
forming and RCC placing methods (e.g. Monksville dam, USA, M’Bali dam, RCA). Also gabion
stepped spillways are the most common type of spillways used for gabion dams (e.g. Rietspruit
outfall, SA).

Stepped channels can also be used to increase the discharge capacity. In USSR, Soviet engineers
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Fig. 1. Skimming flow above a stepped spillway.

developed the concept of overflow earth dam (Grinchuk et al. 1977, Pravdivets and Bramley
1989). The spillway consists of a revetment of precast concrete blocks laid on a filter and erosion
protection layer. The channel bed is very flexible and allows differential settlements - individual
blocks do not need to be connected to adjacent blocks. More high discharge capacity is achieved
(i.e. up to 60 m?*/s). The high degree of safety allows the use of such channels as primary spillways
(Pravdivets and Bramley 1989).

Stepped cascades are utilised also in water treatment plants. As an example, five artificial
cascades were designed along a waterway system to help the re-oxygenation of the polluted canal
(Gasparotto 1992). The waterfalls were landscaped as leisure parks and combined flow aeration
and aesthetics. Aesthetical applications of stepped cascades can include stepped fountains in
cities (e.g. in Brisbane, Hong Kong, Taipei). -

In this paper, the author reviews the hydraulic characteristics of skimming flows over stepped
chutes. A re-analysis of model and prototype data (Table 1) is presented. The results provide
information on the onset of skimming flow and on the flow resistance in stepped channels. Then
the flow conditions at the point of inception of air entrainment are described. Considerations on
energy dissipation and the effects of air entrainment are discussed briefly.

It must be noted that this paper presents results obtained for chutes with horizontal steps. Essery
and Horner (1978), Peyras et al. (1992) and Frizell (1992) discussed experimental results obtained
with inclined and pooled steps.

1.2 History of stepped spillways

The world’s oldest stepped spillways are probably the spillways of the Khosr River dams, Iraq.
The Khosr River dams were built around B.C. 694 by the Assyrian King Sennacherib. The dams
were designed to supply water to the Assyrian capital city Nineveh (near the actual Mosul).
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Remains of the dams are still in existence (Smith 1971). Both dams feature a stepped downstream
face and were intended to discharge the river over their crests. |

Much later, the Romans built stepped overflow dams in Syria and Tunisia (Table 2). After the fall
of the Roman empire, Moslem civil engineers gained experience from the Nabateans, the
Romans and Sabeans. Stepped spillways built by the Moslems can be found in Iraq and in Spain.
After the Reconquest of Spain, Spanish engineers benefited from the Roman and Moslem
precedents. In 1791, they built the largest dam with a stepped spillway, but the dam was washed
out in 1802 after a foundation failure.

Table 1. Characteristics of model and prototype studies
Caractéristiques d’études sur modele et prototype

step discharge _
slope height Nbof g, flow
reference (deg.) scale h(m) steps (m%/s) regime remarks
Model studies % .
Essery and 11 to 40 0.03to 4to18 . nappe and  CIRIA tests (UK).
Horner (1978) 0.05 skimming Include inclined steps.
Noori (1984) 5.7 0.004 100 0.007 to 0.09 skimming- (UK). W=0.5 m.
11.3 0.013 70 0.025 to 0.2 )
Sorensen 52.05 - 1/10  0.061 11 0.006 to 0.28 Monksville dam spill-
(1985) 1/25 0024 59  0.0061t0028 nappe and “;;{‘;gg;” (GSAY,
skimming = R
Diez-Cascon 53.1 1710 0.03- 50to 0.022 to 0.28 skimming (Spain). W=0.8 m.
et al. (1991) 0.06 100
Bayat (1991) 51.3 1/25  0.024 0.006 to 0.07 - Godar-e-landar spill-
0.03 way model (Iran).
T W =0.3 m.
0.02
Frizell and 26.6 0.051 47 0.077. skimming USBR research
Mefford (1991) flow laboratory (USA).
W =0.457 m.
Peyras et al. 18.4, 1/5 0.20 3,45 00410027 nappeand Gabion stepped chute
(1991, 1992) 26.6, 45 skimming (France). W =0.8 m.
Beitz and 513 and 1/60  0.02 10 6E-4 to 0.093 nappe and 2-D model of the
Lawless (1992) 48.0 skimming  Burton Gorge dam
(Australia).
Frizell (1992) 26.6 0.051 47 0.577 USBR research
laboratory (USA).
W =0.457 m.
Bindo et al. 51.34 1/21.3 0.038 31-43 0.01 to 0.142 skimming M’'Bali spillway model
(1993) 1/427 0019 43  0.007t00.04 skimming (france). W=09m.
Christodoulou  55.0 0.025 15 0.02 to 0.09 skimming W =0.5m.
(1993)
Prototype studies
Grinchuk et al. 8.7 N/A  0.41 12 1.8 to 60 skimming  Daneipr hydro plant
(1977) (USSR). Full-scale
test. W =142 m.
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In all early dams (Table 2), stepped spillways were selected to contribute to the stability of the
dam, for their simplicity of shape or for a combination of the two. The spillway of the New Croton
dam (1906) is probably the first stepped chute designed specifically to dissipate flow energy.

Table 2. Historical stepped spillways
Evacuateurs de crues en marches d’escalier dans I’histoire

dam
height slope
name year ref. (m) (deg.) construction comments, discharge
River Khosr B.C. [1,2] 29 Masonry of lime-  Built by the Assyrian King
dams 694 stone, sandstone Sennacherib to supply water
mortared together. to his capital city Nineveh.
Discharge over the dam crest.
Lower dam.
>14 30 Upper dam. 5 steps.
Kasserine dam A.D. [1] 10 57 Cut and fitted Roman dam 220 km SW of
100? masonry blocks Tunis, Tunesia. 6 steps
with mortared followed by an overfall.
joints used to face Discharge over the dam crest.
a rubble and earth W =150 m.
core.
Qasr Khubbaz A.D. [3] 6.1 Masonry dam with Roman dam in Syria, on the
100/200 limestone slabs. Euphrate rivver. Reservoir

capacity: 9000 m® of water.

Mestella dam AD. [1] 2.1 27 Rubble masonry Built by the Moslims in Spain.
960 and meortar core Stepped weir: W =73 m.
faced with large Maximum discharge: around
masonry blocks 4000 m’/s (2).
and mortared joints.

Adheim dam 13007 1] 15.2 51 Masonry steps. Built by the Moslims during
the Sassanian period in Iraq.

Almansa dam 13842 [1] 15 40 Rubble masonry In Spain. Discharge over the
with a facing of dam crest. Broad crest
large masonry followed by 14 steps and an
blocks. overfall.

Puentes dam 1791 [1] 50 51 Rubble masonry Dam across the Rio
core set in mortar Guadalentin, Spain.
and faced with Discharge over the crest.
large cut stones. 4 steps followed by 59 degree
Dam failure in uniform slope. Step height:
1802. h=4.175 m,

New Croton dam 1906 [4] 53 Masonry. USA. Maximum discharge:
Dam failure in 1650 m?/s.
1955. W =305 m.

Note: [1] Smith (1971); [2] Forbes (1955); [3] Stein (1940); [4] Wegmann (1907).

1.3 Flow regimes

The flow over stepped chutes can be divided into nappe flow regime and skimming flow regime
(Fig. 2). In the nappe flow regime, the water proceeds in a series of plunges from one: step to
another. At the brink of each step, the flow becomes a free-falling jet before impinging the next
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step. Energy dissipation occurs by jet breakup and jet mixing on the step, and with the formation
of a partial or fully developed hydraulic jump on the step (Fig. 2a). Essery and Horner (1978),
Peyras et al. (1991) and Chanson (1993) have detailed the flow properties of nappe flow regime.
In a skimming flow regime, the water flows down the stepped face as a coherent stream skimming
over the steps and cushioned by the recirculating fluid trapped between them (Fig. 2b). The
external edges of the steps form a pseudo-bottom over which the flow pass. Beneath this,
horizontal axis vortices develop and are maintained through the transmission of shear stress from
the fluid flowing past the edge of the steps.

For a stepped spillway with skimming flow regime, the free-surface of the flow is smooth in the
early steps and no air entrainment occurs. Next to the boundary however, turbulence is gener-
ated. When the outer edge of the turbulent boundary layer reaches the free surface, air entrain-
ment at the free surface occurs (Fig. 1). Downstream of the point of inception of air entrainment,
the flow becomes rapidly aerated as shown by photographs (Krest’yaninov and Pravdivets 1986,
Diez-Cascon et al. 1991, Peyras et al. 1991).
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Fig. 2. Flow regimes above stepped channel: (a) nappe flow; (b) skimming flow.

2 Onset of skimming flows

For small discharges and flat slopes, the water flows as a succession of waterfalls (i.e. nappe flow
regime). An increase of discharge or of slope might induces the apparition of skimming flow
regime. The onset of skimming flow is a function of the discharge, the step height and length. The
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author re-analysed experimental data obtained by Essery and Horner (1978), Degoutte et al.
(1992) and Beitz and Lawless (1992) (Fig. 3). For these data, skimming flow regime occurs for
discharges larger than a critical value defined as:

(dc) onset

= 1,057 — 0.465%" (1)
h I

where h is the step height, / is the step length and (d2)onse: is the characteristic critical depth. It
must be noted that equation [1] was deduced for h[l ranging from 0.2 to 1.3. It should not be used
outside that range without great care.

dc/h

1.40 SKOBTRG oW 1,06 - 0.465°(h1)
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Fig. 3. Onset of skimming flow regime.

In flat channels with strip bottom roughness, Adachi (1964) and Knight and MacDonald (1979)
observed also stable circulatory motion in the grooves between adjacent elements for subcritical
flows. But during these experiments, the occurrence of “quasi-smooth flow” was independent of
the flow rate and was a function only of the ratio of the roughness spacing over roughness height
(i.e. Spacing/Height < 3.4). O’Loughlin and MacDonald (1964) studied flows past cubical rough-
ness elements and observed a stable recirculatory flow pattern for rou ghness densities larger than
0.25. In pipe flows, Levin (1968) analysed head losses caused by grooves perpendicular to the
flow. He found that the effect of the grooves on the head loss is small if the length of the cavity
overits depth is less than 4. It is interesting to note the close agreement between the observations
of Adachi (1964), O’Loughlin and MacDonald ( 1964), Levin (1968) and Knight and MacDonald
(1979).

In horizontal channels and pipes, the onset of “quasi-smooth flow” over artificial roughness
corresponds to the apparition of stable recirculation vortices. On stepped channels, it will be
shown (paragraph 3) that skimming flows may occur with stable and unstable recirculation eddies
in the cavities. Hence it is not possible to compare the apparition of stable recirculation vortices
with the onset of skimming flow and the disappearance of nappe flows.

3 Flow resistance of skimming_ flows
3.1 Introduction

For a skimming flow regime, horizontal vortices develop beneath the pseudo-bottom formed by
the external edges of the steps. The vortices are maintained through the transmission of turbulent
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shear stress between the skimming stream and the recirculating fluid underneath (Fig. 2b).
Several author studied “quasi-smooth flows” past strip roughness in pipes and open channels.
Their results indicated that the classical flow resistance calculations must be modified to take
into account the shape of the large roughness elements. The flow resistance is the sum of the skin
resistance and the form resistance of the steps. The geometry of a step is characterised by its
depth normal to the streamlines (i.e. ks=h=*cosa) and the channel slope (i.e. tana = hfl).
Neglecting the effects of flow aeration, dimensional analysis yields:

ks | ks h
=fil=nRe——0— 2
S=h ( Dy’ e; DH ] (2)
where f is the friction factor , k! is the surface (skin) roughness, Reis the Reynolds number and
Dy is the hydraulic diameter.

3.2 Experimental data
If uniform flow conditions are reached along a constant slope channel, the friction factor can be
deduced from the momentum equation as (Chanson 1993):

8xg*sina*xd} D
f= T 3
Qw 4

where g is the gravity constant, d is the uniform flow depth and g, is the discharge per unit
width. For non-uniform gradually varied flows, the friction factor can be deduced from the
energy equation:

S*g*dz Dy AH

—_— — 4
qw =‘!4"‘:&3 )

fi=

where AH isthe total head loss over adistance As. (AH/As) is the friction slope (Henderson 1966).
The author re-analysed model and prototype data using equations [3] and [4]. Details of the flow
conditions are reported in Table 1. The analysis indicates that the friction factor for these data is
independent of the skin roughness and the Reynolds number Hence equation [2] becomes:

ks h

f=h (l_); ?) (5)

The results are presented in Figs. 4 where the friction factor f is plotted as a function of the
relative roughness k/Dy and the slope is given in legend. For steep slopes (i.e. a > 25 degrees, _
Fig. 4a), the experimental results show little correlation between the flow resistance, the relative
roughness and the channel slope. With channel slopes ranging from 50 to 55 degrees, Fig. 4a
indicates values of the friction factor in the range 0.17 to 5 with a mean value of about 1.0. Fig. 4b
presents the data obtained with flat chutes (i.e. « < 12 degrees) and indicates a good agreement
between data obtained on model (Noori 1984) and on prototype (Grinchuk et al. 1977). The
results show also an increase of the friction factor with the relative roughness that appears to be
independent of the channel slope. And equation (5) can be correlated by:

=1.42%In (%) —1.25  (for flat slopes) (6)

L3
v
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Fig. 4. Friction factors of stepped channels: (a) steep slopes (i.e. @ >27 degrees); (b) flat slopes (i.e. a < 12
degrees); Comparison with flows over rockfilled channels and triangular roughness (reference in
Table 1).

It must be emphasised that the experimental data were analysed neglecting the effects of air
entrainment. No information is available on the amount of air entrained during the experiments.
The author believes that the flow depth measurements overestimated the clear water flow depth.
As a result the values of the friction factor could be overestimated.

3.3 Discussion

A comparison between Figs. 4a and 4b shows a substantial increase of the friction factor when the
channel slope increases from around 10 degrees (Fig. 4b) up to about 50 degrees (Fig. 4a). It is
believed that such a difference is caused by different flow patterns in the recirculating cavity
beneath the skimming stream.

For flat channels, the cavity of recirculating fluid between the edges of adjacent steps is oblong
and large stable recirculation vortices cannot develop. The recirculating vortices do not fill the
entire cavity between the edges, and the wake from one edge interferes with the next step as
shown by photographs (Baker 1990) (Fig. 5b and Sc). The vortex generation and the dissipation
process associated with each wake are disturbed by the next step and might interfere with those of
the adjacent steps. The flow depth will control in part the vertical extent of the wake and the
vortex interference region. The main flow parameters become the distance between two adjacent
edges and the depth of flow. This reasoning is confirmed by the results shown on Fig. 4b which
show a good correlation between the friction factor and k| Dy which is proportional to the edge
spacing to flow depth ratio. - :
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For very flat slopes, the flow pattern is characterised by the impact of the wake on the next step, a
three-dimensional unstable recirculation in the wake and some friction drag on the step down-
stream of the wake impact (Fig. 5b). This flow pattern is called a “wake-step interference” regime.
For larger slopes, the tail of the wake starts interfering with the next wake (Fig. 5c) and the friction
drag component disappears. This pattern is called a “wake-wake interference” regime.

For steep slopes, a stable recirculation in the cavities between adjacent steps is observed as shown
by photographs (Peyras et al. 1991, Diez-Cascon et al. 1991). The recirculating vortices are large
two-dimensional vortices (Fig. 5a). The flow resistance is a function of the energy required to
maintain the circulation of these large-scale vortices.

With strip roughness, Adachi (1964) and Knight and MacDonald (1979) observed a stable
recirculation mechanism when the groove height to length ratio of the cavity was larger than 0.4.
Other researchers (Maull and East 1963, Kistler and Tan 1967) studied flows in rectangular
cavities with various aspect ratio. They observed stable recirculatory flow patterns for height-
length ratio larger than 0.4 to 0.45. For a stepped spillway, the cavity height to length ratio equals:

A=

Impact
of the wake downstream of
on the next siep the wake tsil

Unstable recirculation with waoke-step interference

(b)

of the wake
with the sext wake

Unstable recirculation with wake-wake Interaction

©

Fig. 5. Recirculation in the cavity between adjacent steps.
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[cos @ *sin a] and this value of 0.4 would correspond to a channel slope a =26.6 degrees.
The results of Maull and East (1963), Adachi (1964), Kistler and Tan (1967) and Knight and
MacDonald (1979) would imply that stable recirculation occurs for slopes larger than 26.6
degrees on a stepped chute. A comparison between Figs. 4a and 4b indicates clearly a different
flow resistance behaviour for channel slopes larger than 27 degrees, and this is coherent with the
findings of these researchers.

For slopes around 27 degrees, the flow pattern is most probably characterised by the interference
of the wake tail with the next wake (Fig. 5¢). Note that there is little data available for slopes
between 15 to 45 degrees.

3.4 Analogy with flows over large roughness

- Fig. 6 compares experimental data obtained on stepped chutes with flat slopes (i.e. a <12
degrees), on rockfilled channels and over large roughness (Table 3). All the sets of data indicate
the same trend: i.e., the friction factor increases with the relative roughness.

Flows over rockfilled channels do not exhibit steady stable recirculating flow motion but
unstable vortices behind rocks. These three-dimensional unstable flow patterns have some
similarity with the flow patterns above flat stepped channels. This may explain the good correla-
tion in values of friction factors (Fig. 6). Fig. 6 shows also a good agreement between the experi-
ments on stepped channels and experiments over large roughness. It is thought that these flows

tion with the Reynolds number and the relative roughness, A similar result was noticed by Perry
et al. (1969) who analysed velocity profiles in developing boundary layers in arbitrary pressure
gradients.

Itis worth noting that Rajaratnam (1990) compared experiments in stepped channels with experi-
mental results obtained with steeppass and Denil fis hways. His analysis showed that the friction
factors for fishways are of the same order of magnitude as for stepped channels. For steeppass
fishways, Rajaratnam and Katopodis (1991) obtained friction factors in the range 0.4 to 4.

3.5 Velocity distribution :

Frizell (1992) performed velocity measurements for a channel slope of 27 degrees and with
horizontal steps. The measurements were obtained in the gradually varied flow region. A re-
analysis of the data indicates that the velocity distributions follow a power law and that the
exponent of the velocity distribution is about: N =35.

For uniform non-aerated flows, Chen (1990) derived a theoretical relation between the exponent
N and the friction factor as

Nzktl/g | 7)

where K is the Von Karman constant (K = 0.4). For Frizell’s (1992) experiments, equation (7)
would imply: £ = 0.10. Such a value is of the same order of magnitude as the experimental values
deduced from equation (4) (i.e. f between 0.09 and 0.18, Fig. 4a).
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Table 3. Experiments of flows over large roughness
Expérimentations d’écoulements avec de grandes rugosité

relative
slope discharge roughness
reference (deg.) g, (m®/s) k[Dy Re remarks

Flows over strip roughness
Bazin (1865) 0.086 0.046 0.0077 1.6E+5 to Wooden rectangular strips:
to 0.51 to 0.62 to 0.055 1.9E+6 k,=10 mm, =27 mm, L,=37 mm.
W =1.98 m. Channel length>200 m.

Skoglund (1936) 0.008 4E+3 to  Wide rectangular brasss pipes.
to 0.06 2.5E+5 60-degree V-grooves: k,=0.32 mm,
L.=1.52 mm.
Streeter and Chu 0.0112 & 2E+5to  Circular aluminium pipe
(1949) (a) (b) 0.0204 8E+5 (z =0.114 m) with square threads.
Adachi (1964) 0.11 7.5E-4 0.023 Wooden rectangular bars: k,=5 mm,
to 0.075 to 0.48 =64 mm, W=0.20 m.
Perry et al. (1969) Recirculating wind tunnel. k&, =3.2,
12.7 and 25.4 mm. [,=25.1, 12.7 and
= 22.3 mm. L.k, =1.83 and 9.
Knight and 0.055 0.008 0.006 2.7E+4 to Square perspex strip roughness:
MacDonald (1979) to 0.19 to 0.021  3.2E+5 k,=3 mm, /=3 mm, W =046 m.
Flow over roughness elements
Sayre and Albertson 0.06 0.02 0.05 8.3E+4 to Baffle blocks: k,=38 mm,
(1963) to 0.17 to 0.07 to 0.14 2.5E+5 L,=76 mm, width=152 mm.
W =244 m.
O’Loughlin and 0Oto2 wupto 0.023 Cubical roughness elements:
MacDonald (1964) 0.125 to 0.083 k,=12.7 mm. Spacing: 1.4 to 9* k..
W=0.61 m.
Flows over triangular roughness
Vittal et al. (1977) 0.05 3.2E+4 to Flat open channel with two-
to 0.13 2.6E+5 dimensional triangular  _5
roughness elements: = <
Roughness height: 30 deg
k.=0.03 m. Height-length ratio: 1/5.
W=0.6 m.
Gevorkyan and 0.05 Stepped teeth directed against the
Kalantarova (1992) to 0.125 flow:
—  Height-length ratio: 1/4.
*  Zemarin’s formula.
Rockfilled channels
Judd and Peterson 0.5 0.06 0.04 1.9E+5 to Field data. Natural torrents in USA.
(1969) to3.8 to3 to 0.72 8.8E+6 '
Hartung and 6 to 0.02 8.5E+4 to Model study. Artificial rockfilled
Scheuerlein (1970) 34 t0 0.2 2E+6 channel, Germany.
Bathurst (1978) 0.5 0.06 0.11 2.1E+5 to Field data. Natural streams in
to 1 to 0.37 to 0.34 1.4E+6 England.
Thompson and 0.2 0.3 0.014 1.2E+6 to Field data. Torrents in USA and
Campbell (1979 to 3 to 7.7 to 0.15 2.8E+7 rockfilled channels in New Zealand.
Bathurst (1985) 0.23 0.02 0.012 9.5E+4 to Field data in United Kingdom.
to22 to49 to 0.25 1.7E+7
Thorne and 0.8 0.15 0.065 6E+5 to  Field data. Mountain river in

Zevenbergen (1985) to 1.1 to 0.9 to 0.11 3.5R+6 Colorado, USA.

Note: Re: Reynolds number: Re =g, * U, * Dy/u,.
(a): circular pipe flows; (b): as reported in Perry et al. (1969).
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4 Point of inception of air entrainment

For a stepped spillway, the aerated flow region follows a region where the free surface of the flow
is smooth and glassy (Fig. 1). However turbulence is generated next to the boundary and the
turbulent boundary layer grows until the outer edge reaches the free surface. When the outer
edge of the boundary layer reaches the free surface, the turbulence can initiate natural free
surface aeration (Fig. 1). The location of the start of air entrainment is called the point of incep-
tion, and its characteristics are Ly and d,. L; is the distance from the start of the growth of the
boundary layer and 4 is the depth of flow at the point of inception. For smooth spillways, Wood
et al. (1983) showed that the flow properties at the point of inception can be estimated as:

% — 13.6 * (S].n a)0.0795* (F*)O.'”J (8)
5

d 0.223

&~ Gnape 7 .

where Fx is defined as: Fx = gu[Vg*sina*k.

For stepped spillway, most designs of the ogee crest are fitted to a Creager profile (e.g. M’Bali
dam) or a WES profile (e.g. Monksville dam). Usually few smaller steps are introduced near the
crest to eliminate deflecting jets of water (Fig. 1). With such a geometry, the analysis of the
growth of the boundary layer becomes extremely complex.

The author analysed the flow properties at the point of inception using model data. The results
are presented on Fig. 7. in summary the flow properties can be estimated as:

%2 9.8 * (sin @) %80« (F)0-1! (10)
dy 040
y=mm*(1”*)“‘“ (11)

where k; = h*cos a. Equation (10) and (11) are shown on Fig. 6. A comparison between equa-
tions (8) and (10) indicates that the smooth spillway calculations (equation (8)) would over-
estimate the distance of the apparition of “white waters” on stepped chutes.

It must be emphasised that equations (10) and (11) were deduced from data obtained with
channel slopes ranging from 27 to 52 degrees. Great care must be taken when using these equa-
tions with different slopes. '

Discussion of the effects of air entrainment

Downstream of the point of inception, air is entrained at the free surface. A mixture of air and
water extend gradually through the fluid. Far downstream, the flow will become uniform.
The author (Chanson 1993) showed that the drag reduction observed with air entrainment
reduces the energy dissipation above the chute and hence the spillway efficiency. For slopes
larger than 30 degrees, the effects of air entrainment can no longer be neglected for the com-
putations of the residual flow energy at the downstream end of the spillway.

6 Conclusion

Over the recent decades, stepped chutes have become more popular. But there is a lack of
knowledge on the hydraulics of skimming flows. This paper describes some characteristics of
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skimming flows on stepped chutes. Firstly the conditions of apparition of skimming flow are
detailed (eq. [1]). Then new results are presented to estimate the flow resistance along stepped
chutes. The study indicate some distinction between the flow resistance over steep and flat
stepped chutes: i.e. slopes smaller or larger than 27 degrees. It is believed that the difference
coincides to different flow patterns in the cavity of recirculating fluid between adjacent steps
(Fig. 5). Some analogy with flows over large roughness is also developed. For flat slopes, an
empirical correlation is presented (equation (6)). For steep slopes, the data show a wide scatter
with mean friction factor of the order of magnitude of unity. Later the flow conditions at the start
of air entrainment are described. The results indicate that free surface aeration occurs much
upstream than on smooth spillways.

This study shows that further experimental work is required. In particular there is no information
on the flow characteristics between the inception point of air entrainment and the uniform flow
region,

More new prototype data are required for steep slopes.

Notations
Dy hydraulic diameter (m)
d flow depth (m) measured normal to the channel slope at the edge of a step
d; flow depth at the inception point (m)
d, critical flow depth (m)
(de)onser  critical flow depth (m) at the onset of skimming flows
dy uniform flow depth (m) also called normal depth
Froude number defined as: Fx = g,,/V g *sin a =i

Fx
f friction factor of non-aerated flow
g gravity constant (m/s?)
H total head (m)
h height of steps (m)
K Von Karman universal constant
ky I-roughness height (m)
2-step dimension normal to the flow: ks= h*cosa

k: equivalent uniform sand roughness of the channel surface (m)

L, distance from the start of growth of boundary layer to the point of inception (m)
L roughness spacing (m)

I horizontal length of steps (m)

[ roughness length (m)

N exponent of the velocity power law

Qw water discharge (m®/s)

Qw water discharge per unit width (m?/s)

Re Reynolds number defined as: Re= Qw * Uy Dy/u,,

s curvilinear coordinate (m): i.e. distance (m) along the channel from the crest

U, flow velocity (m/s): U, = qwld

w channel width (m)

a spillway slope

Ly dynamic viscosity of water (N.s/m?)

Qw density of water (kg/m®)
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