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Hydraulics of skimming flows on stepped chutes: The effects of inflow conditions”

L'hydraulique des écoulements écumants sur des chutes en marches d’escalier:
effets des conditions d’alimentation?

H. CHANSON, Readeepartment of Civil Engineering, The University of Queensland, Brisbane, Qld 4072, Australia.
Fax: (61 7) 33 65 45 99; e-mail: h.chanson@ug.edu.au

ABSTRACT

Modern stepped spillways are typically designed for large discharge capacities corresponding to a skimming flow regime for which flow resistar
is predominantly form drag. The writer demonstrates that the inflow conditions have some effect on the skimming flow properties. Boundary lay
calculations show that the flow properties at inception of free-surface aeration are substantially different with pressurized intake. This &-analy
experimental results highlights that the equivalent Darcy friction factgris 0.2 in average on uncontrolled stepped chute grd 0.1 on stepped

chute with pressurized intake. A simple design chart is presented to estimate the residual flow velocity, and the agreement of the calculations
experimental results is deemed satisfactory for preliminary design.

RESUME

Les déversoirs en marches d’escalier modernes sont typiqguement congus pour de grandes capacités de débits correspondant a un régime d’écol
écumant dont la résistance a écoulement est principalement de trainée. L'auteur montre que les conditions d’alimentation ont un certa effet st
propriétés de I'écoulement. Les calculs de couche de limite montrent que les propriétés d’écoulement au commencement de I'aération de la su
libre sont considérablement différentes avec une alimentation en charge. La re-analyse des résultats expérimentaux fait ressortir que le facte
frottement équivalent de Darcy et~ 0.2 en moyenne sur les chutes sans controfeet0.1 avec une alimentation en charge. Un diagramme simple

de conception est présenté pour estimer la vitesse résiduelle d’écoulement, et I'accord des calculs avec des résultats expérimentaux est con
comme satisfaisant pour une conception préliminaire.

Keywords: Stepped spillway, skimming flow, inflow conditions, inception of air entrainment, flow resistance.

1 Introduction definition of the ogee development (Henderson, 1966; Chanson,
2004), A further subdivision may be made between an entire
Research and development into stepped spillway hydraulicssmooth ogee profile and an ogee development with small first
has been very active for the past two decades with 73 journalsteps in the profile. With an uncontrolled broad-crest, the pressure
publications (Web of Scienc¥ 1985-2003), some specialized distribution is hydrostatic at the crest. For a pressurized intake,
workshops (Ohtsu and Yasuda, 1998; Minor and Hager, 2000;the inflow pressure distribution is greater than hydrostatic. The
Mossaet al., 2004) and two books (Chanson, 1995, 2001). inflow conditions may affect the entire flow field as this is known
Modern stepped spillways are typically designed for large dis- in flows behind bluff body (e.g. Silberman and Song, 1961; Laali
charge capacities corresponding to a skimming flow regime asand Michel, 1984; Michel, 1984; Verron and Michel, 1984).
illustrated in Fig. 1. Flow resistance is predominantly form In this note, the writer argues that differences in inflow con-
drag. The flow is non-aerated at the upstream end. Free-surfacditions have some effect on the skimming flow properties. A
instabilities are however observed and strong air—water mixingcareful analysis of boundary layer equations demonstrates that
occurs downstream of the inception point of free-surface aerationthe inflow conditions affect the flow properties at inception of
Detailed air—water flow measurements highlighted large amountdree-surface aeration. A re-analysis of large-size experimental
of entrained air further downstream and very-strong interactionsresults suggests lower flow resistance in experimental facilities
between main stream turbulence, step cavity recirculation zonesvith pressurized intake.
and free-surface (e.g. Chanson and Toombes, 2003; Yasuda and
Chanson, 2003).
Previous studies were conducted with a wide range of inflow 2 Developing flow region
conditions (Table 1, Fig. 1), although there are basic differences.
With an uncontrolled ogee profile, the pressure distribution is In skimming flows down stepped chutes, the flow is non-aerated
quasi atmospheric in the entire flow at design flow conditions by at the upstream end and the free-surface is relatively smooth and
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Figure 1 Sketch of skimming flows on stepped chutes for different inflow conditions.
Table 1 Re-analysed experimental data of flow resistance
Reference Flow conditions Remarks

Andréet al. (2003)

BaCaRa (1991)

Boes (2000)

Chamani and Rajarathnam (1999)

Chanson and Toombes (2002a)

Gonzalez and Chanson (2004)

Matos (2000)

Shvajnshtejn (1999)

Toombes and Chanson (2000)

Chanson and Toombes (2002b)

Ohtsuet al. (2000)

Yasuda and Ohtsu (1999)

0=30,h=0.06mW =0.5m.

0 =531°,h =0.06m,W =15m
0 =531°,h =0.024m

0 =5%,h=0.024m

0 =634°, h =0.024m

0 =30, h =0.0460.092m,W = 0.5m
0 =50, =0.031,0.093m,W =0.5m

0 =513,h=0.3130.125m,W =0.3m
0=5%,h=0.313t00.125mW =0.3m
0=218,h=010mW=1m

0 =159, =0.05010mW=1m

9 =531°,h=0.08m,W=10m

0 =387,h=0.05m,W = 0.48m
0 =513, h =0.0625m,W = 0.48 m

0 =34°,h=0143m,W =0.25,0.5m

0=34°,h=00715mW =0.5m

0 =55,h=0.025m,W =0.4m.

0 =5.7°,h =0.006-0.10mW = 0.4m
0 =113, h =0.006-0.10mW = 0.4m
0 =19, h =0.002-0.08 MW = 0.4m

0 =30, h = 0.004-0.07mW =0.4m
0 =55, h = 0.003-0.064 m¥ = 0.4m

Air—water flow measurements
Pressurized intake inflow

Clear-water (non-aerated) flow
Uncontrolled ogee inflow
with small steps in ogee development

Air—water flow measurements
Pressurized intake inflo@® < Fr, < 10)

Air—water flow measurements
Uncontrolled smooth ogee crest inflow

Air—water flow measurements
Uncontrolled broad-crested weir inflow

Air-water flow measurements
Uncontrolled broad-crested weir inflow

Air—water flow measurements
Uncontrolled ogee inflow with small
steps in ogee development

Clear-water (non-aerated) flow
Uncontrolled ogee inflow with
small steps in ogee development

Air—water flow measurements
Pressurized intake inflow 2 < Fr; < 10)
Air—water flow measurements

Pressurized intake inflow 2 < Fr; < 10)
Air-water flow measurements
Uncontrolled smooth WES ogee crestinflow

Measurements in downstream stilling basin
Uncontrolled broad-crested weir inflow

Measurements in downstream stilling basin
Uncontrolled smooth Waterways
Experimental Station ogee crest inflow

Notes: 6, bed slope; Fr, inflow Froude number;, step height, channel width.
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Figure 2 Sketch of developing flow region above stepped chute. (a) Uncontrolled inflow conditions; (b) Pressurized intake inflow conditions.

glassy. Turbulence is generated however at the invert and a bottorthat:
boundary layer develops (Fig. 2). When the outer edge of the (o \ M4 Gue \ -
boundary layer is close to the free-surface, interactions betwee —p> = (—)

the boundary layer turbulence and the free-surface induce signif- h cosy h coss 1

icant free-surface aeration. That location is called the inception X s 3
point of air entrainment. Its position is defined as the distance \/1 + “W(qu/s + %Fr‘l‘/s)

from the start of the growth of the boundary layer, and the water —eow —

depth at inception ig.
Simple calculations of boundary layer growth may be devel-( (d))pi )1-57 B ( (d)uc )1'57

oped (e.g. Chanson, 1995). A summary is given in Appendix 1\ 7, cosg h cosd
for steady flows in rectangular prismatic channels with flat hor- 1
izontal steps. For uncontrolled stepped chutes, Chanson (1995) X 273 IV )
compared successfully these with a large number of experimental \/ W(FH +3Fn )
h cosf

data obtained in laboratory models and prototype. (In that study,
the location of inception point was defined as the first apparition where the subscript “pi” refers to pressurized intake conditions
of “white waters” at the free-surface.) A statistical analysis of the and Fy is the intake flow Froude number. In Egs (3) and (4), right-
data indicated that the inception point location and the flow depthhand side, the last term is a correction factor taking into account
at inception were best correlated by: the intake flow conditions. Note that the correction factor is a
function of the flow rate, invert slope, step height and inflow
e 14 Froude n_umber o
( ) = 24.14(sinH)*111F, (1) Equations (3) and (4) are presented in Fig. 3. They are com-
h cos pared with experimental data obtained with pressurized intake.
(d)uc _ 0.4034 (F.)059 @) Figure 3 shows a good agreement between Eqgs (3) and (4), and
hcosd — (sing)004* " Boes’ (2000) data. The latter were obtained with inflow Froude
numbers ranging from 3 to 10. The results (Fig. 3) demonstrate
where the subscript “uc” refers to uncontrolled inflow conditions that the inception point is located significantly more upstream
(Fig. 2a),h is the vertical step height is the angle between Wlt.h pressurized mtakg |ano.ws.than with qncontrolled c.hutes,
the pseudo-bottom formed by the step edges and the horizonWhile theflow depth atinceptionis ;mallerwnh pres;ured mtak-e.
tal, F, = qw/+/gSind(hcosh)3, g, is the discharge per unit ACCOfdlhg tp Egs (3) and (4), the differences must increase with
width andg is the gravity acceleration. A comparison between '"cr€asing inflow Froude number fthe data F’f Boes t.end to
Egs (1) and (2), and experimental data, is presented in Fig. (3a, b)ggrge.W|th the tre.nd, but the number of data is too limited to be
respectively. statistically meaningful.
With a pressurized intake, the outflow is thinner and faster than
with an uncontrolled crest. In turn the outer edge of the boundary . .
. 2.1 Discussion
layer may be expected to reach the free-surface more rapidly than
on an uncontrolled chute for an identical flow rate and steppedChanson and Toombes (2002a) presented in addition experimen-
geometry. Analytical calculations (Appendix 1) demonstrate tal observations of inception obtained in transition and skimming
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(@)  Inflow conditions References

Uncontrolled intake (model data) Beitz and Lawless (1992), Brig. (1993), Chanson and
Toombes (2002), Frizell (1992), Haddad (1998), Horner (1969),

Sorensen (1985), Tozzi (1992), Zhou (1996), Warheit-Lensing (1996)

Uncontrolled intake (prototype data) Sanchez-Bribiesca and Gonzalez-Villareal (1996)

Pressurized intake (model data) Boes (2000)
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(b)  Inflow conditions References

Uncontrolled intake (model data) BaCara (1991), Biedal. (1993), Frizell (1992), Haddad (1998),
Horner (1969), Sorensen (1985), Tozzi (1992), Zhou (1996),

Warheit-Lensing (1996)

Pressurized intake (model data) Boes (2000)
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Figure 3 Flow conditions at the inception point of free-surface aeration. (a) Dimensionless location of the inception point of free-surface ae
tion—comparison between experimental data and Eqs (1) and (8)£060°. (b) Dimensionless flow depth at the inception point of free-surface
aeration—comparison between experimental data and Egs (2) and ¢4-f60°.
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flow regimes for 16and 22 slopes with uncontrolled broad-crest correspond to three dominant modes (or regimes) of excitation
inflow. For F, < 4, their data did not follow Eq. (1) and were induced by different inflow conditions sketched in Fig. 1.

best correlated by: Figure 4(b) shows that experiments with pressurized intake
X 1234 yielded lower flow resistance than for uncontrolled inflow con-
= 7% 0485 F <4 (5) ditions. For example, the re-analysis of data from Boes (2000)
hcosd  (sin6) and Andréet al. (2003) givesf ~ 0.10 that is about three times
Equation (5) is shown in Fig. 3(a) for completeness. smaller than the third dominant valu¢ & 0.30, Fig. 4b). Sim-

ilarly, skimming flow experiments by Chanson and Toombes
(2002b) down a flat sloped(= 3.4°, h = 0.07 m) with pres-
3 Flow resistance in skimming flows surized intake yielded friction factors three times smaller than
data of Yasuda and Ohtsu (1999) on.&°5stepped slope with
Skimming flows are characterized by significant form losses with uncontrolled broad-crest. Larger flow resistance was observed
formation of recirculating vortices between the main flow and on stepped chutes with uncontrolled inflow conditions with
the step corners. A comprehensive re-analysis of flow resistancef ~ 0.21 in average for uncontrolled ogee crest ghd- 0.15
included more than 38 model and four prototype studies with in average for uncontrolled broad-crest inflow conditions (for all
channel slopes ranging from7 to 55 (Chansoret al., 2002). data in Fig. 4).
The equivalent Darcy friction coefficierftwas typically between
0.1 and 0.35. Different research facilities yielded different results
however and researchers continue to disagree on the reasons for o
these differences (Chanson, 2000). 4 Application
Flow resistance data for large-size model data-(0.020 m,
Re > 1E+ 5) are presented in Fig. 4(a) in terms of the equiva- On steep chute¥)(> 15°), the flow acceleration and bound-
lent Darcy friction factorf as function of the dimensionless step 7Y layer development affect the flow properties. Complete flow
roughness height, where Re is the flow Reynolds number defined@lculations are tedious. Calculations of developing flow and uni-
in terms of the hydraulic diametér,. Details of experiments are ~ form equilibrium flow may be combined to provide a general
summarized in Table 1. For steep chutes-(15°), the friction trend which may be used for a preliminary design (Chanson,
factor data presented no obvious correlation with the relative step?004)- The ideal fluid flow velocity at the downstream end of the

roughness heiglitcosé/ Dy, Reynolds, Froude nor Weber num-  Chute is:
bers (Chansost al., 2002). They compared however favourably
with a simplified analytical model of the pseudo-boundary shear
stress which may be expressed, in dimensionless form, as:

= % . % (6) where Hnax IS the upstream total head adids the downstream
i depth of the ideal flow (Fig. 5 top). The downstream flow velocity

where fy is an equivalent Darcy friction factor estimate of the U, is smallerthan the theoretical velocity,¥because of energy
form drag, ¥ K is the dimensionless expansion rate of the shearlosses. Results are summarized in Fig. 5 in termg,gfVimax as
layer. The coefficient AK is assumed to be constant in a Prandtl a function of Hyax/d. Whered; is the critical depth. Developing
mixing length model (Rajarathnam, 1976; Schlichting, 1979). flow and uniform equilibrium flow calculations are shown for
Equation (6) predictgy ~ 0.2 for K = 6thatis closetoobserved smooth chutes, uncontrolled stepped chutes and stepped chutes
friction factors (Fig. 4a). Skimming flow resistance data appearedwith pressurized intake fér= 50°. (The latter case was analysed
to be distributed around three dominant valugsy 0.105, 0.17 using the results presented above.) Prototype smooth chute data
and 0.30 as shown in Fig. 4(b). Figure 4(b) presents the prob{Aviemore dam) and laboratory stepped chute data are shown
ability distribution function of Darcy friction factor where the and compared with the simplified method. Despite some scatter,
histogram columns represent the number of data with friction Fig. 5 provides a simple practical tool to estimate the residual
factors within the interval: e.g., the probability of friction factors flow velocity Uy, as a function of the flow rate and upstream total
from 0.18 t0 0.20 is represented by the column labelled 0.18. Thehead. The results may be easily extended for other slopes.
intervals were selected with a constant logarithmic increment.  Figure 5 demonstrates consistently the greater residual veloc-
The firstand last columns indicate the number of data with friction ity and kinetic energy at the end of a stepped chute with
factors less than 0.08 and greater than 1.0, respectively. pressurized intake. For example, considering a stepped spillway

The writer proposes that flow resistance in skimming flows is with an upstream total head above spillway #@gax = 60m,
not an unique function of flow rate and stepped chute geometryflow rate g, = 20n¥/s, step heightt = 0.6m, and slope
Itis hypothesized that the form drag process may present severad = 50°. Figure 5 predicts that the residual veloclty, equals
modes of excitation that are functions of the inflow conditions. 24 and 31 m/s for a stepped chute with uncontrolled crest and
At each step edge, shear instabilities may generate different cavpressurized intake flow conditions == 10), respectively. That
ity wake regimes, associated with different drag coefficients. In is, the residual kinetic energy is 60% greater with a gated intake
Fig. 4(b), the dominant valueg ~ 0.105, 0.17 and 0.30 would  operating for Fy = 10.

Vimax = \/zg(Hmax — d cosb) (7)

Ja
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(a) Uncontrolled broad-crest Yasuda & Ohtsu, Chanson, Toombes &
Gonzalez
Uncontrolled smooth ogee crest Yasuda & Ohtsu, Chamani & Rajaratnam

Uncontrolled ogee crest, with small first steps  BaCaRa, Matos, Shvainshtein
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Figure 4 Darcy friction factor of skimming flows on stepped chute [179 data]. (a) Friction factor as function of the relative step roughness heig
(b) Probability distribution function of stepped chute friction factor.

5 Conclusion factor is f ~ 0.2 in average on uncontrolled stepped chute and
f ~ 0.1 on stepped chute with pressurized intake. A simple
Skimming flow properties on stepped chutes are affected by thedesign chart (Fig. 5) is presented to estimate the residual flow
inflow conditions. Boundary layer calculations demonstrate thatenergy, and the agreement of the calculations with experimental
the location and flow depth at inception of free-surface aera-results is considered acceptable for preliminary design.
tion are substantially smaller than with an uncontrolled inflow  While this study demonstrate quantitative effects of inflow
chute, all other parameters being equal. The re-analysis of largeeonditions on stepped chute flows, the basic mechanisms are
size experimental results shows that the equivalent Darcy frictionnot clearly understood. Overall the hydraulics of skimming
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Figure 5 Residual flow velocity at the downstream end of the chute—comparison between smooth chute, stepped chute with pressurized intake
stepped chute with uncontrolled flow conditions

flows is significantly more complicated than traditional smooth estimated as:

chute hydraulic calculations. For example, some researchers b

(e.g. Matos, 2000; Chanson and Tombes, 2002a; Yasuda and s = a(ﬁ) (A1)
Chanson, 2003; Gonzalez and Chanson, 2004) presented exper- * ks

imental results suggesting longitudinal oscillations of basic flow \ here s is the boundary layer thickness, is the streamwise
properties (velocity, depth, mean void fraction). Yasuda and gistance from the start of the growth of the boundary layer,
Chanson (2003) proposed that these resulted from strong interkS is the roughness height, andindb are constants (e.g. Bauer,
ference between vortex shedding in the shear layers behind eaclf954; Cain and Wood, 1981). For a stepped profile, the roughness

step edge and the free-surface. height isks = h cos6. The velocity distribution is of the form:
1N
Acknowledgments vV _ (X > (A2)
Vmax 5
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where Vinax is the free-stream velocity in the ideal-fluid flow

region (i.e.d < y < d) andy is the distance normal to the

pseudo-bottom formed by the step edges. The Laser Doppler

Anemometer (LDA) velocity data of Ohtsu and Yasuda (1997)

showed thatv ~ 5 in the developing boundary layer above a

Appendix 1 Developing flow region calculations steep stepped chute. For an uncontrolled crest, the free-stream
velocity is about:

At the upstream end of a stepped chute, a bottom turbu-

lent boundary layer develops (Fig. 2). Its growth may be  Vpnax=+/2gx sinf (Uncontrolled crest) (A3)



58 Chanson

For a pressurized intake, the free-stream velocity equals: (d)pi @-2)/(2-2)
hcosfo
. E . _ (3-2b)/(2-2b)
Vinax = ./ 2gx sind <1 + ) (Pressurized intake) (A4) _ @)uc
xSsing - h cose
wherekE is the specific energy at the intake: X = (A12)
723 —2/3  1p-.4/3
Eq -2/3 1_ 43 \/1+ ((x1)pi SiNGY/3/h cos@>(Frl +3Fn )
= = Fr; " cos6 + EFH (A5)
(9

where the subscripts “uc” and “pi” refer to uncontrolled inflow

whered. is the critical depth and Fris the intake flow Froude ~ conditions and pressurized intake conditions, respectivélys
number: Fi = V1//2dx. qw/+/ g sin 0 (h cos )2 and Fy is the intake flow Froude number.

At the inception point£ = x,), the combination of continuity For uncontrolled stepped chutes, Chanson (1995) compared
and Bernoulli principles gives: successfully Egs (A7) and (A9) with a large number of model
and prototype data. If the data are compared with Eqs (A7) and
qw N (A9), the results of the statistical analysis yiéle= 0.1.

Vwd N+ 1 (A9)

wheregqy is the flow rate per unit width. Combining Eqg. (A6) Notation
with Egs (A1)-(A4), it yields:
a = Dimensionless constant

<x| >3/2"’ _N+1 gy (Uncontrolled crest b = Dimensionless constant
ks  Nav/2./gsin0k3 Dy = Hydraulic diameter (m)
(A7) d = Flow depth (m) measured normal to the channel slope
at the edge of a step
d, = Flow depth (m) at the inception point of air
\7*" O N+1 g entrainment
<k_s> - Naﬁ\/m d1 = Flow depth (m) immediately downstream of the
1 channel intake
X (Pressurized intake E = Specific energy (m)
V14 (E/xisin6) E1 = Specific energy (m) at intaké; = d; cosé + VZ2/2g
(A8) Fr = Froude number defined as: & V//gd
The b.oundary Iaygr t'hicknesg quals the water deptlatd F}:i ; :;i?:]);vnzirc?r?lgisngirgg?e:}gﬁer? Y/
inception. The continuity equation yields: F. = qu/ /—g Sin 0 (hcos0)3
A\ G D@2 (Y- f= é— Dar.cy.—Weisbach fr!ction factor; 2— equivalent
A S e arcy friction factor estimate of stepped chute form
<k5> N\/E drag
(Uncontrolled crest fa = (equivalent) Darcy friction factor estimate of form
,/gSin ng’ drag
(A9) ¢ = Acceleration due to gravity (mf%
d\ G-2)/@=2) (N + 1)at/@2 u H = Tota! head (m)
< ks> = N3 \/gsTekg Hmax = l\:l)gxmum total head (m) measured above the chute
% 1 h = Height of steps (m) (measured vertically)
V14 (E1/xisIn0) K = Inverse of the spreading rate of a turbulent shear layer;
x (Pressurized intake (A10) ks = Step dimension (m) measured normal to the flow
direction:ks = h cosé
Basically Eqs (A6)—(A9) which may be rewritten as: N = Inverse of the velocity distribution exponent
g = Discharge per unit width (AYs)
pi \ Y2 Re = Reynolds number defined as: ReVDy /vw;
(h cos@) Uy = Residual flow velocity (m/s)
3/2-b V = Velocity (m/s)
= ( *ue ) = Vimax = Free-stream velocity (m/s)
h cos6 2/3 max

(Fr;z/g + %Fr‘l‘/3) Vi = Intake flow velocity (m/s)
Channel width (m)
(A11) x = Longitudinal distance (m) measured in the crest

F.
\/”W‘m

=
|



x; = Longitudinal distance (m) measured in the crest

where free-surface aeration takes place

Greek symbols

S =
VvV =
0 =

Boundary layer thickness (m)
Kinematic viscosity (r/s)
Channel slope

Qubscripts

=
I

Inception point flow conditions
Pressurized intake
Uncontrolled inflow conditions
Water flow

= Inflow conditions

References

10.

11.

. ANDRE, S., Manso, P.A., SHLEISS, A. and BoILLAT, J.L.

(2003). “Hydraulic and Stability Criteria for the Rehabil-
itation of Appurtenant Spillway Structures by Alternative
Macro-roughness Concrete LiningsProceedings of the
21st ICOLD Congress, Montreal, Canada, Q. 82, R. 6,
pp. 63-93.

BACARA (1991). “Etude de la Dissipation d’Energie sur
les Evacuateurs a Marches”. (“Study of the Energy Dis-
sipation on Stepped Spillways”) Rapport d’Essais, Pro-
jet National BaCaRa, CEMAGREF-SCP, Aixen-Provence,
France, October, 111 pp. (in French).

BAUER, W.J. (1954). “Turbulent Boundary Layer on Steep
Slopes”.Trans. ASCE 119, 1212-1233.

BEeITZ, E. and LAwLESS, M. (1992). “Hydraulic Model Study
for dam on GHFL 3791 Isaac River at Burton Gorgé#ter
Resources Commission Report, Ref. No. REP/24.1, Sept.,
Brisbane, Australia.

BINDO, M., GAUTIER, J. and lacroix, F. (1993). “The
Stepped Spillway of M’Bali Dam”Intl. Water Power and
Dam Construction 45(1), 35-36.

BoEs, R.M. (2000). “Zweiphasenstrodmung und Energieum-

setzung auf Grosskaskaden”. PhD Thesis, VAW-ETH,
Zurich, Switzerland.

CalN, P. and Wop, |.R. (1981). “Measurements of Self-
aerated Flow on a Spillway"J. Hydraul. Div. ASCE 107
(HY11), 1425-1444.

CHAMANI, M.R. and RJARATNAM, N. (1999). “Characteris-
tics of Skimming Flow over Stepped Spillways: Hydraul.
Engng. ASCE 125(4), 361-368.

CHANSON, H. (1995). Hydraulic Design of Stepped Cas-
cades, Channels, Weirs and Spillways. Pergamon, Oxford,
UK.

1aNsoN, H. (2000). “Forum Article. Hydraulics of
Stepped Spillways: Current StatusJ, Hydraul. Engng.
ASCE 126(9), 636—637.

QHANSON, H. (2001).The Hydraulics of Stepped Chutesand
Soillways. Balkema, Lisse, The Netherlands, 418 pp.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Hydraulics of skimming flows on stepped chutes 59

QHANSON, H. (2004). The Hydraulics of Open Channel
Flows: An Introduction, 2nd edn. Butterworth-Heinemann,
Oxford, UK, 630 pp.

HANSON, H. and TooMmBES, L. (2002a). “Experimental
Investigations of Air Entrainment in Transition and Skim-
ming Flows down a Stepped ChuteCan. J. Civil Engng.
29(1), 145-156.

QHANSON, H. and TooMBEsS, L. (2002b). “Energy Dissipa-
tion and Air Entrainment in a Stepped Storm Waterway: An
Experimental Study”J. Irrig. Drain. Engng. ASCE 128(5),
305-315.

(HANSON, H. and ToOMBEs, L. (2003). “Strong Interactions
between Free-Surface Aeration and Turbulence in an Open
Channel Flow” Exp. Thermal Fluid ci. 27(5), 525-535.
(HANSON, H., YASUDA, Y. and Quarsu, 1. (2002). “Flow
Resistance in Skimming Flows and its Modellin@an. J.
Civil Engng. 29(6), 809-819.

RRizeLL, K.H. (1992). “Hydraulics of Stepped Spillways for
RCC Dams and Dam Rehabilitation$”roceedings of 3rd
Foecialty Conferenceon Roller Compacted ConcreteASCE,
San Diego CA, USA, pp. 423-439.

GonzaLEz, C.A. and GiaNsoN, H. (2004). “Interactions
between Cavity Flow and Main Stream Skimming Flows:
An Experimental Study”.Can. J. Civil Engng. 31(1),
33-44.

GonzALEz, C.A. (2005). “An Experimental Study of Free-
Surface Aeration on Embankment Stepped Chutes.” Ph.D.
Thesis, Department of Civil Engineering, The University of
Queensland, Brisbane, Australia, 240 pp.

HaDDAD, A.A. (1998). “Water Flow Over Stepped Spill-
way.” Masters Thesis, Polytechnic of Bari, Italy.
HENDERSON, F.M. (1966).Open Channel Flow. MacMillan
Company, New York, USA.

HORNER, M.W. (1969). “An Analysis of Flow on Cas-
cades of Steps”. PhD Thesis, University of Birmingham,
Birmingham, UK, 357 pp.

LaaLl, A.R. and McHEL, J.M. (1984). “Air Entrainment
in Ventilated Cavities: Case of the Fully Developed ‘Half-
Cavity’”. J. Fluids Engng. Trans. ASME 106, 319.

MaTtos, J. (2000). “Hydraulic Design of Stepped Spillways
over RCC Dams”. In: MNOR, H.E. and MAGER, W.H. (eds),

I nter national workshop on Hydraulics of Sepped Spillways.
Balkema Publ., Zirich, Switzerland, pp. 187-194.

MicHEL, J.M. (1984). “Some Features of Water Flows
with Ventilated Cavities”.J. Fluids Engng. Trans. ASVIE
106, 319.

Mmvor, H.E. and HAGER, W.H. (2000). “Hydraulics of
Stepped Spillways”. In: Mvor, H.E. and FAGER, W.H.
Inter national Workshop on the Hydraulics of Stepped Spill-
ways Zurich, Switzerland, 2000.

Mossa, M., YAsuDA, Y. and GiansoN, H. (2004). “Flu-
vial, Environmental and Coastal Developments in Hydraulic
Engineering”. Proceedings of the International Workshop

on Sate-of-the-Art in Hydraulic Engineering, 16—19 Febru-
ary 2004, Bari, Italy. Balkema, Leiden, The Netherlands,
248 pp.



60

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chanson

4TSy, | and Yasupa, Y. (1997). “Characteristics of
Flow Conditions on Stepped ChannelBtoceedings of the
27th 1AHR Biennal Congress, San Francisco, CA, USA,
Theme D, pp. 583-588.

Oatsu, 1., and Yasupa, Y. (1998). “Hydraulic Char-
acteristics of Stepped Channel Flows”. In:HQu, I.
and YAsuUDA, Y. (eds),Workshop on Flow Characteristics
around Hydraulic Sructures and River Environment, Uni-
versity Research Center, Nihon University, Tokyo, Japan,
November, 55 pp.

Q4TSU, I., YASUDA, Y. and TAKAHASHI, M. (2000). “Char-
acteristics of Skimming Flow over Stepped Spillways.
Discussion”.J. Hydraul. Engng. ASCE 126(11), 869-871.
RAJARATNAM, N. (1976). Turbulent Jets. Development in
Water Science, vol. 5. Elsevier Scientific, New York, USA.
SANCHEZ-BRIBIESCA, J.L. and ®NZALEZ-VILLAREAL, F.
(1996). “Spilling Floods Cost effectivelylfitl. Water Power
and Dam Construction 48(5), 16—20.

SCHLICHTING, H. (1979).Boundary Layer Theory, 7th edn.
McGraw-Hill, New York, USA.

SIVAINSHTEIN, A.M. (1999). “Stepped Spillways and
Energy Dissipation”.Gidrotekhnicheskoe Stroitel’stvo, 5,
15-21 (in Russian) (Also Hydrotech. Construction 3(5),
1999, 275-282).

SLBERMAN, E. and ®NG, C.S. (1961). “Instability of
Ventilated Cavities”J. Ship Res. 5(1), 13-33.

SORENSEN, R.M. (1985). “Stepped Spillway Hydraulic
Model Investigation”.J. Hydraul. Engng. ASCE 111(12),
1461-1472. Discussion: 113(8), 1095-1097.

TooMBES, L. (2002). “Experimental Study of Air-Water
Flow Properties on Low-Gradient Stepped Cascades”. Ph.D.
Thesis, Dept. of Civil Engineering, The University of
Queensland.

38.

39.

40.

41.

42.

43.

44.

Tozzi, M.J. (1992). “Caracterizacdo/Comportamento de
Escoamentos em Vertedouros com Paramento em Degraus”.
("Hydraulics of Stepped Spillways.”) Ph.D. Thesis, Univer-
sity of Sao Paulo, Brazil (in Portuguese).

TooMBES, L. and GiANsoN, H. (2000). “Air—Water Flow
and Gas Transfer at Aeration Cascades: A Compara-
tive Study of Smooth and Stepped ChuteBitenational
Workshop on Hydraulics of Stepped Spillways, Zrich,
Switzerland. Balkema Publ., pp. 77-84.

VERRON, J. and McHEL, J.M. (1984). “Base-vented Hydro-
foils of Finite Span under a Free Surface: An Experimental
Investigation”.J. Ship Res. 28(2), 90-106.
WAHRHEIT-LENSING, A. (1996). “Selbstbelliftung une
Energieumwandlung beim Abfluss tber Treppenférmige
Entlastungsanlagen”. ('Self-Aeration and Energy Dissipa-
tion in Flow iver Stepped Spillways.”) Ph.D. Thesis, Insti-
tute for Hydromechanics, Karlsruhe University, Germany,
164 pp.

YASUDA, Y. and GiANSON, H. (2003). “Micro- and Macro-
scopic Study of Two-Phase Flow on a Stepped Chute”. In:
GANoOULIS, J. and RNos, P. (eds)Proceedings of the 30th
IAHR Biennial Congress, Thessaloniki, Greece, Vol. D,
pp. 695-702.

YAsSUDA, Y. and Qutsu, | (1999). “Flow Resistance of
Skimming Flow in Stepped Channeld?roceedings of the
28th IAHR Congress, Graz, Austria, Session B14, 6 pp.
(CD-ROM).

ZHou, H. (1996). “Hydraulic Performances of Skim-
ming Flow over Stepped SpillwayProceedings of 10th
APD-IAHR Congress, Langkawi Island, Malaysia, August,
pp. 1-8.



