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Abstract

Stepped chutes are a standard element in hydraulic engineering. Among others, two basic problems have not yet been
addressed so far. These include the direct spray reduction on stepped chutes for relatively small discharges by an improved
step edge geometry, and the cavitation damage up to the point of self-aeration for relatively large discharges. This research
adds to these two items by systematic observations on a stepped chute of definite slope and step size. The test data were
analyzed resulting in preliminary recommendations for an improved performance of stepped chutes. It was concluded that
the present knowledge applies also for stepped chutes extended with an aerator as proposed herein. The latter may be easily
added to existing designs, of which the design discharge is increased.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Stepped chutes have become a standard hydraulic structure within the past decades. They are currently an
alternative design to smooth spillways, with a major difference in the maximum hydraulic load (Vischer and
Hager, 1998). Whereas the smooth spillway may be subjected with unit discharges of over 100 m2/s, current
design guidelines for the stepped chute propose a maximum unit discharge of less than 30 m2/s (Pfister et al., in
press, see also Appendix 1). Accordingly, stepped chutes are currently employed for relatively small dis-
charges. In contrast, smooth chute spillways are designed for both large discharges and hydraulic heads,
together with an appropriate protection against cavitation damage. Once the large cavitation damages were
detected in the 1960s, means were developed to counter that self-damaging mechanism. It was realized in
the 1970s that the only technical means to counter cavitation damage is the chute aerator (Pinto et al.,
1982; Falvey, 1990). Volkart and Chervet (1983) were among the first to propose various designs for an ade-
quate presence of air close to the chute bottom. Such an effort was not made until today for stepped chutes,
however.
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Fig. 1. Definition sketch for pre-aerated stepped chute flow, PB = pseudo-bottom.
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A second problem so far not systematically investigated is the stepped chute performance for small dis-
charges. Depending on the chute slope and the step height, spray production develops for discharges below
a certain limit discharge (Mateos Iguácel and Garcı́a, 2000; Chamani, 2000). The resulting flow does then
no more attach to the chute bottom, but is deflected towards the air to impact further downstream onto a
step edge. Due to the steep impact angle, the flow is again deflected away from the stepped chute and pro-
duces a significant amount of spray. Spray is a nuisance in hydraulic engineering for various reasons: (1)
erosion of adjacent embankments made of sediment; (2) spray generation and ice production in cold
regions; (3) loss of a significant amount of the discharge during heavy wind, and (4) requirement of a higher
freeboard.

The following relates to both, the pre-aeration of stepped chute flow for large discharges and the reduction
of spray for relatively small discharges. The research is preliminary in the sense that only one stepped chute
was available, with a fixed step height and a constant angle of the pseudo-bottom (PB) (Fig. 1). However, the
model employed simulates typical stepped chute flow, given that the angle of the pseudo-bottom was 50�, and
the model step height was with almost 0.10 m relatively large. The analysis of data was generalized to provide
results that are directly applicable for the chute geometry investigated. More research is needed to expand the
results for a generalized hydraulic approach. It should be noted that both the Reynolds and the Weber number
were sufficiently high to allow for the Froude similitude in discussing the main features of the air–water flow
(Boes and Hager, 2003a).

2. Hydraulic model

The experiments were conducted in the VAW stepped chute model. The angle of the pseudo-bottom
/ = 50� (1V:0.84H) is commonly used for stepped chutes in dam engineering. The water (subscript w)
discharge Qw overflows a standard crest geometry whose design (subscript D) head was HD = 0.524 m. For
a chute width of B = 0.500 m, the crest design discharge is QD = 0.432 m3/s therefore, corresponding to
almost 1 m3/s per unit width of the model chute. The step height of the model was s = 0.093 m; a total of
25 steps were provided along the chute length of 3.03 m. If a prototype step height of 1.20 m (4 ft) would
be considered, the model scale is 1:12.9, and it would increase to 1:3.2 for a prototype step height of
0.30 m (1 ft). This large model was particularly built to counter effects of scale, therefore. The instrumentation
employed for the present research was an updated RBI twin fiber-optical probe extensively described by Boes
(2000). The free surface of the flow was investigated using digital photography rather than a conventional
point gage because of the spray formation. The water discharge was recorded to ±3% using inductive dis-
charge measurement (IDM). The air discharge was not directly measured because of the relatively complicated
model air supply system, as described below.
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3. Pre-aerated chute flow

3.1. Definitions

Fig. 1 shows a scheme of the model used. A water discharge Qw overtopped the crest with the critical flow
depth hc ¼ ½Q2

w=ðgB2Þ�1=3, with g as the acceleration of gravity. A coordinate system (x,z) with x as the stream-
wise coordinate and z vertical on it was placed at the beginning of the first step. At the section x = 0, the aver-
age flow depth is ho and the average velocity is vo. A so-called step aerator to be described below was inserted
in the first step to aerate the bottom portion of the stepped chute. Accordingly, the flow is white close to the
steps up to the aeration (subscript A) height zA(x). At the free surface, a blackwater flow extends up to the
point of surface air inception, along with an expansion of the surface air entrainment towards the stepped
chute bottom, as for the conventional stepped chute. The incipient (subscript i) bottom aeration sets in at loca-
tion xi downstream from the first step (Fig. 1). At a certain elevation w from the spillway crest, the residual
(subscript res) energy head of the air–water mixture flow is Hres, with Hres < Hmax due to the energy
dissipation.

The experimental program involved three discharges, namely Qw/QD = 0.10, 0.26 and 0.56. The lower dis-
charge was the minimum under which no appreciable spray formation resulted, whereas the large discharge
was the maximum under which air by the present aerator was still entrained. As discussed below, the upper
limit of air entrainment is related to a minimum local Froude number and the particular aerator design
adopted herein. Table 1 summarizes the main flow characteristics investigated with column 1 as the run num-
ber. Columns 2–4 relate to the critical flow depth hc, the flow depth ho upstream of step 1 and the water dis-
charge per unit width qw, qA is the air discharge per unit width, xi is the incipient bottom air entrainment point
if the aerator would be absent, and hwu is the uniform (subscript u) blackwater flow depth. Further, Cau is the
uniform average (subscript a) air concentration in the uniform flow reach with h90u as the uniform air–water
mixture flow depth, Cbu is the bottom (subscript b) air concentration for uniform flow and b = qA/qw is the
ratio between the air and water discharges. Numbers in italic were predicted from Boes (2000) and Boes and
Hager (2003a,b), whereas the remainder was measured on the model. Because of the limited chute length, the
uniform flow parameters could only be observed for the smaller discharges.

The data relative to the spray formation are sensitive to scale effects. With the relatively large hydraulic
model employed in the present study these should be relatively small, however. The limit Reynolds and Weber
numbers as proposed by Boes (2000) were exceeded, except for the smallest discharge investigated. The effect
of spray in hydraulic engineering poses problems that cannot be definitely accounted for until today, and the
results should be considered with attention, therefore.

3.2. Novel step aerator

Problems with cavitation damage in smooth spillways were successfully countered with chute aerators.
Three main aerator types were proposed (Volkart and Chervet, 1983): (1) deflector corresponding to a wedge
on a straight bottom, (2) drop as an elevation difference between the upstream and downstream bottom pro-
file, and (3) groove with an aerator placed at the upstream groove side. The latter type is hardly used because
of the risk of choking air supply, whereas both types (1) and (2) are extensively applied in hydraulic engineer-
ing, in addition to combinations of the two.
Table 1
Test data for step aerator

Run hc [m] ho [m] qw [m2/s] qA [1/s m] xi [m] hwu [m] Cau [–] Cbu [–] h90u [m] b [%]

a 0.090 0.028 0.084 1.767 0.243 0.022 0.559 0.262 0.050 2.10
b 0.173 0.071 0.226 0.865 0.877 0.043 0.582 0.251 0.102 0.38
c 0.289 0.132 0.487 0.520 2.506 0.070 0.562 0.232 0.161 0.11

Values in italic according to Boes (2000) and Boes and Hager (2003a).



Fig. 2. Definition sketches: (a) aerator employed in present research, (b) twin aeration profile by free surface entrainment and pre-
aeration at pseudo-bottom.
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A logic approach for stepped chutes was therefore to insert a deflector type aerator upstream of the first
step (Pfister et al., in press). However, a deflector lifts the flow slightly above the pseudo-bottom resulting
in flow impact onto the steps. No particular disadvantages may be observed for larger discharges except
for the flow deflection at the impact location, and an appreciable loss of air from the aerated chute flow
because of jet compression in the vicinity of the jet impact. For smaller discharges, a significant spray is pro-
duced because of jet impact onto the horizontal step faces.

Whereas the bottom pressure along a smooth straight spillway is practically hydrostatic, stepped chutes
develop strong vorticity in the step niches. It is known from detailed pressure readings (Sánchez Juny
et al., 2000) that the pressure on the horizontal step face is more than hydrostatic because of jet impact,
whereas the pressure along the vertical step face decreases from the step corner towards the step edge. Accord-
ingly, the vertical face downstream of the step edge is a zone of relative small pressure favorable for an aerator.
Fig. 2(a) shows the novel ‘step aerator’ proposed for stepped chutes. It essentially consists of a 2D lip extend-
ing across the chute with a horizontal portion close to the vertical step face, and a sloping portion close to the
pseudo-bottom (PB), of which the angle was equal to /. A much larger hydraulic model would be required for
a detailed appreciation of the optimum aerator design. This was outside from the research objective, how-
ever.

The principle of the novel ‘step aerator’ is as follows: The step niche is subdivided into a positive pressure
zone below the aerator lip due to the jet impact, and a negative pressure zone above the aerator lip. Without
this separation element—herein referred to as the aerator—the subpressure required to supply air to the flow is
too small according to preliminary tests. As indicated in Fig. 1, an air boundary layer develops upstream from
the first step edge. The exact amount of air supply is subject to detailed future research. It is notable that the
particular aerator used herein entrained an adequate amount of air by the high-speed flow for the discharges
listed in Table 1. Further, the air diffusion in the z-direction was relatively small resulting in a concentrated
air–water layer close to the steps. The particular advantages of the step aerator are: (1) concentrated air supply
at the first step, (2) aerator may be added to existing designs, (3) air addition to step niches resulting in cav-
itation protection of stepped chute, and (4) moderate bottom air entrainment along the chute with a small
increase of the flow depth. The following discusses the main two-phase flow features along the stepped chute
for a pre-aerated flow.

3.3. Bottom air concentration

Fig. 3(a)–(c) shows the air concentration distributions C(z/h90) at various sections downstream from x = 0.
A semi-logarithmic plot was selected to appreciate the features of the air–water flow. The typical development
of air entrainment is explained in Fig. 1: The origin (x;z) = (0;0) may be regarded as a point source from
where the air diffuses both into the oncoming flow and transversally into the step niches. Each profile is char-
acterized by the point of maximum air concentration (Cmax;zmax) and the height of air–water flow zA(x), as
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shown in Fig. 2(b). The air from the free surface may be considered as a second point source of which the
origin is x > 0. The latter reaches the pseudo-bottom for case (a) at step 3, for (b) at step 7 and for (c) at step
15 (Fig. 3(a)–(c)).

The transverse distribution of the air concentration originating from the step aerator was further consid-
ered in Fig. 3(d): Using the coordinates C/Cmax for relative air concentration where Cmax is described below,
and (z � zmax)/zA allows plotting a generalized curve that resembles the velocity distribution of a plane wall
jet. Accordingly, one might refer for the lower portion to as the viscous layer, and to as the diffusion layer for
the upper layer.

Fig. 4 relates the scalings previously introduced to the basic hydraulic parameters of the aerator design
adopted. Fig. 4(a) shows the maximum cross-sectional air concentration Cmax relative to the air supply b ver-
sus the relative distance x/hc with correlation coefficient R2 = 0.96 as
Cmax

b
¼ 7:5 � x

hc

� ��1

; for 0:5 < x=hc < 5:0 ð1Þ
For a given b, the maximum air concentration reduces linearly from the origin, therefore. Fig. 4(b) shows the
local increase of the ratio zmax/hc with x/hc, resulting with R2 = 0.98 in
zmax

hc
¼ 0:035 � x

hc
� 0:009; for 0:3 < x=hc < 3 ð2Þ
The transverse height of the air–water flow above the pseudo-bottom is zA(x), where zA = z(C = 0) according
to Fig. 2(b). Fig. 4(c) shows the function scaled with the critical flow depth hc. The data follow a tangent
hyperbolic function with R2 = 0.97 as
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zA
hc

¼ 0:3 � tanh x
3hc

� �
; for 0 < x=hc < 5 ð3Þ
The thickness zA(x) of the air–water layer above the pseudo-bottom increases linearly close to the origin, and
then levels off to a final value close to zA/hc = 0.30. Note that uniform aerated stepped chute flow was only
reached for run (a), whereas the stepped chute was too short for the larger discharges. Using the scaling
h90u instead of hc produced a poorer data correlation close to the aerator than (3).

3.4. Free surface characteristics

Fig. 5 relates to the characteristics of the free surface profile, both for blackwater and whitewater. The point
of incipient air entrainment xi without chute bottom aeration is relevant here; it was determined from Boes
and Hager (2003a,b) and checked on the model. Deviations between the two approaches were typically within
±1 Æ hc. This was considered accurate enough for a highly turbulent flow and also demonstrated that the free
surface air entrainment is not essentially influenced by pre-aeration.

Fig. 5(a) shows the dimensionless mixture free surface profile h90/h90u as a function of (x � xi)/hc resulting
in a single band for the three test discharges. Up to the minimum flow depth slightly upstream of (x � xi) = 0,
the mixture surface height decreases significantly, and increases further downstream to asymptotically reach
the mixture uniform flow depth h90/h90u = 1. Note that x = xi relates to the point where the bottom air con-
centration is Cb = 0.01 according to Boes and Hager (2003a,b). The surface air entrainment point is located
slightly upstream from x = xi, therefore (Fig. 5(a)).
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Fig. 5(b)–(d) relate to the blackwater flow characteristics determined from the observed air concentration
curves. The blackwater flow depth hw = (1 � Ca)h90 decreases logarithmically from the origin x = 0 towards
the uniform blackwater flow depth hwu. The data were plotted in Fig. 5(b) as hw/hwu versus (x � xi)/hc result-
ing with R2 = 0.97 in
hw
hwu

¼ 2� 0:7 � log x� xi
hc

þ 10

� �
; for � 10 < ðx� xiÞ=hc < þ10 ð4Þ
The uniform flow was not reached with the present tests due the limited chute length. The drawdown curve (4)
resembles previous observations conducted for instance by Hager and Blaser (1998). Fig. 5(c) relates to the
blackwater velocity vw = qw/hw. The data were plotted as vw/vwu versus again (x � xi)/hc. The continuity equa-
tion for blackwater flow requires Qw = Bhwvw = Bhwuvwu, such that
vw
vwu

¼ hw
hwu

� ��1

ð5Þ
The streamwise blackwater velocity is inverse to the blackwater flow depth, therefore.
Knowing both the blackwater flow surface hw(x) and the blackwater velocity profile vw(x) allows determin-

ing the local Froude number of the blackwater flow. With Fw = vw/(ghw)
1/2, (4) and (5) result in Fw =

(hw/hwu)
�3/2. This is plotted in Fig. 5(d) showing an almost perfect agreement with the data.
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3.5. Air concentration development

Fig. 6(a) shows the ratio between the average air concentration Ca and the uniform average air concentra-
tion Cau as a function of dimensionless location (x � xi)/hc. Despite the data scatter the three runs investigated
have a similar trend. According to Boes (2000), the average air concentration at the point of bottom air incep-
tion is Cai = 0.246 for stepped chutes without pre-aeration independent of step height and chute angle. Fur-
ther, with Cau = 0.57 ± 0.01 from Boes (2000), the ratio amounts to Cai/Cau = 0.43 ± 0.01. For the present
data, similar numbers result at (x � xi)/hc = 0 (Fig. 6(a)). Therefore, this ratio seems to be independent from
pre-aeration, given the relatively small air supply from the step aerator as compared to the much larger air
entrainment from the free surface.

Fig. 6(b) relates the streamwise development of the bottom air concentration Cb/Cbu to the dimensionless
location (x � xi)/hc. Note that the aerator section is located more upstream for large discharges than for small,
because the streamwise origin is at x � xi = 0. For the small discharge with hc = 0.090 m and Cbu = 0.262, the
bottom air concentration increases steeply to a first maximum of Cb,max/Cbu = 0.55 at (x � xi)/hc = �1.3, then
decreases to Cb,min/Cbu = 0.11 at (x � xi)/hc = 0 and from there increases towards the uniform bottom con-
centration Cbu = 0.262, or Cb/Cbu = 1. For the maximum discharge with hc = 0.289 m and Cbu = 0.232, the
maximum relative bottom air concentration is much smaller with Cb,max/Cbu = 0.06 at location (x � xi)/
hc = �7.8 and decreases to almost Cb = 0 further downstream. The stepped chute was again too short for
an air supply from the free surface. For the middle discharge with hc = 0.173 m an intermediate behavior
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may be observed. This plot demonstrates that much less air is entrained by the step aerator than from the free
surface. The relatively small air presence close to the steps has no significant effect on the basic features of
stepped chute flow which therefore apply as for chutes with an aerator.

Fig. 6(c) compares the bottom air concentration at the step edge measured 3 mm away from the pseudo-
bottom with the observation 5 mm upstream from the step edge at the (virtual) elevation of the pseudo-
bottom for hc = 0.289 m. The two data series practically collapse except at the point of maximum bottom
air concentration, where the value at pseudo-bottom elevation is larger. Herein, all observations were made
exactly at the step edge section from 3 mm towards the free surface.

Fig. 6(d) gives a trend for the air supply from the step aerator employed, as a function of the Froude
number Fo = vo/(gho)

1/2 at the origin x = 0 as
b ¼ 0:0077 � ðFo � 3:2Þ; for 3:2 < Fo < 6:0 ð6Þ
Compared to aerators on smooth chutes, such as those investigated by Rutschmann and Hager (1990) with an
inception Froude number of 6, air entrainment for stepped chutes occurs at a significantly lower Froude num-
ber. This is an important design aspect because stepped chute flows have normally a much smaller Froude
number at the aerator location than those in smooth spillways.

3.6. Energy loss

Pre-aerated stepped chute flow was also tested for the energy loss. Fig. 4(d) shows the relative energy loss
(Hmax � Hres)/hc as a function of the relative crest elevation w/hc (Fig. 1). The present data follow the curve
previously suggested by Pfister et al. (2002). This finding again suggests that pre-aeration of a stepped chute
has no essential effect on the performance of the stepped chute flow.

3.7. Photographs

The previous findings are highlighted with selected photographs to appreciate the technical results. Fig. 7
shows flows on a standard stepped chute without step aeration. It is noted that the point xi of the bottom air
inception moves continuously downstream as the discharge increases, resulting in a long distance between the
spillway crest and the bottom air inception point for a large discharge. For a prototype design discharge of
100 m2/s and s = 1.20 m for example, the length would be 132 m, for otherwise equal conditions as adopted
herein (Boes and Hager, 2003a,b). The current maximum unit discharge for stepped chutes is of the order of
30 m2/s. Its increase due to a reduction of the spillway width requires bottom aeration.

Fig. 8 relates to the same conditions as Fig. 7, now with pre-aeration from the first step. The air supply
reduces as the water discharge increases, with air presence close to the chute bottom even for case (c) with
a relatively large discharge. More importantly, the transverse air diffusion is small, such that the air remains
close to the chute bottom and does practically not detrain from the flow. Fig. 8(c) demonstrates that the air is
entrained into the step niches and therefore actively protects the steps from cavitation damage.

Fig. 9 shows details of the air entrainment and the air diffusion close to the aerator section. In (a) with
hc = 0.090 m, only the two top steps would not be protected without an aerator, because of the small dis-
charge. However, for the large discharge in (c), an air layer extends above the steps and adds significantly
to the hydraulic performance of the chute.

4. Reduction of spray

4.1. Spray formation

Spray production is a nuisance in hydraulic engineering, as outlined in Section 1. Spray was always a con-
cern with energy dissipators, both for stilling basins and trajectory spillways. Stepped chutes are also known
for the phenomenon. Mateos Iguácel and Garcı́a (2000) proposed the gradual increase of step height from
shortly downstream of the spillway crest to the beginning of the stepped chute for spray reduction. Their
design was tested for a definite spillway resulting in an acceptable performance. However, their design involves
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the step addition in a curved concrete surface over a certain length and appears to be relatively costly. An
alternative proposal is made hereafter, therefore. Supercritical flow is prone to any changes of the parameters
involved. Wall deflections, drops or curves result in shock waves set up usually at the downstream channel wall
and extending obliquely across the tailwater chute. The first step of a stepped chute may be considered as a
drop if the flow depth in the approach flow is relatively small. The jet is deflected to the vertical due to gravity
and a relatively large jet portion impacts the horizontal step face. Because of the relatively small flow depth,
the flow is thus deflected away from the stepped chute into the atmosphere, and the contact with the chute is
lost for a number of steps. Upon re-impact on the stepped chute, the flow is re-deflected resulting in a flow that
may neither be described by skimming nor by nappe flow (Ohtsu et al., 2001). From a practical point of view,
such flow is unacceptable because of the large freeboard required, the small energy dissipation and the poor
hydraulic performance.
Fig. 7. Stepped chute flow without bottom aeration for cases (a)–(c) from Table 1.
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4.2. Spray reduction

If a water jet impacts a flat plate, spray is developed. The amount of spray is large if the jet impinges almost
vertically onto the plate, and reduces as the impact angle decreases. To reduce spray, the jet impact angle
should be small, therefore. This concept was applied in the present research. Because the chute angle on a
stepped chute is a basic design parameter, the jet impact angle was reduced by changing the step edge geom-
etry. Instead of using a standard step with a horizontal step face, the step edge was cut close to the jet impact
angle. To simplify construction, 20 mm high step insets were added to the original model steps. Fig. 10 shows
flows for the specific discharge qw = 0.040 m2/s (hc = 0.055 m) on a 50� stepped chute with (a) the standard
step arrangement, (b) the first two step edges from step origin cut and (c) the first five step edges cut. It
was observed that the first step edge should have an angle smaller than the pseudo-bottom, such as 40� instead
of 50�, whereas all the following step edges were cut to 45�. The flow impacts in (a) onto the horizontal step
face of step 2 resulting in jet deflection and partial nappe flow type beyond step 1. If the first two step edges are
Fig. 8. Stepped chute flow with bottom aeration, otherwise as Fig. 7.
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cut as previously described, the flow is deflected on the horizontal face of step 3 with a significantly reduced
amount of spray. If the first five steps edges are cut, then the flow adheres essentially to the stepped chute and
the skimming flow pattern is maintained.

The experimental program involved a total of four specific discharges qw as shown in Table 2, combined
with the three step arrangements (a)–(c) previously referred to. The flows were photographed under identical
light conditions and a shutter speed of 0.50 s. The resulting pictures were treated with photo imagery to define
the approximate limit between air–water flow, and spray. Fig. 11 shows the relative spray (subscript s) height
hs/s as a function of the relative distance x/s with s as the step height. The maximum spray height so deter-
mined was found to correspond approximately to h98, i.e. a flow depth where the air concentration is 98%.
It increases both as the discharge and the number of cut steps reduces. The origin of spray formation is always
the step downstream of the last ‘treated step edge’. The virtual origin of spray flow is x0 ¼ ðnþ 1Þs= sin/,
therefore, with n as the number of cut step edges.
Fig. 9. Details of air entrainment for cases (a)–(c) from Table 1.



Fig. 10. Flow pattern over stepped chute (x/s < 5.3) with different step edge arrangements for n = (a) 0, (b) 2, (c) 5 and hc = 0.055 m.

Table 2
Test data for spray reduction

hc [m] qw [m2/s] ho [m] Fo [–]

0.034 0.020 0.006 12.8
0.055 0.040 0.012 9.2
0.087 0.080 0.024 6.9
0.138 0.160 0.046 5.2
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The data collected were further treated by using the normalized parameters Ys = (hs � ho)/(hs,max � ho) in
which hs,max is the absolute maximum spray elevation for a certain test and Xs = (x � xo)/(sFo). The multipli-
cation by (1/Fo) of the ‘transverse’ coordinate is a standard procedure in supercritical flow, and corresponds to
the Mach angle in supersonic flows. Fig. 12(a) shows the transformed spray profiles Ys(Xs) with a trend line for
the rising limb expressed with R2 = 0.95 as
Y s ¼ ½1:3 � X s � expð1� 1:3 � X sÞ�1=2; for 0 < X s < 1:5 ð7Þ
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The maximum spray height relative to the flow depth ho upstream of the first step (Fig. 1) was correlated to the
relative critical flow depth hc/s. Fig. 12(b) shows the result and the fit with R2 = 0.97 as
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hs;max

ho
¼ 6:6

hc
s

� ��2a

; for 0:35 < ðhc=sÞa < 1:5 ð8Þ
The exponent a was related to the number of cut step edges as a = (1 + n)�1/3. This plot indicates at once that
spray becomes a concern for small relative discharge hc/s, whereas the effect of the number of treated step
edges is relatively small for n P 2. The plot also draws to the fact that spray development is much smaller
for stepped chutes with a small step height than for those with a large height. Mateos Iguácel and Garcı́a’s
(2000) approach may thus be considered a particular case of the present finding.
5. Conclusions

Two important issues of stepped chute flow were addressed in this research, namely pre-aeration of flow and
spray reduction by cut step edges. A simple solution was forwarded to both aspects for a particular stepped
chute geometry. Pre-aeration of stepped chutes is important in connection with the increase of discharge per
unit width to counter cavitation damage upstream from the air inception point. A step aerator was placed in
the first step niche to aerate the bottom chute zone. This aerator provides a thin diffusion air layer along the
chute in which air bubbles are present up to the point of incipient aeration from the free surface. The hydraulic
characteristics of the air–water flow were analyzed in terms of maximum air concentration, the bottom air con-
centration distribution, the air layer thickness development in the streamwise direction, the free surface profiles
both for the blackwater and the whitewater flows and the energy dissipation along the chute. It was concluded
that the aerator proposed adds a small but sufficient amount of air for the improved hydraulic chute perfor-
mance for a larger design discharge as currently adopted. Further, it was stated that the current design proce-
dure applies also for pre-aerated chute flow because the amount of air supplied is relatively small.

The reduction of spray along a stepped chute was accomplished with improved step geometry close to the
chute beginning. Instead of standard steps with a right-angled step edge, the latter were cut to direct the small
depth flow onto the sloping instead of horizontal step edges. Three basic arrangements were tested for the
VAW stepped chute resulting in a significant spray reduction if the first two step edges are cut. The mechanism
of spray formation was described and means to counter were presented. A generalized spray profile was also
defined in terms of basic parameters. Therefore, in both existing and novel stepped chutes the current limita-
tions in the hydraulic performance are removed to a great extent.
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Appendix 1

The cavitation index at the point of bottom air inception (subscript i) along a stepped chute may be pre-
dicted using information from Boes and Hager (2003a). For a given unit discharge qw, the mixture flow depth
hmi at the inception point follows form their Eq. (5). Using the average air concentration Cia = 0.228 at the
inception point results in the blackwater flow depth hwi = hmi(1 � Cia) and the corresponding blackwater
velocity vwi = qw/hwi. These data allow for the computation of the cavitation index rbi ¼ ðhpi � hv þ haÞ=
½v2wi=2g� at the bottom inception point xi in which hpi is the bottom pressure head, hv the vapor pressure head
and ha the atmospheric pressure head. Fig. 13 relates the cavitation index rbi to the prototype unit discharge
qw [m2/s] for a step height s = 1.20 m and / = 50�. The cavitation index for qw = 30 m2/s is rbi = 0.42, whereas
it is rbi = 0.17 for qw = 100 m2/s. Accordingly, the bottom air inception point is the most critical location for
cavitation damage: Further upstream from the point x = xi, the cavitation index is larger, whereas the flow
close to the chute bottom is aerated further downstream. The critical value of rc is significantly higher for
stepped chutes than for smooth chutes with rc = 0.20 (Pfister et al., in press). To counter cavitation damage
on a stepped chute, an aerator is required upstream from the bottom air inception point for discharges larger
than the limit discharge previously referred to.
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