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35.2 Stepped or Cascade Spillways (Fig. 35.4)

Recent advances in technology have led to the construction of large dams, reservoirs
and channels. This progress has necessitated the provision of adequate flood disposal
facilities and safe dissipation of the energy of the flow, which may be achieved by
providing steps on the spillway face. Stepped channels and Spillways are used since
more than 3000 years. Stepped spillway is generally a modification on the downstream
face of a standard profile for an uncontrolled ogee spillway. At some distance in the
downstream of the spillway crest, steps are fitted into the spillway profile such that the
envelope of their tips follows the standard profile down to the toe of the spillway. A
stepped chute design increases higher energy dissipation and thus reduces greatly the

need for a large energy dissipator at the toe of the spillway or chute.

Spillway Stepped Spillway

Step height Sy
Length of the step s

Figure 35.4 - Definition Sketch of a Stepped Spillway

Stepped spillway was quite common in the 19th century and present practice is
confined to simple geometries ( e.g. flat horizontal steps in prismatic chutes). Generally,
a stepped channel geometry is used in channels with small - slope: for river training, in
sewers and storm waterways and channels downstream of bottom outlets, launder of
chemical processing plants, waste waterways of treatment plants and step -pool

streams.
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Detailed investigation into its various elements started only about 1978 with the
comprehensive laboratory tests by Essery and Horner (1978).

During the 19th century and early 20 th century, Stepped waste - waterways ( also
called ' byewash' ) were commonly used to assist with energy dissipation of the flow
(CHANSON 1995, "Hydraulic design of stepped Cascade channels, Weirs and
Spillway", pergamon UK, 292 pages Jan 1995). Now a days stepped spillways are often
associated with roller compacted concrete ( RCC ) dams.

The stepped geometry is appropriate to the RCC placement techniques and enhances
the rate of energy dissipation compared to a smooth chute design. A related application
is the overtopping protection of embankments with RCC overlays ( e.g. ASCE Task
Force Report, 1994.

Alternatives for over topping protection of Dam - Task force Commitee on over topping

protection, 139 pages).

35.2.1 Suitability

Energy dissipation below hydraulic structures is accomplished generally by single -fall
hydraulic jump type stilling basins, roller buckets or trajectory buckets. However, when
the kinetic energy at the toe of the spillway would be high. The tail water depths in the
river are often inadequate. Then first two devices, cannot be used as in the case of high

head dams.

In narrow curved gorges consisting of fractured rocks, buckets cannot be used. In such
situations, a system of cascading falls down the side of a valley, with a stilling basin in
the downstream, can be used as an alternative spillway. Cascade spillways can be
used for any type of dam irrespective of the material of construction.

The only disadvantage with stepped spillway is that at large discharges, as the jet is not
aerated for some distance downstream of the spillway, low pressure may occur and

lead to cavitation damage.
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35.2.2 Physical Modelling of Stepped Spillway

Free surface flows are commonly modelled using Froude similitude. The various flow
elements,

(1) the role of the steps in enhancing turbulent dissipation as well as their interaction
with other adjacent steps and,

(il ) the effect of aerated flow make it difficult to model.

35.2.3 Classification of Flow

The concept of stepped spillway was used as early as 1892 - 1906 in New Croton dam.
Lombardi and Marquenent were first to consider stepped spillway consisting of concrete
drop spillway and intermediate erodible river reaches. The slopes of these reaches were
such that a hydraulic jump occurred at the base of each drop. However, the
experimental studies revealed three types of flows over a stepped spillway, namely,
nappe flow, partial nappe flow (intermediate(transition)) and skimming flow.

A stepped chute consists of a open channel with a series of drops in the invert. For a
given chute profile, the flow patten may be either nappe flow at low flow rates, transition

flow for intermediate discharges or skimming flow at larger flow rates.

Nappe Flow

This type of flow occurs for small discharges. The flow cascades over the steps, falls in
a series of plunges from one step to another in a thin layer that clings to the face of
each step, with the energy dissipation occurring by breaking of the jet in the air, impact
of jet on the step, mixing on the step, with or without the formation of a partial hydraulic
jump on the step. The step height sh must be relatively large for nappe flow. This
situation may apply to relatively flat stepped channels or at low flow rates.

The depths can be determined from the expressions,

Following equations to be checked for notations:
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However, the steps for a nappe flow or plunge pool type of flow need to be relatively
large. In otherwords, tread requires to be larger than the depth of flow. This requires
downstream slope of dam face to be relatively flatter. Chanson observes that if slope of
downstream face is greater than 1 : 5, the nappe flow system becomes uneconomical

except in case of embankment type structure or steep rivers.

Partial Nappe Flow (Fig.35.5)

In this type of flow, the nappe does not fully impinge on the step surface and it
disperses with considerable turbulence. Flow is super - critical down the length of the

spillway.

Ve

LB

Figure 35.5 - Partial nappe flow
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For a given step geometry, an increase in flow rate may lead to intermediate flow patten
between nappe and skimming flow - the transition flow regime also called a partial
nappe flow. The transition flow is characterised by a pool of circulating water and often
accompanied by a very small air bubble (cavity), and significant water spray and the
deflection of water jet immediately downstream of the stagnation point. Downstream of
the spray region, the supercritical flow decelerates upto the downstream step edge. The
transition flow pattern exhibits significant longitudinal variations of the flow properties on

each step. It does not present the coherent appearance of skimming flows.

Skimming Flow (Fig. 35.6)

In skimming flow regimes, the water flows down the stepped face as a coherent stream,
skimming over the steps and cushioned by the recirculating fluid trapped between them.
The external edges of the steps form a pseudobottom over which the flow skims.
Beneath this, recirculating vortices form and are sustained through the transmission of
shear stress from the water flowing past the edge of the steps. At the upstream end, the
flow is transparent and has glossy appearance and no air entrainment takes place. After
a few steps the flow is characterised by air entrainment similar to a self -aerated flow
down a smooth invert spillway. In case of the skimming flow, at each step, whether air
entrainment occurs or otherwise, a stable vortex develops and the overlying flow moves
down the spillway supported by these vortices, which behave as solid boundary for the
skimming flow, and the tips of the steps. There is a continous exchange of flow between
top layer and vortices formed on steps. The flow rotates in the vortex for a brief period
and then returns to the main flow to proceed on down the spillway face. Similarly, air

bubbles penetrate and rotate with the vortex flow, when aeration takes place.

Transition from one type of flow to another is gradual and continuous, as a result both
the nappe flow and the skimming flow, appear simultaneously in a certain range, one of
them on some steps and other on the remaining, both changing spatially and

temporarily.
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Figure 35.6 - Fully developed skimming flow

35.2.4 Transition from Crest to Initial Steps

Sorensen found the free surface jet to be smooth down to the point of inception of air
entrainment. This point of inception moves progressively upstream as the discharge
decreases. However, for very small discharge, the jet after striking the first step was
redirected outward and skips several steps before it strikes the spillway face again
several steps further down. This could be overcome by introducing few smaller steps on

upper reaches of the spillway.
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35.2.5 Basic Equation for Skimming Flow

Consider a skimming flow in which dominant feature is the momentum exchange
between the free stream and the cavity flow within the steps. Basic dimensional analysis

yields ( Figure 35.6),

f (VO,yO,Shl,ls,ks,g, 0o, 1,p)=0 (35.4)
for horizontal steps, 0, = tan"1 (S}11 /L)

Using Buckingum pi- theorem equation can be written as

Sh
Vo ’PVO Yo el ks L0, |=0 (35.5)
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Figure 35.7 - Hydrodynamic feature of a skimming flow

While deriving the above equation the interaction of adjacent steps and the effect of air
entrainment has not been taken into account. Hence, Froude number similitude alone
cannot describe the complexity of stepped spillway flows completely.

Chanson showed that Froude number has no effect on flow resistance and that
Reynolds number might not have a substantial effect and that the form drag was related
primarily to step cavity geometry. It was also reported that in case of small scale models

the developing flow regimes and flow resistance were not correctly reproduced.
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35.2.6 Onset of Skimming Flow

Onset of skimming flow occurs when the space between the water surface at the two
consecutive edges of the steps is filled up with water, there by, creating a smooth
surface of water parallel to the average slope of the spillway face - the condition very
difficult to establish analytically. Therefore, empirical equations have been proposed by
many investigators for the delineation of the skimming flow from nappe flow over

stepped spillway.

Essery and Horner reported that it is very difficult to distinguish between nappe and

skimming flow for flatter slopes having Sy, /15 <0.4.

Based on available data Rajaratnam found the skimming flow to occur for y. /S, >0.8.

On the other hand, Stephenson introduced a term called Drop number, D:[q2 / gs,ﬂ

to distinguish between nappeflow [ D< 0.6 ] and skimming flow [ D > 0.6]

Peyras, et al. studied gabion dams consisting of four step element each 0.2 m high.

It was found that the transition from nappe to skimming flow occurs for a discharge of
approximately 1.5 m3 / s /m or at y./S, <0.5 while Degoutte found the onset of
skimming flow on gabion steps to occur at y./ Sy, =0.74 for S, /15 =0.33 and at 0.62 for
S, /l;=1.0. Based on the available data, Chanson developed a regression equation

for the onset of skimming flow, namely.

2/3
Ye Fb \/k—l

=

Sh \/ cos ¢
1+2sz(k1)3/2[1—b
Jii

In which k; =1+i2, F, is the Froude number at the brink of the step and ¢, is the
F

streamline angle with the horizontal. This equation is applicable to the accelerated flow

and may predict jet deflection at the first step of the cascade.
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Figure 35.8 - Onset of skimming / Nappe flow

35.2.7 Prediction of the flow regime

The type of stepped flow regime is a function of the discharge and step geometry.
Chanson has reanalysed a large number of experimental data related to change in flow
regimes. Most of the data were obtained with flat horizontal steps .

Overall the result suggest that the upper limit of nappe flow may be approximated as:

y
—£=0.89 - 0.415—h

l
h s
in which y is the critical depth, S;, is the step height, and

(35.6)

I, is the step length. The above equation indicates the transition
of flow from nappe to transition flow regime.
While the lower limits of skimming flow may be estimated as.

Ye 12-0.3253h (35.7)
Sh s

on set of skimming flow is given by

Y S

Z€ >1.057-0.465
h S

Further the equation 2 indicates the change of flow from
transition flow to skimming flow region.

Two issues must be clearly under stood.
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Eqations 35.6 and 35.7 were fitted for flat horizontal steps with Sy/ls ranging from 0.05 to
1.7 (i.e 3.4°<6° <60°); there is no information on their validity outside of that range
and their accuracy is no better than = 10 %; Egations 35.6 and 35.7 characterise a

change in flow regime for uniform or quasiuniform flows only.

For rapidly varied flows, the results are not valid. For example, at the upstream end of a
stepped chute, the accelerating water may flow as thick free — falling nappes before
changing to a skimming flow regime further down stream. However, Peyras et al. data,
which are for gabion (which is pervious in nature) stepped spillway, and may have
different characteristic of flow, which requires to be established. Later on, Chanson also
presented an analytical approach for the prediction of the onset of skimming flow

expressing Y,/ Sy, as a function of Froude number at brink of the step angle of striking

jet on the tread of the step assuming that the angle of striking jet is equal to the
downstream slope of spillway at the onset of skimming flow. However, no guidelines for
prediction of Froude number at the step edge has been provided which renders the

estimation of y./ Sy, difficult.

Tatewar and Ingle studied the energy dissipation capacity of an inclined spillway and
developed the following regression equation using available data

with range of Sy, /1; from 0.4 to 0.85 and ¢, from 0° to 20° to , to distinguish between

nappe and skimming flow.

Yc Sy
—==0.888-0.00385 ¢, —0.01195 T (35.8)
hl s
They found that for slopes steeper than 0.9, the possibility of nappe flow reduces considerably.

Sn,
] represented the

S

All the data when plotted in terms of Z = [( SY_c ) + 0.00385 6] and [
hy

region of skimming flow as shown in Figure 35.9.
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Figure 35.9 - Onset of skimming flow

35.2.8 Coefficient of Friction

Noori studied in detail stepped steep open channel flows and reported a drag coefficient

of 0.19 for (S, /1s = 0.2 and
M=62[{y+ (S, /2)for S, >6]and, 0.17 for (Sy, /15) =0.1 and M=100 [{y + (S, /

2) for Sp, > 10].

In this, the value of y can be estimated at any point on the spillway as,

B q
o[2g(z -1)*>

in which z is the vertical distance below the crest measured to the water surface at the
point where y is to be determined.

The value of ¢ for a stepped block was found to be considerably smaller than that for

smooth spillway for large value of (Is/ yc);

Indian Institute of Technology Madras



Hydraulics Prof. B.S. Thandaveswara

Shl is the length of the step) and slope of the spillway, and hence, a considerable

energy loss at the toe of the stepped spillway.

Based on the avilable data, Rajaratham suggested the following equation for the

variation of coefficient of friction, c; , for aerated skimming flow.

o 2Y5950
f 2
q

The value of c; was found to be 0.18 as compared to 0.0065 for smooth spillway, while
Christodoulou (1993) found c¢ to vary from 0.076 to 0.89 and , c; being higher down

the steps.

Tozzi evaluated the friction factor on stepped chutes of slope 1:2 ( V: H ) by analysing
the energy loss of air flowing in a closed conduit with roughness elements designed to
simulate the slope,

The value of is found to be f = 0.09. It was noted that the value is overestimated if
uniformly aerated flow conditions are not attained. Matos and Quentela concluded that a
value of f = 0.1 can be safely considered for the preliminary hydraulic design of stepped

spillway for slopes around 1 : 0.75 ( V: H), typical of concrete gravity dams.

35.2.9 Energy Loss on Stepped Spillway

When an overflow is smoothly directed to an outlet structure by the chute where a
concentrated energy dissipation takes place, the cascade corresponds to a distributed
dissipator. Hence, the terminal structure has only smaller area of energy to dissipate,

and would be significantly smaller. A quantitative comparison between the conventional
system chute - stilling basin and the spillway cascade is shown in figures. The latter
type is suited for small and medium discharges and has recently gained some

popularity with Roller Compacted Concrete dams.
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