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ABSTRACT

Stepped spillways are structurally stable, resistance to waler loads, and efficient
energy dissipators, but there are no clear design rules for such structures to date. In the
present study, the flow characteristics over stepped spillways were investigated for three
different step configurations and for different flow parameters, using physical models.
Nappe flow regime over the stepped spillways was studied. A definite equation
representing the onset of the nappe flow regime was developed using the experimental
observations and experimental data of other researchers. In addition, the energy dissipation
for the nappe flow regime was extensively investigated for different fow hydraulic
parameters. The experimental observations were compared to empirical and analytical
formulas of other researches. Finally, using the experimental data in addition to that of
other researchers, analytical equation. have been developed and it can be used for

computation purposes of the energy dissipation of nappe flow regime over stepped
spillways,

1. INTRODUCTION

Overflow spiltways enable flood to release over the dams. One of the most

important tools for dissipating the large amount of flow energy is the stepped spillway
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because of their inherent advaniage associated with rapid cnergy dissipation. For a
stepped chute. the steps inerease significantly the rate of energy dissipation taking place
along the spillway face and reduce greatly the necd for a large energy dissipator al the toe
of the dam. Experimental investigations of Sorensen (9] and Pevras [7] showed that the
flow over stepped spillways can be divided into two types of flow regimes: Nappe flow for
low discharges and skimining flow for higher ones.

The Nappe flow regime is characterized by a succession of free fallingjets, [4].
Peyras [7] described the limits of occurring of nappe flow with fully or partially developed
hydraulic jump. Streeter et al [10] analyzed the hydraulic characieristics of a single-step
drop structure. The skimming regime can be defined as the water flows down the siepped
face of the spiliway as acoherent siream [4]. Chanson, [2], defined the critical values of
discharge, at which the flow regime changes from nappe (o skimming, introducing the

following equation:
'(i'———-—::'““‘ = 1.057—0.465[-?—] (1

It was reported that the nappe flow regime occurs for & < (4), ., . Also. it was

iR

reported that Eq. (1} was deduced for 0.19 < A/ < 1.2 only, Rajaratnam [8] reported that

the nappe flow regime currently occurs if the value of (d,/h = 0.80) for the range of

0.40 < A/ < 0.90. Peyras [7], from his experimental studies, defined the separate limil

between nappe and skimming regimes o be as 0.62 <(d ), fh < 0.74 for the range of

033 < k! < 1.0. Yasuda [11] analyzed the experimental daia of Essery and Homer [4],
Rajaratnam [8] and Muntes [5] and introduced a chart investigating the limits between the
nappe and skimming flow regimes. He reported that for A/ > 1.40. the main flow does not
always impinge on the stcp due to the steep slope. Even for small dischurge. /A < 0.18, an
air pockel is formed only in seme steps and thus a wransition tlow is formed for

0,18 c d /A< 0.80 and A7> L .40.

Combining the definition of the spillway energy loss with momentum equation,
Chanson [1] introduced an equation estimating the energy loss for nappe flow regime over

un-gated stepped spillways in the form:



Mansoura Engincering Journal, (MEN, Vol. 26. No. 2. June 2001, C. 64
3 T - 4T 34
AE ) o O34 YT 17150 it 2
E, 15+ H , d

A

Rajaratnam et al [9] developed a method estimating the energy losses on stepped
spillway of et flow regime for o, /A< 0.80. He introduced the idea of average relative

energy loss per step and introduced the following equation:

AE o fimad pos s ajes - o]

E, N+1.5(d k)

(3

Peyras et al [7] investigated the energy dissipation over stepped spillways. He gave
some design rnules for stilling basin downstream the stepped spillways. Using the
experimental results of other researchers, they found that firstly, @ decreased continuously
as dy/h increased. Secendly. for dvh < 0.25, « 1sunaflecied for the range 0.421 < k¥ <
0.842, and for d/ >0.25, o decreases as #/f increases. Thirdly, a is larger for multiple

steps than for single step.

2. EXPERIMENTAL WORK

The experiments have been carried out, in the laboratory of the Dipartmento di
Ingegneria delle Acqne of Politecnico di Bari, Ttaly, using a mobile-bed iron channel. The
channel was of length 30m and width 0.75m, The sidewalls were of glass type with height
0.65m aod thickness 10mm. The physical models of the stepped spillway werc installed
1.75m from the tank sluice gate. Fourieen equal steps of height 2.40cm were chosen lor all
the models with three different values of A/ ratio as 0.48. 0.24 and 0.12. The spiilway
physical model crest width, in the lateral direclion, was 75cm while in the fow direction.
the crest was horizontal with length 60cm. Howcver, Fig. (1-A) is a difinition sketch for
the physical model.

More than fifty different passing discharges with differem spillway U.S water
levels were carried out for the three step configurations. The range of passing discharge
was (.73 10 19.65 lit's. For each siep configurarion, the water profile upstream. over and
D.S the spillway was measured. The U.S flow energy was computed as the average of the

measured water depths at (60. 45, 30, 15¢m) U.S of the crest plus the velocity head. Also.
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the D.S flow energy was computed as the average of the measured water depths at (65, 75,
85, 95cm) D.§ 1he spillway plus the D.S velocity head.

3. RESULTS AND ANALYSIS
3.1 NAPPE REGIME ONSET

The flow regime was classified to be either nappe, skimming or lying in the
transition zone according to the experimental observations. In the nappe flow regime, the
flowing water bounce from one step to the next one as a series of small free falls followed
by a fully developed or partially developed hydraulic jump, see Fig. (1-B&D), {1,2,4,7}.
On some flow cases of the first and second step configurations, especially for refatively
large discharges, a nappe flow without hydraulic jump was occurred before the apparition
of the skimming flow as shown in Fig. (1-C). In such cases, it was clear that the flow
surface over the sieps seems to be stepped as the spillway profile

If the water profile over the spillway was of smooth surface due to increasing the
discharge and the flow seems to be uniform, the flow was considered of skimming regime.
The water flows down the stepped face as a coherent stream, skimming over the steps edge
and cushioned by the recirculating vortices trapped between the main stream and the steps,
see Fig. (1-E), [1,2,47]. Also, the external edges of the steps form a pseudo bottom over
which the flow passes. The flow regime was considered in transition zone if it was in
between the nappe and the skimming regimes.

Recording the flow characteristics al which the nappe flow regime has occurred,
Table (1) shows the onset values of the flow parameter (d-h) compared to the Chanson and
Yasuda ones for the different examined step configurations. For the purpose of developing
an equation representing the nappe flow regime the data of Rajaratnam {8], Essery and
Homer (3], Peyras et al [7], Montes [5] and Chanson [2] in addition to the experimental
observations are plotted together in Fig (2) for the examined range 0.12 < A7 < 0.48, The

following equation has been developed to be easily used for giving the nappe flow regime
onset as follows:

(dc_lm__.: = ao.ssaz(gn.mg " [0.12< K1 <0.48] - @
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The flow of d-h less than the onset value resulted by Eq (4) may be considered of
nappe flow regime for the range of 0.12 < 477 < 0.48. The greater values may be considered
as transition or skimming regimes.

Moreover, Fig. (3) shows a comparison between the developed equation, Eq. (4),
the Yasuda chart and Chanson formula. All the experimental observations of nappe,
transition and skimming flow regimes were plotted on Fig. (3). A good agreement has been
noticed between the developed equation and the experimental observations. Also, Chanson
formula seems to be near tothe observations, for nappe flow classification than Yasuda.
However, for skimming flow regime classification and defining the features of the
transitional zone between the nappe and skimming regimes, it should be defined in future

studies.

TABLE (4
ONSET VALUES OF NAPPE FLOW REGIME
[ (@/Momer | (@AMonses | (do/MYonset
Step Configuration Yasuda Chanson Experimental
1992 1994 Observations
0.48 0.783 0.833 0.781
024 0.793 0.95 1.04
012 0.798 Out of limit 1.095 J

3.2 NAPPE ENERGY DISSIPATION

The parameters governing the flow energy dissipation over steeped spillway are’ 1-
spillway slope (A7), 2- spillway height (Hgam), 3- discharge per unit crest width (g), which
with A/ govern the flow type, 4- gravity acceleration (g) which predominates over all other
forces. These four parameters are necessary and sufficient to describe the dimensionless

variables, head loss per unit length of spillway (E,-Ez Y Huam, and dy/Huam as:

ooz

Figs. (4,5) show vy = (Es-Ey/Hiom and y2 = di/Hjum versus x = qu’gdea,., based on

the experimental results for the different spillway examined slopes, i.e. A7 Since y, and y2

E, -

B fanng)- s 0] o
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tend to unity and zero, respectively, as x tends to zero, the curves have the form 1/(1-y)) =
a x*: and y; = a; x** and then fitted by the least-squares method to the swarm of
experimental points, as shown in Figs. (6,7). It can be noticed that, Fig. (6) the relative
energy loss y, increases as the spillway slope increases for certain value of x. As the y;
values seem to be very closer to each other for the different step configurations, Fig. (7)
was drawn to simulate the energy dissipation over stepped spillways of slope range 0.12 <

h/1 < 0.48. The following equations could be developed from Figs. (5,7)

1

- W with R2 =09475 (5)

=l

¥, = 03682x°% with R?=0.9750 {6)

which can be used for determining the energy loss for nappe flow regimes over stepped
spillways for the range of 0.12 < A1 < (.48
Moreover, following the same concept of Chanson, the experimental relative

energy dissipation AEL/E_ has been plotted against d/h for different step configurations,

Fig. (8). It can be notced that the dissipated energy decreases as the passing discharge
increases for different step configurations. Comparing the experimental observations with
Chanson formula for energy dissipation of nappe flow Eq. (2), it is clear that thereisa
noticeable variance especially for smaller values of d/h. For correction purposes of the
Chanson equation coelfficients, it had been adjusted to accurately simulate the experimental

data. Using the adjusted coefficients, Eq. (2) may be re-written to be:

AE 1-[0'54(‘1:;%)0'1““‘ +1.715(d, thf 7 } o

E, L5+ (H n/d.)

The developed equation was compared to Chanson one and to the experimental
observations for the examined step configurations, Fig. (8). It is clear that the developed
formula represents aecurately the energy dissipation of nappe flow regime for the different
step configurations. Tt results energy dissipation values very close to the observed ones.
The value of the correlation factor is 0.9972, which tends to the highly correfation between
the developed equation and the observations. However, the developed equation, Eq. (7), is

valid only for the examined step configurations, i.e. 0.12 < A1 <048
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In addition, the nappe relative energy dissipation is plotted against the factor
Hamd, as shown in Fig. (9). All recorded values of Ham'd. for the nappe flow regime were
greater than I5 due to the smallest discharge range, at which the nappe Row occurred The
Huaan'd; values less than that limit were recorded for skimming flow regime. However, it is
clear that as the factor Ha..d. increases, i.e. the passing discharge decreases, the resulted
energy dissipation increases which satisfies with Hommer (3] and Chanson [1,2]
observations.

Using Rajaratnam approach, Eq. (4}, the average relative energy loss per step, a,
has been estimated by trial and error procedure for the three examined step configurations
and for nappe experimental energy dissipation. Plotting « against d//, Fig. (10}, it can be
noticed that firstly a decreases as /% increases. Secondly, for all the examined different
step configurations, i.e. 0.12< A/d <048, the relative energy loss a can be correlated to

d./h by the following logarithmic formula:
d : 2
a=-0.2842Ln f +0.2792 with R =009823 {8)

It is clear that the correlation is very good. Thirdly, if the resulted parameter & for
stepped spillway is compared to that obtained by Moore [6] for spillway of single step, Fig
(10), it can be easily noticed that the parameter « islarger for multiple steps than for

stngle one. This due to the contribution by the full or partial jumps occurred over the steps

for nappe {low regimes.

4. CONCLUSIONS

Several experimental investigations showed that the flow over stepped spillways
could be divided into two distinguished regimes. Nappe flow for low discharges and
skimming flow for higher ones. In this study, the nappe flow regime was experimentally
investigated. Using the experimental observations in addition to that of other researchers,
an equation defining the stream onset for occurring such flow regimes has been developed,
Eq. (4). Also, the energy disstpation of nappe flow regimes has been studied. Analytical
formulas representing the dissipated energy for nappe flow has been developed using the
experimental observations, Eqs. (5,7,8). The developed equations have been compared to

other researchers and it was noticed that the developed equations were of more accuracy.
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So, it can be reported that both of Eqgs. (4,5,7,8) can be used for defining the nappe flow

regime charactenstics

NOTATIONS

d) = initial water depth of the hyd. Jump created over the spillway steps, &> = sequent water
depth of the hyd. Jump, 2. = critical water depth, E, = Ham + [.5d. = maximum flow
energy over the spillway crest, Es = flow energy D.S the spillway, £, f7, f= functions
defined elsewhere, g = acceleration due to gravity, Hun = spillway height, # = spillway
step height, /= spillway step length, ¥ = number of spiliway steps, ¢ = flow discharge per
unit width of the spillway, R = comelation coefficient, x, v, y: = parameters defined
elsewhere, and a = average energy dissipated ratio per spillway step
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Figure (6) Relationship Between 1/{1-AE/H ) and
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