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Three New Approaches to estimating
Energy Losses in Stepped Spillways with
the Channel slope of 8.9°.

ABSTRACT

A stepped spillway is a hydraulic structure built at storage and detention dams to discharge flood
water that cannot be safely kept in the reservoir. It was created to minimize the kinetic energy that
would have otherwise produced dangerous scour at the natural river bed beneath the spillway. They
discharge this energy in floodwater using their stepping nature. Several studies in the literature show
the detrimental consequences of falling water's kinetic energy on the river bed underneath the
structure. Only a handful of these studies, however, have evaluated the impact of energy losses
caused by stepped spillways with channel slope of 8.9°. As a result, there are gaps in the rules and
recommendations for designers of stepped spillways with a channel slopes of 8.9°. Additionally, the
existing models for estimating energy losses in stepped spillways with channels of all slopes contain
a parameter, the friction factor, f, which is difficult to estimate with certainty, thereby to leading their
subjective provision by the designers involved in stepped spillways design.

The goal of this study is not only to provide designers with design recommendations and information
for stepped spillways with a channel slope of 8.9°, but also to eliminate the 'troublesome’ frictional
factor; f. Using phase-detection intrusive probes, air-water flow tests were carried out in transitional
and skimming flows on a stepped spillway with channel slope of 8.9° in a large facility. Three new
expressions for evaluating energy losses in stepped spillways with slopes of 8.9° are developed. In
terms of energy dissipation, the data from the new models compared well with the measured data,
with high coefficients of correlation that range between 0.87 and 1.00. All of the measured data and
the estimated data are in good agreement. The models are simple to use.
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LIST OF SYMBOLS

The following symbols are used in this report:

C void fraction defined as the volume of air per unit volume of air and water; it is also called air
concentration or local air content;

Du- hydraulic diameter (m);

dw - equivalent clear water flow depth (m);

dc - critical flow depth (m): ;

g gravity constant (m/s2);

H - total head (m);

Hdam - dam height (m);

Hmax - maximum upstream head (m) above chute toe:

Hmax = Hdam + 3/2%dc;

Hres - residual head (m);

h - vertical step height (m);

| - horizontal step length (m);

gw - water discharge per unit width (m2/s);

Re - Reynolds number defined in terms of the hydraulic diameter: Re = pwxUwXDn/pw;
Uw - mean flow velocity (m/s): Uw = quw/d;

Uw - average mean flow velocity (m/s) for stepped spillway

W - channel width (m);



Yoo - characteristic depth (m) where the void fraction is 90%;

D - distance (m) measured normal to the invert (or channel bed);

AH - total head loss (m): AH = Hmax — Hres;

0 - angle between pseudo-bottom formed by the step edges and the horizontal,

Subscript

¢ - critical flow conditions;

max - maximum value;

mean - mean signal component;
w - water properties;

1. INTRODUCTION

Stepped Spillway, an innovative approach to water flow management, is a type of hydraulic structure
constructed next to dams, reservoirs, and other water containment systems to manage the flow of
water in a controlled and safe manner. These spillways are designed with a series of steps or
cascades on their upward face that allow water to flow down in a safe, efficiently, and more orderly
manner thereby reducing the velocity of flow and lowing the risk of flooding downstream, the danger
of erosion, and minimizing the forces acting on the structure. The main aim of a stepped spillway is
to dissipate the kinetic energy of flowing water making it one of the most efficient designs for water
flow management.

Stepped spillways can be made from concrete, rock, or even metal, depending on the environmental
conditions and the specific design requirements. Concrete is commonly used due to its durability,
while rocks are often used in natural or rural settings. They have a visually attractive scheme that
look like natural waterfalls. In certain cases, this feature can improve the visual value of the dam or
reservoir, making it a more beautiful feature for visitors and tourists. They rely on gravity and natural
aeration, requiring fewer external interventions or mechanical energy systems, thereby making
beneficial for agricultural application such as irrigation and in wastewater treatment.

Typically, the steps of stepped spillway are designed to be steep enough to break the water flow
into smaller flows, but mild enough to prevent extreme turbulence. The step geometry (its size, slope,
and number) plays a major role in design component of spillways. As the flow cascades over the
steps down the spillway, the growing boundary layer that started at the crest of the chute will reach
the free surface where air will be entrained into the flow (Fig 1). The entrained air further reduces
energy and helps to prevent erosion.
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Figure 1. Skimming flow regime - Sorensen (1985)



Unlike traditional smooth-faced spillways, which depends on the smooth surfaces to direct water
flow, stepped spillways integrate stepped surface where the water flows over succeeding steps. The
design looks like natural waterfalls or steps in hilly topography, which reduces the velocity of water
flow with substantial reduction in its erosive energy; this considerable energy dissipation and
reduced velocity do not only lead to the use of small-sized basins at the end of the spillway as well
as the prevention of erosive damage at the base of the structure and the natural river channel below,
but also result to lower maintenance costs and fewer repairs.

Stepped spillways are an effective and efficient design used in many hydraulic structures to manage
the flow of water. They provide numerous benefits, including energy dissipation, reduced erosion,
and lower maintenance costs, while also offering aesthetic appeal. While they may require higher
initial investment and careful design, their long-term benefits make them an attractive choice for
managing water flow in dams, reservoirs, and other flood control systems. As the need for
sustainable water management systems continues to grow, the stepped spillway is likely to become
an increasingly popular choice in civil engineering projects.

Many researchers have investigated the energy loss in stepped spillways with the channel slope of
26.6° and below, only a handful of these studies, however, have evaluated the impact of energy
losses caused by stepped spillways with channel slope of 8.9°. As a result, there are gaps in the
rules. Additionally, the existing models for estimating energy dissipation in stepped spillways contain
a parameter, f, the friction factor, the value which is difficult to estimate.

Hence, the aim of this study to investigate the energy dissipation in a flat stepped spillway with a
channel slope of 8.9° and develop models that do not contain, the ‘troublesome’ friction factor, f, to
predict energy losses in it.

Flows over stepped spillways are classified into three types, each with its complicated flow that is
determined by the flow rate and step geometry: nappe, transition, and skimming flow regimes
(Gonzalez and Chanson, 2007).

The skimming flow regime occurs for big discharges, and it is distinguished as a cohesive stream
with huge recirculation vortices between the mainstream and the steps (Chanson, 1996) (Figures 3
and 4).

The transition flow is identified by the substantial spray and splashing near the free surface and
occurs at the intermediate flow rates (Gonzalez and Chanson, 2007).

The nappe flow regime occurs for modest discharges and appears as a free-falling nappe, with water
bouncing from one-step to the next in a succession of small free falls (Chanson, 1996)( Figure 2).

The mode of energy dissipation for each of these three flow regime is distinct and they are estimated
by Chanson as follow:

Energy Dissipation at Nappe Flow Regime
In a nappe flow regime with a fully developed hydraulic jump, the head loss at any intermediate step
equates the energy loss. The total head loss, AH, along the spillway equals the maximum head
available, Hmax, and the residual heat, Hi, at the bottom of the spillway (Chanson) [11]
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where Hdam is the dam height and Ho is the reservoir free surface elevation above the spillway
crest. The residual energy is dissipated at the toe of the spillway by a hydraulic jump in the
dissipation basin.



For an un-gated spillway, the maximum head available and the dam height are related by:

AH = Hmax - Hres (3)
Hpax = Haam + 1.5d, 4)
For a gated spillway, the maximum head available and the dam height are related by:
Hmax = Hdam + Ho (5)
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Figure 2: Nappe flow regime (Flow at a drop structure)

ii. Energy Dissipation at the Skimming Flow Regime

The energy dissipated occurred to keep stable depression vortices. If uniform flow conditions
are reached downstream of the spillway, the energy loss could be calculated as follows [10]

(Fig. 4):

Eq (6) is formulated for spillway slope with 8 = 52 (degrees). Friction factor, f=0.3 and f= 1.30
represent the average flow resistance on smooth spillways and stepped spillways, respectively,
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Where E is the kinetic energy correction coefficient, 8 is the dam slope in degrees

dw is the clear water depth, Uavg is the average velocity, the total head loss may be rewritten in
terms of the friction factor, f, the spillway slope, 6, in degree, the critical depth, dc, and the dam

height, Haam:
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Figure 3: Skimming flow regime with uniform flow conditions
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Figure 4: Arrangement of the spillway with the definition of the variables
2. MATERIAL AND METHODS

The National Water Institute's large-scale stepped spillway models with a channel slope of 8.9° was
used for the experimental study.

The facility was 12 meters long and was made up of an input tank that continuously delivered an
upstream water head. A 0.5 m wide uncontrolled broad-crested weir was used to let water into the
experimental test area. The stepped spillway had 10 No steps with a step height of 0.10 m and a
step length of 0.20 m; Perspex was used for the channel walls and PVC for the steps.

A huge upstream intake basin with dimensions of 3.0 m 2.5 m and a depth of 1.6 m provided steady
flow rates. A 1.0 m long smooth sidewall convergent with a 4:1 contraction ratio provided a smooth
inflow. A broad-crested weir with a height of 1 m, width of 0.52 m, crest length of 1.01 m 1.01 m, and
an upstream rounded corner controlled the flow in the test portion.

The experimental facilities were large scale to minimize scale effects affecting the microscopic air—
water flow processes in high-velocity free-surface flows [15]. Scale effect is a term used to describe
slight distortions that are introduced by ignoring secondary forces such as viscous forces, surface
tension in stepped spillway models. Viscous forces and surface tension in most open-channel



applications are deemed negligible, but in highly air- entrained flows like those expected in stepped
spillways, these forces are more dominating and cannot be simply ignored. Scale effects in modeling
stepped spillways have been thoroughly established by Boes (2000), Chanson (2002), Boes and
Hager (2003a), and Takahashi et al. (2005). In stepped spillway models, scale effects are most
typically linked with scales less than 10:1. For minimizing scale effects, see Chanson (2002), Boes
and Hager (2003a), and Takahashi et al. (2006). According to Chanson (2002), a model scale of
10:1 or greater is recommended, and Boes and Hager (2003a) recommend a minimum Reynolds
number of 105 and a minimum Weber number of 100. Takahashi et al. (2006) urge that Froude,
Reynolds, and Morton similarity be satisfied when simulating strongly air entrained flow, but they
acknowledge that this can only be done at full scale. Although researchers have not established an
agreement on the boundaries to reduce scale effects in physical models of stepped spillways, some
information is available. The use of traditional mono-phase flow instrumentation in high-velocity air-
water flows is not possible due to the three-dimensional air-water flow with enormous volumes of
air-water.

Because substantial quantities of air are entrained at the air-water interface, using a Dall Tube flow
meter, or V-notch for flow rates, Prandtl-Pitot for flow velocities, or point gauge for clear water flow
depth to get air-water flow attributes is impractical [11, 12].

A double-tip conductivity probe was used to conduct the experiments. Air-water flow studies were
carried out with conductivity phase-detection intrusive probes at all step edges downstream of the
inception site of air entrainment for all stepped sizes. The sensor diameters of the double-tip
conductivity probes were 0.13 mm and 0.25 mm, and they were sampled for 45 seconds at a
frequency of 20 kHz per sensor. Typically, the probe was placed at step edges in the air-water flow
zone.

All measurements lasted 45 seconds at a sampling rate of 20 kHz per probe tip. The conductivity
probe's basis is based on the differing resistance of air and water, which provides an immediate
voltage signal. A single sensor's signal can be analyzed using a threshold technique to determine
the time averaged local air concentration or void fraction C, the number of air-to-water voltage shifts
expressed as bubble count rate F, and the air bubble and water droplet chord diameters.

The trials were carried out for a wide variety of discharges at numerous step edges downstream of
the free surface aeration inception point.

B. Formulation of the Models

The authors analyzed about 500 with complete data to formulate energy dissipation models that
govern transition and skimming flow over a wide range of operating conditions.

In modeling, it is necessary to determine the values of the parameters that can fit the model of the
system it shall describe [1]. By the least square method, the best fit curve for this study was as:
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Where

AH

is the energy loss ratio,

max

Hmax is the maximum available height,
N is the number of spillway steps,

h is the height of the spillway steps,

6 is the spillway channel slope.

They used a portion of the measured data sets and multiple regression analysis to solve Equation
(8), which yielded the values of the constant a. along with the coefficients ai, az, as, and as, which
are then substituted back to give the developed models in (9 to 11).

C. Model Verification



The author used the remaining data sets, known as verification data sets, to evaluate the models'
performance (interpolation).

If the model describes verification data well, then the model describes the real system and this is
known the interpolation aspect [28]

3. RESULTS AND DISCUSSIONS
The Developed Models for the Nappe/Transition/Skimming Flow Regime

The discharges had transition and skimming flow rates of 0.035 < qw < 0.234m?/s for the spillways
with 8 = 8.9° with Reynolds numbers of 1.4 x 105< Re <9.3 x 10°

The authors developed the following 3 No Models to predict the energy losses in stepped spillways
with channel slope of 8.9°. They, thereafter, them plotted them vis-a-vis the measured data sets in
Figures 5 through 16.

Model - 1: AH/H,,, = (1.5Nh/d.)*12N~0-006,0029-032 )
Model - 2: AH/Hpq, = (0.05Nh/d.)%*°N°20h~0-179=030 and (10)
Model - 3: AH/H,,,, = (0.25Nh/d.)%36N~009p~0249-009 11)

MODEL - 1: AH/H,,,, = (1.5Nh/d_)%12N~0:0060.029-0.32
The charts using the measured data sets (Run 1 to Run 4) and the developed Model — 1 (9) are
displayed in figures 5 through 8. The coefficients of correlation range from 0.89 to 1.00.
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Figure 5: AH/Hmax as a function of Nh/d. between 2.00 and 20.00,
The coefficient of correlation is 0.99.
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Figure 6: AH/Hmax as a function of Nh/dc between 2.00 and 20.00.
The coefficient of correlation is 0.99.
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Figure 7: AH/Hmax as a function of Nh/d: between 2.00 and 20.00.
The coefficient of correlation is 1.00.
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Figure 8: AH/Hmax as a function of Nh/dc between 2.00 and 20.00.
The coefficient of correlation is 0.87.

Model - 2: AH/H,,,x = (0.05Nh/d.)?2?°N?%20p~0-179-030
The charts using the measured data sets (Run 1 to Run 4) and the developed Model - 2 (10) are
displayed in figures 9 through 12. The coefficients of correlation range from 0.87 to 0.99.
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Figure 9: AH/Hmax as a function of Nh/dc. between 2.00 and 20.00.
The coefficient of correlation is 0.99.
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Figure 10: AH/Hmax as a function of Nh/dc between 2.00 and 20.00.
The coefficient of correlation is 0.98.
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Figure 11: AH/Hmax as a function of Nh/d. between 2.00 and 20.00,
The coefficient of correlation is 1.0.
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Figure 12: AH/Hmax as a function of Nh/dc between 2.00 and 20.00,.The coefficient of correlation is

0.87.

MODEL - 3: AH/H,,,x = (0.25Nh/d.)?3¢6N~009h~0-249-0.09
The charts using the measured data sets (Run 1 to Run 4) and the developed Model — 3 (11) are
displayed in figures 13 through 16. The coefficients of correlation range from 0.88 to 0.99.
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Figure 13: AH/Hmax as a function of Nh/d. between 2.00 and 20.00,
The coefficient of correlation is 0.99.
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Figure 14: AH/Hmax as a function of Nh/d. between 2.00 and 20.00,
The coefficient of correlation is 0.97.
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Figure 15: AH/Hmax as a function of Nh/dc between 2.00 and 20.00,
The coefficient of correlation is 0.99.
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Figure 16: AH/Hmax as a function of Nh/dc between 2.00 and 20.00,
The coefficient of correlation is 0.88.

Figures 6 to 16 depict the energy loss rates as a function of the expression of a dam height divided
by the critical depth for the measured data, the developed analytical formulation (9) to (11)).

The results from the developed models, Eq (9) to Eq (11), compare well with the measured data
sets (Run 1 to Run 4) in terms of energy dissipation, with the coefficients of correlation that range
between 0.95 and 1.0. The models are simple to use.

From Figure 6 to Figure 16, energy losses for a given discharge rise progressively with an increasing
dam height, which is consistent with [27].

4. CONCLUSION

The figures depict the energy loss rates as a function of the expression of a dam height divided by
the critical depth for the measured data as well as the developed analytical formulation. Both the
measured dstasets and the estimated datasets distribution also show same traditional concave
shape, which is consistent with [27]. For all the measured data sets, the results from the three
number developed models, in terms of the dimensionless energy losses rates distribution compare
well with the measured datasets for all the flow regimes with the coefficients correlations that range
from 0.87 to 1.00. All the measured datasets and estimated datasets are in good agreement. The
models are simple and straightforward to use, and they produce accurate results.
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