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ABSTRACT
Hydraulic structures such as dams require energy dissipation for their safe operation.
Scouring and cavitation are challenges which may arise at the downstream toe of earth dams
due to inadequate provision for proper energy dissipation leading to severe damages or total
loss of the dam. This study aimed at designing the United States Bureau of Reclamation
(USBR) type III basin for energy dissipation downstream of earth dam spillways in Nigeria
using Microsoft Excel as computational tool. Microsoft Excel was used in developing the
design code governed by a set of algorithms which conformed to USBR standard. The
algorithm was used to compute flow data suitable for the formation of hydraulic jump within
the USBR type III stilling basin. Various flow conditions with discharges ranging from 10
m?/s to 110 m%/s and inflow velocity ranging from 3 m/s to 18 m/s) were simulated at various
basin widths ranging from 3 m to 12 m. Acceptable design flows were determined using the
Froude numbers that ranged between 4.5 to 9 as the major criterion. The results obtained
showed that an increase in velocity led to an increased Froude number for the various basin
widths. At 3 m/s inflow velocity, the mean Fr values were 0.59, 0.85, 1.03 and 1.10 for
stilling basins width of 3 m, 6 m, 9 m and 12 m respectively. At 6 m/s the mean Fr values
were 1.69, 2.38, 2.93 and 3.38. At 9 m/s, mean Fr values were 3.10, 4.34, 5.37 and 6.21. At
12 m/s, the mean Fr values were 4.77, 6.76, 8.82 and 9.47. At 15 m/s, mean Fr values were
6.68, 9.89, 9.89 and 13.36. At 18 m/s mean Fr values were 8.68, 12.42, 15.22 and 17.57.
These implied that at increased basin widths, the efficiency of the formation of hydraulic
jump improved with higher inflow velocities resulting in shorter basins with more numbers of
baffle piers and chute blocks. The results obtained will find relevant application in the
preliminary design of the type III stilling basins for earth dams, reservoirs in Nigeria, in
accordance with the United States Bureau of Reclamation standard. It will also aid Engineers
in the proper control and evacuation of small earth dams while checking erosive effects from
the velocity of the evacuated outflow by means of hydraulic jump formation. Furthermore,
experimental researches involving physical models are recommended to ascertain more

results and facilitate more efficient and economical USBR stilling basin designs.

xii



CHAPTER ONE

INTRODUCTION
1.1 Background of the Study
Energy dissipation is the reduction in the amount of excess hydraulic energy due to high-
velocity flow released through the conversion of potential energy upstream of a dam to
kinetic energy at the base, downstream within the outlet structure of the spillway (Negm et al,
2015). A spillway is a structure used to provide the controlled release of flows from a dam or
levee into a downstream area, usually the downstream riverbed. Energy dissipation
downstream a spillway is a very critical problem which has been faced by design engineers.
The overflow (discharge) collected at the spillway crest possesses great erosive forces which
when released become detrimental to the downstream toe of hydraulic structures.
Many earth dams have encountered failures due to such unchecked erosion. Hence, it is
pertinent and reasonable procedure to reduce the energy effects of the overflow discharge at
the dam toe by providing at least minimum protection, through the use of an energy
dissipating device. Various energy dissipating devices exist based on economy and
complexity. Design and selection of the type of energy dissipator to be utilized is based on
estimation of the extent of the likely damage that will be encountered at the earth dam toe.
These estimations involve the evaluation of erosion, scour potential and resistance of the toe
of the spillway channel to erosive forces under superimposed flow conditions, in the absence
of these energy dissipating devices.
The stilling basin is a common type of energy dissipator for weirs and small dams. Stilling
basins are generally reinforced concrete structures designed to contain the turbulent flow of a
hydraulic structure (Wurbs et al, 2009). In a stilling basin, most of the energy is dissipated in
a hydraulic jump assisted by appurtenances (e.g. step and baffle blocks) to increase the

turbulence. The hydraulic jump induced takes place in the stilling basin. Other forms of



energy dissipators include the drop structure, impact type stilling basins, flip bucket, ski
jumps (Chanson, 2002). According to Sunil and Deodhar (2004), and Ashraf (2013), a
hydraulic jump type stilling basin, is the ideal type of energy dissipation device.

A hydraulic jump is the rapid transition from a supercritical to subcritical flow. It is an
extremely turbulent process, characterised by large scale turbulence, surface waves and spray,
energy dissipation and air entrainment (Chanson, 2002). It is an extremely useful
phenomenon which can be forced to form at the foot of a spillway, canal structure, culvert
outlet or transition structure to reduce the flow velocity with an associated reduction in the
energy content of the flow (Bhowmik, 1971).

Improper design of hydraulic structures such as dams and their relative appurtenance
structures such as spillway, stilling basins can lead to their failures. Generalized designs of
hydraulic jump stilling basins have been developed, thus stilling basins may now be designed

without the need for additional model studies (FEMA, 2010).

1.2 Statement of the Problem

The problem of poor dissipation of energy due to the approach velocity of the tail water at the
downstream toe of the spillway structure has often resulted to the erosion of the entire dam
structure. Many hydraulic structures such as earth dams, spillways, culverts, weirs have failed
due to erosion from overtopping water or inadequate dissipation of energy from floods
thereby undermining the main dam structure. In many cases, inadequate energy dissipation of
hydraulic structures has resulted in ecological problems of great dimensions (such as gullies)
around the adjoining areas where these structures are sited. Hence it is pertinent to design
hydraulic structures together with its appurtenances, which can cater for proper energy

dissipation within the stilling basin of earth dams. Therefore, in order to avert such failures it



is important to have knowledge of the amount of energy developed and the methods which
could be effective in energy dissipation within such hydraulic structures.

Small earth dams are commonly designed and constructed in many developing countries
including Nigeria for harnessing the water resources potentials of streams for water supply,
irrigation, hydroelectricity, etc. Considering the expected flow regimes, such earth dams
utilize stilling basins which are designed in accordance with the specifications of the United
States Bureau for Reclamation (USBR) type III stilling basins for energy dissipation. The
design could be cumbersome, iterative and requires a rigorous manual computation which is
time consuming. Hence it is important to study this type of energy dissipator and develop a
computerized simple to use method for its design for use by engineers. Earth dam is chosen
for this study as they are the most predominantly designed and constructed dams in

developing countries.

1.3  Aim and Objectives

The aim of this work was to carry out a study of the USBR type III stilling basin utilized for
energy dissipation downstream of an earth dam spillway and develop a simple to use
computer method for its design.

The objectives were:

(1) to review literature of hydraulic jump stilling basins for energy dissipation in
hydraulic structures and particularly the USBR type III basin in order to identify
its peculiarities.

(i1) to appraise the use of USBR type III stilling basins for energy dissipation below
Earth dam spillways.

(ii1))  to develop simple to use computer approach to be used in the design of the USBR

type 111 stilling basin and its components.



14 Scope of Work
This study covered the following:
(1) Review of literature on the use of Hydraulic jump stilling basins as a means of
energy dissipation in hydraulic structures.
(i1))  Evaluation of the USBR type III stilling basin for energy dissipation below earth
dam spillways.
(ii1)  Obtain all the necessary data required for the hydraulic design of USBR type III
stilling basin.
(iv)  Development of flow chart/procedures necessary for computer based design of
USBR type III stilling basin.
(v) Develop a program for the computation of design parameters of USBR type III
stilling basin.

(vi)  Validation of program using the design parameters of small earth dams.

1.5  Relevance of Study

Failure of earth dams due to poorly designed or constructed energy dissipators can lead to
loss of functionality of the structure. Damages resulting from the basin structure can lead to
expensive repairs and maintenance which are uneconomical. Dam failures poses threats to
communities downstream and lead to an out-of-service operation period, hence, the design of
the USBR type III stilling basin. Generally, this study aided for the construction, maintenance,
and safety of hydraulic structures, including small earth dams, weirs, and culverts. It also
sought to facilitate the design procedures for the USBR type III stilling basin in terms of
efficiency, timeliness, detail, accuracy and flexibility, which are usually time consuming,
requiring rigorous manual step-by-step computations using a computer program. This study

provided a means of designing energy dissipation devices, check against over-design of the



stilling basin and energy dissipators while ensuring minimal reduction in flow conditions

substantially below the natural or normal channel conditions.



CHAPTER TWO
LITERATURE REVIEW

2.1  Energy Dissipation
An overflow coming from some river or from some other body of water is known as flood.
Apart from the overflow of rivers, the floods may be caused by the failure of some dam, with
a sudden release of huge amounts of water, causing considerable damage to life and property
downstream. For structures constructed within a channel reach, proper planning and design is
of utmost importance while considering the susceptibility of such structure to damage and the
extent of catastrophe such damages could result in, should any failure occur (Kramer, 2006).
Hence, predicting the likelihood of critical flooding conditions cannot be ruled out. This
means that provisions must be put in place to cater for such unusual conditions. For example,
flood control systems such as spillways with adequate capacity must be provided for dams,
together with adequate protection at the toe to prevent scouring action. Other conditions
which must be considered in flood control within a channel includes providing adequate
height of wall for levees, weirs and dams to prevent overtopping, providing sufficient
waterway openings for bridges, provision of outlet works for storage and water retaining
structures, as well as energy dissipating structures (Meireles et al, 2014).
Energy dissipation may be realised by a wide range of design and construction techniques
(Habib et al, 2013). Some methods which can be utilized to reduce the approach flow
velocity include:

(1) Creation of a hydraulic jump thereby increasing the depth of flow and decreasing

the velocity.
(i)  Allowing a free falling jet to strike a rock surface directly. The energy dissipation

is through turbulence diffusion.



(ii1))  Reversing the direction of free falling jet and allowing it to go into the air. The
energy is dissipated through air entrapment and diffusion.

The main dissipative feature utilized in these methods is one in which energy is transformed
from some initial form to some final form (for example, from potential to kinetic, to heat),
then conversion of kinetic energy to turbulence. Energy transformed to turbulent flow field is
ultimately lost as heat energy and part of the kinetic energy is also transformed to sound and
pressure energy, the capacity of the final form to mechanical work being less than that of the
initial form.
Energy dissipation is typically required for outlet works associated with embankment and
concrete dams where flow emerges at a high velocity in a near horizontal direction. Outlet
works and spillway energy dissipators often experience similar loading conditions. However,
outlet works dissipation structures typically operate more frequently (often at or near their
design discharge) and operate for longer durations, hence a more conservative design is
necessary (Stephenson, 1991). When water at high velocity (supercritical) discharges into a
zone of lower velocity (subcritical), a rather abrupt rise (a step or standing wave) occurs on
the liquid surface. This abrupt rise is called a “hydraulic jump”. The phenomenon depends
upon the initial velocity of the flow. If the initial velocity is below the critical velocity, no
jump is possible. When a jump occurs, flow will change from supercritical (Fr>1) to
subcritical (Fr<l). As the flow velocity increases, the transition grows more abrupt.
Hydraulic jumps can be accompanied by violent turbulence, eddying, air entrainment, and
surface undulations (USBR, 1958). In this study, the inducement, control and the type of
hydraulic jump formed, as well as its characteristics is determined by the design of the
various components within the stilling basin and its appurtenant structure (EI Gawhary et al,

1986).



2.2 The Hydraulic Jump as a mode of dissipating energy

Within a channel flow, stream or river, an impediment such as a block, may be placed to
obstruct the free flow downstream. The flow impediment induces a jump such as found
within the downstream areas where earth dams are built thereby making the flow upstream to
be supercritical. Hence, a hydraulic jump occurs when the upstream flow is supercritical (i.e.
Froude number is greater than 1). As water depth increases during a hydraulic jump,
turbulence occurs and consequently energy is dissipated. In order to induce the occurrence of
a hydraulic jump, engineers usually install impediments within the channels, spillway, or

culverts downstream. Such impediments may be in form of concrete blocks (Falvey, 1990).

23 Energy dissipators

Energy dissipators are structural elements which are designed to reduce the excess of kinetic
energy possessed by the flow along the chute of the spillway, before it re-enters the natural
stream. They protect downstream areas of hydraulic structures such as dams, culverts,
spillways, etc from erosion damages by reducing the velocity of the flow to acceptable limits.
In dams, energy dissipation can be achieved through the use of a plunging jet pool, stepped
spillway chute, a stilling basin, drop structures, impact type or a flip bucket. However, due to
the predominance of weirs and small earth dams, especially in developing countries, the
stilling basin is the most utilized form of energy dissipator. Mason, (1982) reported that the
energy dissipation in stepped chute is characterized by white waters (air entrainment).

2.3.1 Types of energy dissipators

There are many types of energy dissipation structures. Examples of dissipation structures
include the hydraulic jump stilling basin designed to dissipate energy within the concrete

structure itself and plunge basin, designed for energy dissipation in the natural channel



located downstream. Alternatives dissipators include the internal and external dissipators,

drop structures, stilling basins and the natural scour holes.

2.3.2 Design Consideration/Criteria for the selection of energy dissipator type

During the design of the selected type of energy dissipator, the following are considered

(Tiwari and Goel, 2014):

(1)

(ii)

(iii)

Ice Build-up: if ice build up is considered as a criteria for energy dissipator design,
it can be mitigated by sizing the structure in order not to obstruct the winter low
flow, and using energy dissipators.

Debris Control: Debris control is considered and designed for using HEC 9. The
criteria for design includes where clean-out access is limited, and if the dissipator
type selected cannot cater for debris.

Flood Frequency: The flood frequency used in the design of the energy dissipator
device should be the same as that of the spillway design. Evaluation of the flood is
of utmost importance. For example, for most external dissipators, the review flood
check will indicate that the dissipator will have a higher outlet velocity than the
design flood. If this higher velocity causes concern, it should be mitigated.
Internal dissipators and some external dissipators (eg. Hook, USBR Type VI) may
cause the culvert to flow full for the review flood. It this is likely and if the higher
headwater causes concern, a different dissipator should be evaluated. Justification
for the use of a design flood of less magnitude may be seen for:

(a) Substantial cost savings.

(b) Limited or no adverse effect on the downstream channel,

(c) Limited or no adverse effect on the downstream development, and

(d) Low risk of failure of the crossing.



(iv)  Cost: Comparison based on maintenance costs, traffic delay costs, difficulty of
construction, replacement costs are usually considered in determining the selected
energy dissipator type. The type selected for the dissipator should be based on a
comparison of the total cost over the design life of alternative types and should not
be made using first cost as the only criteria.

%) Tail-water relationship: The hydraulic conditions downstream should be evaluated
to determine a tail-water depth and the maximum velocity for a range of
discharges:

(a) Open channels: (See Bridge hydraulics)

(b) Lakes, ponds or large water bodies should be evaluated using the high-water
elevation, which has the same frequency as the design flood for the
culvert/spillway if events are known to occur concurrently (statistically
dependent). If statistically independent, the joint probability of the flood
magnitude is evaluated.

(vi)  Maximum spillway/culvert exit velocity: The spillway/culvert exit velocity should
be consistent with the maximum velocity in the natural channel or should be

mitigated using energy dissipation and channel stabilization.

2.4  Design of Energy Dissipators

HEC 14 contains design details for specific energy dissipators. Recent advances in
technology have permitted the development of new design and construction techniques,
particularly with the provision of adequate flood release facilities. Chutes and spillways are
designed to spill large water discharges over a hydraulic structure (e.g. dam, weir) without

major damage to the structure itself and to its environment. A number of modern

10



developments have demonstrated that such energy dissipation may be achieved along the
spillway chute, in a downstream energy dissipator, or a combination of both.

Many engineers have never been exposed to the complexity of energy dissipator designs, to
the physical processes taking place and to the structural challenges. Several energy
dissipators, spillways and storm waterways failed because of poor engineering design. It is
believed that a major issue affecting these failures was the lack of understanding of the basic
turbulent dissipation processes and of the interactions between free-surface aeration and flow
turbulence. Among the range of design techniques utilized includes the block ramps, stepped

spillways, hydraulic jump stilling basins, ski jumps and impact dissipators (Rhone, 1977).

2.5 Selection of appropriate Energy dissipator

Selection of the appropriate energy dissipator is a critical design consideration. There are
certain limitations for each energy dissipator, and each situation is unique. During the
selection the following may be considered (Mason, 1982):

(1) The required number of outlets involved.

(i1) The topography and geology of the sited.

(ii1)  The energy content and unit discharge of flow entering the dissipator.

(iv)  The duration and frequency of flow.

(v) The tail-water conditions for the range of discharges.

(vi)  The water quality.

(vii)  Alignment and location with respect to the toe of the dam and other features.

(viii) Icing and spray restrictions.

(ix)  The compatibility of the emerging flow with the conduit, tunnel, valve or gate.

(x) Other environmental and economic conditions.

11



2.5.1 The essence of Energy dissipator design

It is essential for energy dissipator designers to give proper attention to the hydraulic,
structural and mechanical design details as a poorly designed energy dissipator can result to
excessive maintenance, work safety issues, structural damage to the downstream structures
such as the stilling basin, erosion of the downstream channel due to excessive turbulence.

The various problems which arise from energy dissipation within a hydraulic structure can be
eliminated or reduced by a carefully engineered design. Dam-building agencies have
developed standard design methods for many energy dissipators based on previous physical
and computational hydraulic model tests. Most times, energy dissipator designs are based on
experience, hence the need may arise for further model testing beyond the limits of these

designs or where new innovative concepts are required (Svoboda, 2012).

2.6  Hydraulic Jump Stilling Basins

The performance of the stilling basin is based primarily on the various shapes in which the
stilling basin can be designed. Each of these shapes of the stilling basin is of various
advantages (Hager, 1992). Stabilization of the hydraulic jump can be achieved with the aid of
drops and backward-facing steps. Such drops or steps are usually placed close to the toe of
the jump. Baffle blocks on the other hand are used to force the flow by means of obstruction
above them. They may be placed in single or several rows. They are usually not suitable for
basins with high expected inflow velocity (above 18m/s) as they may become very prone to
cavitation damage. Another technique utilized in enhancing turbulent energy dissipation
within the stilling basin is through the introduction of sudden expansions (FEMA, 2010).

Another main technique for energy dissipation involves placement of the energy dissipaters

12



on the apron downstream of head structures in order to facilitate the formation of a hydraulic
jump (Tarek et al., 2014). Various researches have been carried out to investigate the
efficiency in dissipating energy by inducing the hydraulic jump. These studies utilized
different configurations of energy dissipators of various types and shapes (Ashour et al.,
2014). Such studies which included notable researches of Peterka (1958), Gawhary et al.
(1986), Aziz et al. (1999), Alikhani et al. (2010), Tiwari et al. (2013), Bastawy (2013), and
Habib and Nasser (2013) also noted that the hydraulic jump stilling basin is an efficient
means of energy dissipation. Evaluations on smooth and stepped chutes were carried out by
various researchers: Stephenson (1991), Chanson (1994, 2002), Matos (2000), Boes and
Hager (2003), Meireles and Matos (2009); (Svboda, 2012). The results of numerous site-
specific model studies (Houston, 1987; Hunt, 2008) have shown that smaller, i.e. shorter,
stilling basin lengths are required for efficient energy dissipation. Cardoso, et al. (2007) and
Meireles (2011) also studied in particular the performance of the type III basins below
stepped chutes. Their results showed a 20% decrease in the pressure developed at the base or
the structure after the point of occurrence of a hydraulic jump in comparison with that of a
type 1 stilling basin without appurtenances. Results also showed that the length of the
hydraulic jump for a type III basin was reduced by 80% in comparison with that of a type |

basin under the same flow conditions.

2.7  Model Application

Stilling basin designs are based primarily on experience, analytical background, laboratory
investigations, and model studies. Although model studies may be made for large structures,
a detailed model study to establish guidelines for a small structure may not be economical. In
such an instance, the designer must depend on experience and rely on other experimental and

prototype performances of stilling basins under similar circumstances (Bhowmik, 1971).

13



Gulliver and Wetzel (1984) expressed the view that a hydraulic model study can be
performed to verify that the proposed design functions properly. The model may also be a
tool to improve structure performance or to reduce anticipated construction costs (Olatunji,
2005).

According to Jose Carlos (1998), with the recent development of computational resources,
the numerical models for hydraulic jump predictions have motivated various researchers.
Numerical models are valuable tools that can easily be used in the adjustment of various
design details in the geometry modification, even if the model is not to be used in final
determination of the best geometry, differently of the physical models. They are considered
to be versatile for this very reason.

Generalized designs of hydraulic jump stilling basins have been developed, so future stilling
basins can be designed without the need for additional model studies (FEMA, 2010).
Rectangular stilling basins are preferred over trapezoidal basins. Model tests have shown that
the hydraulic jump action in a trapezoidal basin is much less complete and less stable than in
a rectangular basin. Where trapezoidal basins are contemplated, a model study is strongly
recommended.

A numerical and experimental study of the turbulent flow in a hydraulic jump stilling basin
was performed by Jose et al (1998) to determine, through comparison of a physical and a
numerical (Computational Fluid dynamics) model, the efficiency of CFD modelling
techniques in predicting flow characteristics within the stilling basin.

According to Jose (1998), the time and budget required for the construction of computational
models, modification of structural geometries, limits the optimization of such projects to
analysis by physical models. However with recent development of computational resources,

the numerical models for hydraulic jump predictions have motivated various researches.
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Valero et al (2014) employed a Reynolds-averaged Navier-Stokes (RANS) model coupled
with a calibrated turbulent air entrainment model, a Volume of Fluid (VOF) method and the
RNG k-epilson (k—¢) turbulence model to analyse the complex multiphase flows taking place
within an United States Bureau of Reclamation type II stilling basin with varying chute
blocks height.

Jose (1998) used the Flow-3D software which uses the finite-volume method to solve the
Reynolds-averaged Navier-Stokes equation over the computational domain for numerical
modelling. A major limitation of this computational resource is its inability to effectively

treat turbulent flows numerically.

2.8  Hydraulic Jump Characteristics

2.8.1 The Froude Number

The Froude number is factor or parameter that signifies the effects of gravitational force on
an open channel flow. It plays a very vital role in open channel flow analysis. The
characteristics pertaining to a particular flow regime can be ascertained if the magnitude of its
Froude number is known. Laboratory tests show that if the range of Froude number is limited
to between 4.5 to 9, steady jump may be observed. However, sometimes higher values up to
12 are also used in design of stilling basins (Elmoustafa, 2010). Experimental observations
conducted by (Peyras et al, 1991 show that stepped weirs are particularly convenient for
specific flows less than 3 m%s (FAO, 2001). Studies by Pillai (1966; 1969) showed good
results in developing stilling basins for Froude numbers between 5 and 9. The study utilized a
wedge-shaped baffle pier of vertex angle 120 degrees cut back at an angle of 90 degrees. Low
inflow Froude number were also catered for in further studies by Pillai et al (1989) through
increased vertex angle of the baffle pier to 150 degrees.

2.8.2 Initial Depth, Sequent Depth, and Tail water Depth
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Generally, the industrial standard for the design of stilling basins, Reclamation's Engineering
Monograph No. 25, titled Hydraulic Design of Stilling Basins and Energy Dissipators,
published originally in September 1958 by A.J. Peterka, with the fourth and last revised
printing occurring in January 1978 recommends tail water elevations equivalent to the
conjugate flow depth or higher (Svoboda, 2012). A wider basin would provide a shallower
basin, which would allow the ideal jump depth to more closely match the tail-water depths
for all discharges. The importance of accurate tail-water for the full range of stilling basin
operations cannot be overemphasized for hydraulic jump stilling basins (FEMA, 2010).

2.8.3 Length of a Hydraulic Jump Stilling Basin

For any hydraulic jump stilling basin, the optimal length varies for each outlet works
discharge. So, the selected length should be designed for when the basin is operated at
maximum design flow (FEMA, 2010). The length of the hydraulic jump is measured from the
toe of the jump to the point where the water surface profile becomes horizontal. For a stilling
basin with a horizontal floor, the toe of the jump is assumed to occur at the intersection of the
chute and the horizontal stilling basin floor. The end of the hydraulic jump is more difficult to
define and could be chosen as either the point downstream where the high velocity jet begins
to lift from the floor, or a point immediately downstream from the roller where the water
surface becomes horizontal, whichever occurs farthest downstream. The length of the basin is
measured from the intersection of the chute and the horizontal stilling basin floor to a point
downstream that will confine the entire length of the jump to the concrete floor and side walls
of a conventional stilling basin. Increasing the length of the jump has been related to the
Froude number of the incoming flow (Frizell, 1990a; Frizell, 1990b; Frizell, 1992).

2.8.4 The Spillway/Chute Shape and Dimension

Basically, the baffled apron or chute consists of a sloping apron with multiple rows of blocks

or baffle piers equally spaced across the chute. The extent of acceleration and ultimate
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velocity at the base of the chute depends on the discharge and height, width, and spacing of
the baffle piers (Rhone, 1977). Bombac (2011) performed a physical model research of the
spillway shape and the dimensions of the stilling basin elements of the Hydro power plants
(HPP) Brezice. The research utilized different spillway shapes with steeper spillway face
since by applying this measure a longer and more efficient stilling basin, with the same
dimensions of the spillway, dissipating a larger part of the kinetic energy of the water flow

can be achieved (.

29 Stilling Basin Appurtenances

Compared to a simple hydraulic jump basin in which the approach flow momentum is
balanced by an adequate tail water level, stilling basins have in addition chute and baffles
elements. Those elements are located on the basin bottom and involve steps, sills and blocks.
The effect of dissipation can be increased with a diverging basin (Thandaveswara, 2012).
Elmoustafa (2010) also states the importance of the installation of certain components such as
baffle blocks, end sills and chute blocks along the basin floor to control and stabilize the
jump (which in turn helps in the dissipation of excess energy and reduces the cost of the
project). The use of these devices permitted the shortening of the basin and acts as a safety
factor against sweep out of the jump.

2.9.1 Chute blocks

Chute blocks at the upstream end of a basin tend to corrugate the jet, lifting a portion of it
from the floor to create a greater number of energy dissipating eddies, resulting in a shorter
length of jump than would be possible without them. Chute blocks at the upstream end of a
basin tend to corrugate the jet, lifting a portion of it from the floor to create a greater number
of energy dissipating eddies, resulting in a shorter length of jump than would be possible

without them. These blocks also reduce the tendency of the jump to sweep off the apron at
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tail water elevations below conjugate depth (Peterka, 1984). Thus, they help stabilising the
hydraulic jump. Despite the amount of studies carried out, only a reduced range of chute
blocks heights have been analysed (Valero, 2014). Flow patterns within the stilling basin
were analysed for chute block heights ranging from 1.0 to 10.7 Hw, and evaluating its role as
a hydraulic jump stabiliser.

Therefore, in the case of a stilling basin, the intensity of turbulence can be expected to be a
maximum in the vicinity of the roughness elements such as chute blocks (Bhowmik, 1971).
Valero (2014) made it possible to identify two different mechanisms involving chute blocks
effects upon flow: turbulent wall jet mechanism which takes place for lower values of chute
block height, subsequently aiding in the stabilization of hydraulic jump, and flow deflector
which is relatively undesirable.

2.9.2 Baffle Blocks/Piers

Baftle blocks are devices placed in a reach of a channel known as a stilling basin to stabilize
the location of a hydraulic jump and to aid in the dissipation of the flow energy. They
contribute towards the stability of the basin, reduce the wave activity, and prevent sweep out
of the jump at an early stage of flow when the tail-water depth is not sufficient for the full
development of the jump (Aziz et al, 1999). With an increase in the value of the Froude
number, Fri, some danger exists in possible cavitation damages to the baffle blocks or chute
blocks (Bhowmik, 1971). Typically, for a type III stilling basin, they are used for Fr; greater
than 4.5. Basically, design standards have been established based on observations of existing
basins and laboratory model studies (ISI, 1968). Baffle elements are prone to cavitation
damage and in case of stilling basins with high velocity leading to the possibilities of
abrasion, baffles should be fitted with steel-armouring (Thandaveswara, 2012). Study of
various shapes and positions of baffle piers was performed in a physical model. It was

established that the most optimal baffle piers in the stilling basin of the HPP Brezice were
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3.0m high and 1.5m wide. Two widths of baffle piers were examined for the final shape of
spillway: it could be seen that the differences between the curves for the baffle piers with the
widths of 1.5 and 2.0 were insignificant. Change of the spillway shape has significantly
enhanced the efficiency of the spillway behaviour in the light of the hydraulic jump stability

in the stilling basin (Bombac et. al, 2011).
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2.9.3 End Sills

The end sill, either dentated or solid is usually located at the downstream end of the stilling
basin. The purpose of the end sill is to reduce the length of the stilling basin by creating
additional tail-water depth and to provide for scour control. For large basins that are designed
for high incoming velocities, the end sill is usually dentated to perform the additional
function of diffusing the residual portion of the high velocity jet that may reach the end of the
basin (Bhowmik, 1971).

2.9.4 Other Stilling Basin Appurtenances

Hydraulic jump stilling basins contain other features, such as side walls or training walls,
which contain the hydraulic jump. Splitter walls assist in keeping the flow uniform (Bejestan,
2009). Wing walls and cut-off walls at the downstream end of the basin provide erosion
protection. Stoplog slots at the downstream end allow for unwatering of the basin. Structural
under drains beneath the basin floor relieve uplift pressures. Flow deflectors help to prevent

abrasive material from being drawn into the basin (FEMA, 2010).
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CHAPTER THREE
METHODOLOGY

3.1 Design Concept

The methodology for the design of the USBR type III stilling basin and its required

appurtenances in this study for adequate energy dissipation were adopted based primarily on

the recommendations/guidelines of Monograph 25 provided by Bradley and Peterka (1978).

This provided ranges of flow data for the optimum operation and performance of the various

USBR stilling basin types, from amongst which the USBR type III stilling basin design was

considered.

A 3-D diagrammatic representation for the geometry of a typical USBR type III stilling basin

and its components (chute blocks, baffle piers, end sill and basin wall) is as shown below in

Figure 3.1.
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Figure 3.1. Layout of Reclamation Type III stilling basin (Peterka, 1978).
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Optimal and suitable sizing approach for the components of the stilling basin of rectangular
cross section, and its appurtenances were achieved by means of a selected computer program.
The computer program comprised of a numerical computational system which was developed
using its basic compiler tool for the computation, simulation and analysis of expected flow
data (with discharge ranging from 10m3/s to 110m3/s) entering the USBR type III stilling

basin.

3.2  Design Tool Description

The computational tool that was selected and used for this study is Microsoft Excel.
Microsoft Excel is an interactive system for matrix computations which can also be used
interactively as a calculator and programmable command language (Fosdick et al, 1996). It is
not only a programming language but a programming environment which can be made to
perform repetitive tasks. It comprises of spreadsheet, command line, statistics tool box
(https://www.yorku.ca/jdc/Excel/Lessonl.htm). It was chosen because of its simplicity in
operation, quick processing speed, interactive graphical output and user-friendly

outlook/interface both in data entry and presentation

(https://guides.libraries.uc.edu/M.ExcelForEngineers, 2019).

Figure 3.1 above also provides the optimal and suitable sizing approach which was used by
the Excel program in determining the dimensions of the stilling basin appurtenances. All
equations required for the computation of flow magnitudes and sizing of the stilling basin
were collected in form of algorithms. Excel command write up (basic compiler tool) was
used in developing design codes generated from these algorithms (See Appendix D). The
Excel spread sheet was used to key in input data, from which output data were displayed on

spreadsheet after being automatically generated.
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33 Data Collection
The data utilized in this study were selected within the ranges of flow conditions for the
optimal performance of USBR type III stilling basin as adopted previously by Hubert
Chanson 2006. The following parameters were used:

(1) Overflow (spillway) discharge (Q),

(i1)  the unit discharge (q),

(ii1))  the incoming flow velocity (v1),

(iv)  the depth of approach tail water (y1),

(v) and the width of basin (W).
3.3.1 Stilling Basin Flow Conditions
The spillway flow conditions established the inflow conditions for the stilling basin. However,
these parameters required closer analysis for energy dissipator design. The flow conditions
are as stated below:

(1) Application to small earth dams

(i1) General flow conditions with Froude number, Fr > 4.5 and < 9; unit discharge, q <

18.6m3/s/m; approach velocity, v < 15 - 18.3 m/s; basin length = 2.82dconj
(Chanson, 2006).

The above parameters correlate with the conditions for the optimal performance of the USBR
Type III hydraulic jump stilling basin, while ensuring safe operation within a wide range of
these flow conditions. Other data which may influence the behaviour of hydraulic jump
within the stilling basin and consequently the stilling basin design are:
i. Spillway Discharge, Q between 10m3/s and 100 m3/s and tested at a uniform interval of

10m3/s was adopted for this study.
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ii. The width across spillway crest, W was considered consistent with that of the maximum
stilling basin width with minimum of 3m and an acceptable maximum value of 12m (limited
to the scope of this design).
iii. Spillway cross sectional Area, A: The cross sectional area, A (m?) of flow at the spillway
outlet which can be calculated using equation 3.1.

A=Ql (3.1)

Where Q = discharge, m¥/s.

v = velocity of flow, m/s

3.3.2 Check for possible outliers
Considering that the type III basin functioned effectively between Froude numbers of 4.5 to 9,
this design study was based on the relationship between approach water depth and Froude
number while aiming at checking the velocity of approach tail water to prevent/control its
erosive effects. Hence, the following deductions were made to facilitate the accuracy of data
entry and subsequently, aid further computations on Excel while eliminating outliers:

Fri=vil (gy1) (3.2)
Where vi= velocity of flow entering the basin in m/s,

Fri = Froude number

g = gravitational constant in m?/s

y1 = depth of incoming flow in m

Q = discharge in m3/s
Consider a condition of maximum flow velocity, where vi = 18 m/s
Fri=4.5; g=9.81

Fri =viN (gy1)

4.5=18 (9.81 x y1)

y1=1.63m
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Again, when vi = 18 m/s
Fri=9;g=9.81
Fri =viN (gy1)
9 =18 (9.81 x y1)
y1 =0.40 m

Therefore,

At vy = 18m/s, g=9.81 m/s%, 4.5 <Fr; <9 we have:

1.63>y:1>0.40
But Q =vA
and A = y1W
Taking vmax = 18 m/s

Q=vy1W
With y; = 1.63m, Q=18x1.63xW
Q=29.34W
q=Q/W =29.34 m’/s/m > 18.6 m*/s/m
Again, with y; = 0.40m,

Q=vy1W

Q=18x040x W

Q=72W

q=Q/W =7.2m%s/m < 18.6 m*/s/m

(3.3)

(3.4)

(3.5)

where q = unit discharge or discharge per unit width across spillway/basin crest in m*/s/m.

So if we limit Q/W to 18.6 m*/s/m, we have:

18.6=18 x yi
y1=18.6/18

y1=1.03



Aty =1.03, vinax = 18 m/s
Fri =viN (gy1)

=18/ (9.81 x 1.03)

Fri =5.66
Given the conditions for optimal performance of the USBR Type III hydraulic jump stilling
basin:

AtFri=4.5;y1=1.63; v=18m/s; q = 29.34 m’/s/m

At Fr1 =5.66; y1 = 1.03; v=18m/s; q = 18.6 m*/s/m

At Fri =9.0; y1 = 0.40; v = 18m/s; ¢ = 7.2 m*/s/m

V=Q/(y1iW) <18 m/s

Therefore, yiW > Q/18
This implied that the average discharge Q influences the average velocity, v and hence
determined the average water depth generated; the greater the Froude number Fr; the lesser
the water depth yi. It is recommended that where y; is less than 0.2 m, the height of chute
blocks, hi equal to 0.2 m also be adopted.
To test for velocities at y; = 0.2 m, for Froude number between 4.5 and 9:

Fr=v/ (gy1)

Fr? = v/ (gy1)

v? =Fr? x gy [where g = 9.81 m?/s]
When Fr=4.5

v2=452x9.81x0.2

v=06.31m/s
When Fr=9.0

v2=9.02x9.81x0.2

v=12.6 m/s
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The above implied that flow velocities above 12.6 m/s would require yi to be greater than 0.2

m for the proper formation of a stable hydraulic jump.

3.4  USBR Type III Stilling Basin Design Procedure
The design involved the following major procedures:

1. Determining the stilling basin inflow conditions such as the incoming flow depth, yi,
the incoming Froude number, Fr; and the tail water depth, y>. These parameters are as
analysed in detail as below:

(1) Calculation of the incoming flow depth, yi
For any given design discharge, Q the expected flow depth were computed using
equation 3.2 below:

y1=Q/ (viW) (3.6)
Where Wg= width of stilling basin in m
vi= velocity of incoming flow in m/s
Q= Design discharge in m%/s

(i1) Calculation of the associated incoming Froude number, Fr;
The Froude number is a flow parameter that has traditionally being used to design
energy dissipators. The associated Froude number for any given flow with inflow
conditions of known conjugate depth, yi and incoming velocity, vi were determined
using equation 3.3:

Fri = vi/ [(gy)"’] (3.7)

Where g= gravitational acceleration in m/s?

(ii1))  Calculation of the tail water depth (sequent depth), y»
The sequent depth was determined using the following equation:

y2 =y1/2((1+ 8Fri2)2 -1) (3.8)
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Where y2 = sequent depth in m
y1= incoming flow depth in m
Fri= incoming Froude number
2. Determining the size of the stilling basin such as the length of the basin, the height of
the basin entraining walls, the width of the basin. Below is a detail of how these
parameters were determined:
(1) Calculation of the height of the basin wall
The height of the basin wall was determined using the value attained from the height
of jump. The height of jump was determined using equation 3.5:
H; = (y2- y1)’/4y1y> (3.9)
Where y» = sequent depth in m
y1 = incoming flow depth in m
(i1) Calculation of the length of basin, Lg
The length of the basin was determined using the value attained from the length of
hydraulic jump. The length of the hydraulic jump was calculated using equation 3.6:
Ls = 5y2 (3.10)
Where, y2 = sequent depth in m
L= incoming flow depth in m
(iii)  Calculation of Basin width, Wg
The width of the stilling basin was chosen between the ranges of values 3 to 12m. The
value chosen were kept constant in sizing the width of the appurtenant structures for
every given set of design trial.
3. Determining the sizes of the appurtenant structures such as the baffle piers, chute
blocks and end sills.

(1) Calculation of the length between chute blocks and the baffle piers, Lw
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The length between the base of the chute block and the baffle blocks of the basin was
determined using equation 3.7.
Lw = 0.8y> (3.11)
Where, y2 = sequent depth in m
Lw= Length between chute blocks and baffle piers in m
(i)  Calculation of Chute number, Nc
The number of chute blocks, N¢ was determined from equation 3.8 below:
Nc=Ws/2y: rounded to a whole number. (3.12)
(ii1))  Calculation of Chute block spacing, Si
The spaces between chute blocks, S1 were determined from equation 3.9 below:
Si=y1 (3.13)
Where y= incoming flow depth in m
(iv)  Calculation of Chute block width, W
The width of the chute blocks, Wi was determined using equation 3.10 below:
Wi=yi (3.14)
Where y= incoming flow depth in m
The Adjusted W1=Wgs/2N. (3.15)
%) Calculation of the height of the chute blocks, H;
The height of the chute blocks was determined using equation 3.12
Hi/y1=1.0 (3.16)
Where y= incoming flow depth in m
(vi) Calculation of the height of the baffle piers, Hs
The height of the baffle piers was determined using equation 3.13
Hs =y1 (0.60 + Fr1/6) (3.17)

Where y= incoming flow depth in m
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Fri= incoming Froude number
(vii)  Calculation of the width of the baffle piers, W3
The width of the baffle piers were determined using equation 3.14
W3 =0.75H3 (3.18)
Where Hz= height of the baffle piers in m
(viii)  Calculation of the base length (thickness) of the baffle piers, Li
The base length of the baffle piers were determined using equation 3.15
Le=1.20 H3 (3.19)
Where y= incoming flow depth in m
Fri= incoming Froude number
(ix) Calculation of the top length (thickness) of the baffle piers, Lu
The top length of the baffle piers were determined using equation 3.16
Lu=0.20 Hs (3.20)
Where y1= incoming flow depth in m
Fri= incoming Froude number
(x) Calculation of the baffle piers spacing, S3
The spacing of the baffle piers were determined using equation 3.17
S3=0.75 Hz (3.21)
Where Hs= height of the baffle piers in m
The Additional spacing on baffle W4=0.375H3 (3.22)
(xi)  Calculation of the height of end sill, Hs
The spacing of the baffle piers were determined using equation 3.19
Hs=y1 (1.00 + Fr1/18) (3.23)
Where y= incoming flow depth in m

Fri= incoming Froude number
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(xii)  Calculation of the slope of end sill, H4
The slope of the end sill was be determined using equation 3.21
Hs=1V (3.24)
2H: 1V (3.25)

Where H and V represent the horizontal and vertical sides respectively.

3.5. Using EXCEL (Application and Data Testing)

Various models exist for the numerical modelling of flows. The commercial software Flow-
3D, developed by Flow Science (Svoboda, 2012) being one of such. Having pre-defined the
parameters, all the required equations above necessary for the computation of flow
magnitudes, sizing of the stilling basin and its appurtenances were assembled in form of
algorithms. Excel command write up was then used in writing the design codes (See
Appendix D) in order to further develop them into a spreadsheet prior to testing.
Computations were done by applying the required operator, and the sizes of appurtenances
were selected and displayed as output. Testing was carried out by varying the input
parameters which included the discharge, basin width and velocity. Accuracy of results was
attempted by reducing the uniform interval difference for the various governing input
parameters. This can be likened to the mesh system where finer meshes are obtained by
reducing the spacing between one node and another.

3.5.1 Boundary conditions and Interval of input Data

The range of values of discharge tested were between 10 m3/s and 100 m?/s at an interval of
10 m?/s. The range of values for width of the spillway crest was between 3 m and 12 m at a
uniform interval of 3m, while the velocity of flow was between 3m/s and 18m/s at a uniform

interval of 3 m/s. Simulation for all the possible values obtainable within the ranges of the
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above conditions was carried out. This was to ascertain the most suitable results for the
optimal performance of the USBR type III stilling basin under the various flow conditions.
3.5.2 Simulation procedure

Simulation involved performing a series of iterations using the 3 given input parameters
(discharge Q, basin width W, and flow velocity v). This was achieved by entering the range
of discharge, the width and velocity of flow, after which one parameter (velocity) was made
to vary increasingly at a uniform interval, while the other parameters were kept constant and
vice versa. For example, a first set of trial test involved increasing the velocity uniformly,
while keeping the width of the spillway crest constant. Once this was completed for all ranges
of data from the minimum velocity (3 m/s) to the maximum velocity (18 m/s) at a uniform
increasing interval of 3 m/s, a second trial test was carried out but this time around, while the
velocity remained constant the width of the spillway crest was increased from minimum
value of 3 m to the maximum design value of 12 m at a constant uniform interval of 3 m for
all values of discharge between 10 m*/s and 100 m?/s and at uniform interval of 10 m?/s.

The results of the simulation are presented in chapter four.

The basic framework for the computation and analysis using Microsoft Excel is shown in

Table 3.1 below.
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Table 3.1: Frame work for data analysis

Subroutine Data type

Data

Optimum Design Discharge | Input

and width of spillway crest

Discharge over the spillway crest,
Width across the spillway crest, Unit

Design discharge

Output

Nil

Depth of incoming flow | Input

parameters

Unit design discharge, width of spillway

crest, velocity of incoming flow

Output

Depth of incoming flow, Froude number,

sequent/tail water depth

Stilling basin design Input

Sequent depth and conjugate depths

Output

Length of stilling basin
Height of basin walls
Width of basin

Basin appurtenances Input

Depth of incoming flow

Tail water depth

Output

Width of baftfle and chute blocks

Height of baffle and chute blocks
Thickness of baffle blocks

Slope of the end sill

Height of the end sill

Distance between chute blocks and

baffle piers
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Figure 3.2 shows the schematic diagram which backs up the basic framework of this design:

Start

!
Input
Data
!

Subroutine: Optimum Design Discharge

!

Subroutine: incoming flow depth/
flow velocity

!
Dimension of
stilling basin

!

Dimension of structural
components

!
Output

Figure 3.2. Design flow chart
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Presentation of Results
The results obtained from the simulation carried out in this study using expected inflow data
for optimal performance of the United States Bureau of Reclamation type IlI stilling basin for

discharges between 10 m*/s and 100 m3/s are presented in this section.

4.1.1 Effect of varying inflow velocity at constant spillway width of 3 m

The results obtained from varying the inflow velocity at 3 m/s to 18 m/s for a 3 m wide
spillway crest are shown in Table 4.1. The values for Froude number, Fr, depth of incoming
flow, y1, and sequent depth, y; are as presented.

Tables 4.1 showed that a 3 m wide basin was suitable for discharges up to 50 m%/s (i.e. q < 18
m?/s/m) beyond which the force of the released discharge (i.e. Q > 50 m¥/s) upstream may
become detrimental to the baffle piers due to excess pressure.

For all ranges of discharge, Q between 10 m3/s and 110 m?¥/s, the observed corresponding
decrease in Froude number at various flow velocities were 3 m/s (Fr values between 0.908 to
0.273), 6 m/s (Fr values between 2.57 and 0.812), 9 m/s (Fr values between 4.72 and 1.49),
12 m/s (Fr values between 7.26 to 2.29), 15 m/s (Fr values between 10.15 and 3.21) and 18
m/s (Fr values 13.15 and 4.22) respectively.

Generally, acceptable Fr values were formed from flow velocities within the range of 15 m/s
to 18 m/s. The Fr values for flow conditions developed from velocities, v < 15 m/s implied
subcritical flow (thereby limiting proper hydraulic jump formation), which could result in a
sweep out. At 12 m/s it was observed that a stable hydraulic jump could also be attained but

only for Q values lesser than 30 m3/s (Q < 30 m¥/s).
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Table 4.1: Simulated discharges for 3 m width basin with velocity varying from (3 to 18) m/s

Discharge, Basin Unit
Q (m¥/s) width, discharge, Simulated Froude number (Fr), sequent depth (y1) and tail water (y2) values from discharges (Q) at various velocities (v)
W (m) | q(m?s/m)
Velocity (m/s)
3m/s 6m/s 9m/s 12m/s 15m/s 18m/s
yi Fr y2 yi Fri y2 yi Fr y2 yi Fr y2 yi Fr y2 yi Fr y2

10 3 3.33 0.22 | 10.16 | 1.31

1.11 | 091 | 1.63 | 056 | 2.57 | 1.53| 037 | 472 | 144 | 028 | 7.27 | 1.37 0.19 ] 13.35[1.26
20 3 6.67 044 | 718 | 2.17

222 1064 | 262 | 1.11 | 1.82 | 249 | 0.74 | 334 | 236 | 0.56 | 5.14 | 2.26 0.37 9.44 | 2.10
30 3 10.00 0.67 | 5.87 | 291

333 | 052 1344 | 1.67| 148 | 331 | 1.11 | 273 | 3.16 | 0.83 | 420 | 3.02 0.56 7.71 | 2.82
40 3 13.33 0.89 | 5.08 | 3.59

444 | 045 | 417 | 222 | 1.29 | 405 | 1.48 | 236 | 3.87 | 1.11 | 3.63 | 3.72 0.74 6.67 | 3.48
50 3 16.67 1.11 | 4.54 | 4.21

556 | 041 | 483 | 278 | 1.15| 473 | 1.85 | 2.11 | 454 | 139 | 3.25| 436 0.93 5.97 | 4.09
60 3 20.00 1.33 | 4.15 | 4.80

6.67 | 037 | 545 | 333 | 1.05| 536| 222 | 193 | 5.16 | 1.67 | 297 | 497 1.11 5.45 | 4.66
70 3 23.33 1.56 | 3.84 | 5.37

7.78 1034 | 6.02 | 389 | 097 | 596 | 259 | 1.78 | 575 | 1.94 | 2.75| 5.55 1.30 5.05 | 5.21
80 3 26.67 1.78 | 3.60 | 5.91

8.89 | 032|657 | 444 | 091 | 654 296 | 1.67 | 632 | 222 | 2.57| 6.10 1.48 4.72 | 5.74
90 3 30.00 2.00 | 3.39 | 6.43

10.00 | 0.30 | 7.09 | 5.00 | 0.86 | 7.09 | 333 | 1.57 | 6.86 | 2.50 | 2.42 | 6.63 1.67 445 | 6.25
100 3 33.33 222 | 321 | 6.93

11.11 | 0.29 | 7.59 | 556 | 0.81 | 762 | 3.70 | 149 | 739 | 2.78 | 230 | 7.15 1.85 422 1 6.74
110 3 36.67 244 | 3.06 | 7.42

12.22 | 0.27 | 8.07 | 6.11 | 0.77 | 8.13 | 4.07 | 142 | 790 | 3.06 | 2.19 | 7.65 2.04 4.03 | 7.22
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The above stated results implied that the 3 m wide stilling basin performed optimally with
varying velocities of 12 m/s, 15 m/s and 18 m/s and at discharges between (10 and 30) m?/s,
(10 and 50) m3/s and between (20 and 50) m?®/s respectively. This width of basin is best
operable at 15 m/s with discharges between (10 and 50) m¥/s (say an average of 30 m%/s).
4.1.2 Effect of varying inflow velocity at constant spillway width of 6 m

The inflow velocities of a 6 m wide spillway crest were varied at 3 m/s to 18 m/s with the
resulting values for Froude number, Fr, depth of incoming flow, yi, and sequent depth, y> as
presented in Table 4.2.

The results from Tables 4.2 showed that a 6m wide basin produced flows of suitable unit
discharges, q for all discharges ranging from 10 m3/s to 100 m?/s.

At the various velocities for all ranges of discharge between 10 m’/s and 100 m¥/s, the
decreasing Froude ranges number were 3 m/s (1.29 and 0.406), 6 m/s (3.63 and 1.14), 9 m/s
(6.67 to 2.01), 12 m/s (10.28 to 3.25), 15 m/s (14.36 to 5.43) and 18 m/s (18.88 to 5.97)
respectively. This implied that a stable hydraulic jump may not be formed at 3 m/s and 6 m/s.
It was observed that at 9 m/s discharges lesser than or equal to 20 m¥/s resulted in flows with
Froude numbers adequate for the formation of stable hydraulic jump. At 12 m/s the
acceptable Fr values were obtained from discharges between 10 m3/s to 50 m?/s.

At 15 m/s discharges between 20 m3/s to 100 m¥/s satisfied the Froude number range of
between 4.5 to 9 for the formation of a stable hydraulic jump, while at 18m/s discharges
between 40 m¥/s to 100 m?/s fell between Froude numbers of 4.5 to 9.

These implied that flows from discharges emanating from a spillway crest with a width of 6
m had adequate discharges at velocities of 9 m/s, 12 m/s, 15 m/s and 18 m/s between Q
values of (6 to 24) m¥/s, (12 to 68) m?/s, (25 to 100) m?/s and (43 to 110) m?/s respectively.
The basin of 6m width is also best operable at 15 m/s with discharges between (25 to 100)

m?/s (say an average of 63 m?¥/s).
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Table 4.2: Simulated discharges for 6 m width basin with velocity varying from (3 to 18) m/s

Discharge, | Basin Unit
Q (m¥/s) width, | discharge, Simulated Froude number (Fr), sequent depth (y1) and tail water (y2) values from discharges (Q) at various velocities (v)
W (m) | q(m¥/s/m)
Velocity (m/s)
3m/s 6m/s 9m/s 12m/s 15m/s 18my/s
yi Fri y2 yi Fri y2 Y1 Fri y2 yi Fr V2 yi Fri y2 Y1 Fr y2

10 6
1.67 | 0.56 | 1.29 | 1.01 | 0.28 | 3.63 | 093 | 0.19 | 6.68 | 0.87 | 0.14| 1028 | 0.82 | 0.11 | 1437 | 0.79 | 0.09 | 18.89 | 0.76
2 ° 333 [ 1.11 | 091 | 1.63 | 056 | 257 | 1.53 | 037 | 472 | 144 | 0.28 727 1371022 1016 | 1.31 | 0.19 | 1335| 1.26
¥ ° 500|167 074 | 2.16 | 0.83 | 2.10 | 2.03 | 0.56 | 3.86 | 1.92 | 0.42 593 ] 1.83]033| 830 | 1.76 | 0.28 | 10.90 | 1.70
* ° 6.67 222|064 | 262 | 1.11 | 1.82| 249 | 0.74 | 334 | 236 | 0.56 514 | 226|044 | 7.18 | 2.17| 0.37 9.44 | 2.10
> ° 833278 057 3.05] 139|163 | 291 | 093|299 2.77 | 0.69 4.60 | 2.65)| 056 | 643 | 2.55| 0.46 845 | 247
° ° 10.00 | 3.33 | 0.52 | 344 | 1.67 | 148 | 331 | 1.11 ]| 2.73 ]| 3.16 | 0.83 420 | 3.02| 0.67| 587|291 ]| 0.56 771 2.82

70 6
11.67 | 3.89 | 049 | 3.81 | 1.94 | 1.37 | 3.69 | 1.30 | 2.52 | 3.52 | 0.97 3.89 | 338] 078 | 543 | 3.26| 0.65 7.14 | 3.15
w0 ° 1333 |1 444 | 045 | 417 | 222 | 1.29| 4.05| 148 | 2.36 | 3.87 | 1.11 363 | 3721089 | 508|359 | 0.74 6.67 | 3.48
" ° 15.00 | 5.00 | 043 | 451 ]| 250 | 1.21 | 439 ] 1.67 | 2.23 | 421 | 1.25 343 | 4.04]1.00| 479 | 391 | 0.83 630 | 3.79
0 ° 16.67 | 5.56 | 041 | 483 | 2.78 | 1.15| 473 | 1.85| 2.11 | 454 | 139 325] 436 | 1.11 | 454 | 421 | 093 597 | 4.09
1o ° 18.33 | 6.11 | 0.39 | 5.14 ]| 3.06 | 1.10 | 5.05] 2.04 | 2.01 | 485 | 1.53 310 | 4.67 | 122 | 433 | 451 | 1.02 5.69 | 438
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4.1.3 Effect of varying inflow velocity at constant spillway width of 9 m

The results obtained from varying the inflow velocity at 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s
and 18 m/s for a 9 m wide spillway crest are shown in Table 4.3.

Results showed that a 9 m width basin developed flow discharges, q < 18 m3/s/m which were
suitable for all flows of discharge ranging from 10 m?/s to 110 m%/s.

Between 10 m%/s and 110 m®/s the observed corresponding decrease in Froude number at
various flow velocities were: 3 m/s (Fr values between 1.57 to 0.49), 6 m/s (Fr values
between 4.45 and 1.40), 9 m/s (Fr values between 8.17 and 2.58), 12 m/s (Fr values between
7.26 to 2.29), 15 m/s (Fr values between 12.59 and 3.98) and 18 m/s (Fr values 14.36 and
5.43) respectively. From the results, stable hydraulic jump may not be formed at 3 m/s. At 6
m/s the decreasing Froude number were also lower than the expected range of values (4.5 to
9) for the proper formation of a stable hydraulic jump. At 9 m/s it was observed that only
discharges between 10 m3/s and 40 m?¥/s resulted to flows with Froude numbers adequate for
the formation of stable hydraulic jump. Also, at 12 m/s flow discharges between 10 m3/s to
60 m3/s were observed to satisfy the Froude number condition (between 4.5 to 9) for the
formation of a hydraulic jump and for optimal performance of the USBR Type III stilling
basin. At 15 m/s only flows of discharges between 10 m?*/s to 80 m?/s satisfied the Froude
number conditions (between 4.5 to 9) for the formation of stable hydraulic jump. At 18 m/s
discharges between 40 m3/s to 100 m3/s had Froude number between 4.5 and 9 thereby
satisfying the conditions for the formation of stable hydraulic jump.

These implied that flows from discharges emanating from a spillway crest with a width of 9
m had adequate discharges at velocities of 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s
between (0.3 to 1.2) m¥/s, (2 to 10) m¥/s, (8 to 33) m?¥/s, (18 to 83) m¥/s, (35 to 110) m?/s and
(62 to 110) m?/s respectively. The basin of 9 m width is also best operable at 12 m/s with

discharges between (17 to 78) m?/s (say an average of 48 m?/s).
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Table 4.3: Simulated discharges for 9 m width basin with velocity varying from (3 to 18) m/s

Discharge, | Basin Unit
Q (m%/s) width, | discharge, Simulated Froude number (Fr), sequent depth (y1) and tail water (y2) values from discharges (Q) at various velocities (v)
W (m) | q (m?/s/m)

Velocity (m/s)
3m/s 6m/s 9m/s 12m/s 15m/s 18m/s
yi Fri y2 yi Fri y2 Y1 Fri y2 yi Fri y2 yi Fri y2 y1 Fr y2

10 9

1.11 | 037 | 1.57 | 0.76 | 0.19 | 445 ] 0.69 | 0.12 | 8.18 | 0.65 | 0.09 | 12.59 | 0.61 | 0.07 | 17.60 | 0.59 | 0.06 | 23.13 | 0.56
20 ’ 2221074 111|124 | 037 | 3.15]| 1.14] 025 | 578 | 1.07 | 0.19| 890 | 1.02 | 0.15 | 1244 | 097 | 0.12 | 16.36 | 0.94
* ’ 333/ 1.11 ] 091 ] 1.63 ]| 0.56 | 2.57 | 1.53 | 037 | 472 | 144 | 028 | 7.27 | 1.37 | 022 | 10.16 | 1.31 | 0.19 | 13.35| 1.26
0 ’ 4441148 10791199 0.74 | 223 | 1.87 | 049|409 | 1.77] 037 | 630 | 1.68| 030 | 8.80| 1.62 | 0.25| 11.57 | 1.56
> ’ 5551185/ 0.70 | 2.32 ] 093] 199|219 | 062 | 3.66 | 2.07 | 046 | 563 | 198 | 037 | 787 | 190 | 031 | 10.34 | 1.84
°0 ’ 6.67 1222|064 262 | 1.11 | 1.82 249|074 | 334 | 236 | 056 | 514|226 044 | 7.18| 217|037 | 944 2.10
70 ’ 7.78 12591 059] 291 1.30] 168|278 | 086 | 3.09 | 2.64 | 0.65| 476|252 | 052 | 6.65| 243 | 043 | 8.74] 2.35
50 ’ 8891296 | 056 | 3.18 | 148 | 1.57 | 3.05] 099 | 289|290 | 0.74| 445|278 | 059 | 622 267|049 | 8.18]| 2.59
" ’ 10.00 | 3.33 | 0.52 | 344 | 1.67 | 1.48 | 331 | 1.11 | 2.73 | 3.16 | 0.83 | 420 | 3.02 | 0.67 | 587|291 | 056| 7.71 ]| 2.82
109 ’ 11.11 ] 3.70 | 0.50 | 3.69 | 1.85 | 1.41 | 3.56 | 1.23 | 2.59 | 340 | 093 | 398|326 | 0.74| 556 3.14| 062 | 731 | 3.04
10 § 12.22 1 407 | 047 | 393 | 2.04 | 134 | 381 | 1.36 | 247 | 3.64| 1.02 ] 380|349 0.81 | 531 ) 337 0.68]| 697 ] 3.26
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4.1.4 Effect of varying inflow velocity at constant spillway width of 12 m

The results obtained from varying the inflow velocity at 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s
and 18 m/s for a 12 m wide spillway crest are shown in Table 4.3.

Table 4.4 showed that a 12 m width basin resulted in unit flow discharges, q < 18 m?/s/m
which were suitable for all flow discharges ranging from 10 m*/s to 100 m?/s. At a velocity of
3 m/s the decreasing Froude number fell between 1.81 and 0.57 for all ranges of discharge
between 10 m3/s and 100 m?/s respectively. This implied that an ideal hydraulic jump may
not be formed. At an increased velocity of 6m/s the decreasing Froude number fell between
5.14 and 1.62 for all ranges of discharge between 10 m?/s and 100 m?/s respectively. Only
discharge of 10m%/s resulted in Froude number adequate for the formation of a stable
hydraulic jump, whereas discharges above 10m?/s resulted in flows with Froude number
lesser than 4.5. At 9 m/s, the decreasing Froude number ranged from 9.44 to 2.98 for all
ranges of discharge between 10 m3/s and 110 m?/s respectively. It was observed that only
discharges between 10m3/s and 50 m?/s resulted in flows with acceptable Froude numbers (i.e.
between 4.5 to 9) adequate for the formation of a hydraulic jump, whereas Q values above 50
m?/sresulted in flows of Fr values lesser than 4.5.

At 12 m/s, the decreasing Froude number fell between 14.53 to 4.59 for all ranges of
discharge between 10m’/s and 110m?3/s respectively. Flow discharges between 20m?/s to
100m?/s were observed to satisfy the Froude number condition for the formation of a
hydraulic jump and for optimal performance of the USBR Type III stilling basin. At a
velocity of 15m/s, the decreasing Froude number fell between 20.31 to 6.42 for all discharges
between 10 m?/s and 100 m3/s respectively. Only flows of discharges between 50 m?/s to
100m?/s satisfied the Froude number conditions for the formation of hydraulic jump in this

stilling basin, whereas below 50 m?/s discharge the Froude numbers were greater than 9.
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Table 4.4: Simulated discharges for 12 m width basin with velocity varying from (3 to 18) m/s

Discharge, | Basin Unit
Q (m%/s) width, | discharge, Simulated Froude number (Fr), sequent depth (y1) and tail water (y2) values from discharges (Q) at various velocities (v)
W (m) | q (m’/s/m)

Velocity (m/s)
3m/s 6m/s 9m/s 12m/s 15m/s 18m/s
Y1 Fr y2 Y1 Fry y2 Y1 Fr y2 Y1 Fry y2 Y1 Fry y2 y1 Fr y2
10 12 083 | 028 | 1.82] 0.62] 0.14 | 5.14| 05| 0.09]| 9.44 | 052 | 0.07 | 1454 | 0.50 | 0.06 | 2032 | 0.47 | 0.05 | 26.71 | 0.46
20 12 1.67 | 056 | 1.29| 1.01] 028 | 3.63| 0.93 | 0.19 | 6.68 | 0.87 | 0.14 | 10.28 | 0.82 | 0.11 | 1437 | 0.79 | 0.09 | 18.89 | 0.76
30 12 250 | 0.83 ] 1.05| 1.34| 042 | 297 | 124 | 028 545 | 1.17] 021 | 839 | 111|017 11.73 | 1.06 | 0.14 | 15.42 | 1.02
0 8 333 | 111 091 ] 1.63] 056 | 257 | 153 ] 037 472| 144 | 028 | 727] 137] 022 1016 | 1.31] 0.19 | 1335 | 1.26
>0 12 417 139 ] 081 ] 190 | 0.69 | 230 | 1.79 | 046 | 422 | 1.69| 035 | 650 | 1.61] 028 | 9.09 | 1.54| 0.23 | 11.94 | 1.49
o0 12 500 | 1.67] 074 | 2.16 | 0.83 | 2.10 | 2.03 | 0.56 | 3.86 | 192 | 042 | 594 | 1.83] 033 | 830 1.76 | 0.28 | 10.90 | 1.70
70 12 5.83 | 1.94 | 0.69 | 2.39 | 0.97 | 1.94 | 227 | 0.65 | 3.57| 2.15| 049 | 550 | 2.05| 039 | 7.68 | 1.97 | 0.32 | 10.10 | 1.90
80 12 6.67| 222 | 064 | 2.62| 1.11| 1.82 | 249 | 074 | 334 | 236 | 0.56 | 5.14 | 226 | 044 | 7.8 2.17| 037| 9.44 | 2.10
%0 12 7.50 | 2.50 | 0.61 | 2.84 | 1.25| 1.71 | 271 | 0.83 | 3.15| 2.57 | 0.63 | 4.84 | 246 | 050 | 6.77 | 2.36 | 0.42 | 8.90 | 2.29
0 833 278 | 057 ] 3.05| 139 | 1.63 | 2.91 | 0.93 | 299 | 2.77 | 0.69 | 4.60 | 2.65 | 0.56 | 6.434 | 2.55 | 0.46 | 845 | 2.47
o112 9.17 | 3.06 | 055 ] 3.25| 1.53 ] 1.55] 3.2 | 1.02] 2.85| 297 | 076 | 438 | 2.84| 0.61 | 6.13] 273 ] 0.51| 805 | 2.65
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At a velocity of 18 m/s, the decreasing Froude number ranged from 26.70 to 8.44 for all
discharges between 10 m3/s and 110 m?/s respectively. Only discharges above 80 m3/s to 100
m?/s satisfied the Froude number conditions for the formation of hydraulic jump in the
stilling basin.

These implied that flows emanating from a spillway crest with a width of 12 m had adequate
discharges at velocities of 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s between (1 to 10) m?/s,
(10 to 50) m¥/s, (20 to 100) m?/s, (50 to 100) m*/s and (80 to 110) m?/s respectively. However,
at 3m/s, the required range of Froude number couldn’t be obtained. The 9 m wide basin, the
basin of 12 m width is best operable at 12 m/s with discharges between 25 m?*/s to 100 m?/s,

and estimated average of 62 m’/s.

4.2 Optimum Release discharge for all Widths of Basin with Fr values between 4.5 and
9 at the various velocities

The suitable values of discharges, for the various basin widths, flow velocities and their
corresponding Fr values which enable the formation of a stable hydraulic jump were
calculated as shown in Table 4.5 below:

Table 4.5: Optimal discharge and optimal velocity at various basin widths

Basin Width
Velocity, v 3m 6m 9m 12m
(m/s) Discharge, Q (m*/s) | Discharge, Q (m®/s) | Discharge, Q (m*/s) | Discharge, Q (m?/s)
Q (Froo) | Q(Fras) | Q(Froo) | Q(Fras) | Q(Froo) | Q(Fras) | Q(Froo) | Q (Fras)
0 0 0 0 0 0 0 0 0
3 0.1 0.4 0.2 0.82 0.3 1.2 0.4 1.7
6 0.8 3.2 1.6 6.5 2.5 9.5 3.2 13
9 2.7 10.8 54 21.6 8.2 33 11 44
12 6.5 25.5 13 53 19 78 26.5 103
15 12.5 50 25 100 37.5 159 50 203
18 22 85 43 172 65 260 89 350
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Results from tables 4.4 shows that the flow regimes for the various basin widths of 3 m to 12
m. The 3 m, 6 m, 9 m and 12 m width basins permitted a flow of maximum velocity 18 m/s at
a maximum discharge of 85 m¥/s, 172 m3/s, 260 m?/s and 350 m?/s respectively. Since this
study simulated flows for all ranges of discharge between 10 m®/s and 110 m?/s, it was
observed that the 6 m and 12 m wide basins developed maximum discharges of 100 m?/s and
103 m3/s at 15 m/s and 12 m/s respectively, at Fr number of 4.5. Fig. 4.1 to 4.4 show the flow
regimes of possible release discharges for the various widths of basin and at various

velocities.
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Figure 4.1: Flow regime developed from 3 m Basin at Optimal performance
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Figure 4.2: Flow regime developed from 6 m Basin at Optimal performance
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Figure 4.3: Flow regime developed from 9 m Basin at Optimal performance
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Figure 4.4: Flow regime developed from 12 m Basin at Optimal performance
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The flow regimes of discharge developed for both 3m and 12m width basins at Fr values of

4.5 and 9.0 respectively were approximately the same for all ranges of velocity. Fig. 4.5

shows the optimal discharge for all ranges of basin width, velocity and Froude numbers
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Figure 4.5: Comparative flow regime developed by all Basin widths at optimal performance
Figure 4.5 shows a comparison between the flow regimes for acceptable Froude number of
the various basin width. At a peak velocity of 18m/s, the 12 m basin width performed
optimally at discharges up to 350 m?/s with Froude number of 4.5, while that of the 3 m basin
width was at discharge as low as 20 m3/s with Froude number of 9.0. This peak value exceeds
100 m3/s which is considered as the most critical operating case for the HPP Brezice of width

15m in a study carried out by Bombac, 2012.

4.3 Effects of Increased Velocity on the Basin Size

The results obtained in this section shows the influence various flow velocities on the size of
the external stilling basin structure which included its entire length, height of the entraining
wall and the distance between the base of chute blocks and baffle piers. The results for
varying the velocity at a constant width and resulting sizes of the basin are shown in Tables

Al to A24 (Appendix A).

4.3.1 Effects of Increased Velocity on the Entire Basin Length

The resulting effects for a 3m wide basin are as shown in Fig. 4.6 (See Appendix A, Tables
Al to A6). For a 3m width stilling basin, as discharge increased from 10 m?/s to 100 m?/s at
velocities of 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s the length of the basin fell
between 4.44 m to 20.64 m, 4.14 m to 21.71 m, 3.90 m to 20.09 m, 3.71 m to 19.44 m, 3.56

m to 18.85 m and 3.43 m to 18.33 m respectively.
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Figure 4.6: The effects of velocity on the stilling basin length with 3 m width

For a 6 m wide basin and for the range of discharge from 10 to 100 m?/s, as velocities
increased at 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s, the length of the basin fell

between 2.75 m to 13.13 m, 2.52 m to 12.85 m, 2.36 m to 12.33 m, 2.24 mto 11.86 m, 2.14
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m to 11.46 m and 2.06 m to 11.11 m respectively (See Tables A7 to A12). Fig. 4.7 shows the

effect of various velocities obtainable.
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Figure 4.7: The effects of velocity on stilling basin length with 6 m width

At a basin width of 9 m, at discharge ranging from 10 to 100 m3/s and for increasing

velocities of 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s the length of basin fell between
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2.07mto 10.04 m, 1.88 m t0 9.69 m, 1.76 m to 9.25 m, 1.66 m to 8.87 m, 1.59 m to 8.55 m

and 1.53 m to 8.28 m respectively (See Figure 4.8, Tables A13 to A18).
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Figure 4.8: The effects of velocity on stilling basin length with 9 m width

At 12 m, with discharges ranging from 10 m?®/s to 110 m?/s and velocity increasing at 3m/s,
6m/s, 9m/s, 12m/s, 15m/s and 18m/s (Tables A19 to A24), the length of the stilling basin fell
between 1.69 mto 8.28 m, 1.53 mto 7.92m, 1.42 mto 7.53 m, 1.34 mto 7.21 m, 1.28 m to

6.94 mand 1.24 m to 6.72 m.
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The resulting effects of the flow parameters on the length of a 12 m basin is shown in Figure

4.9 below.
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Figure 4.9: The effects of velocity on stilling basin length with 12 m width

It was observed that for the various basin widths, as the velocity of the basin increased, flows
which fell within the Froude number range of between 4.5 and 9 resulted in basins of smaller
lengths. The 3 m width basin (Figure 4.6) required shorter lengths at 3 m/s compared to flows
of 6 m/s and at higher discharges. From Figures 4.6 and Fig 4.9, at minimum discharges of
10m®/s the lengths of basins (Lt) were 4.44 and 1.67, while at maximum discharges of

100m?/s, the resulting basin length (Lt) were 21.71 m and 6.72 m respectively. This implied
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that basin lengths reduced with increase in width. These smaller basins are considered more
effective and economical.

4.3.2 Effects of increased velocity on the stilling basin height

The resulting effects of flow parameters on the height of basin for a 3m wide basin are as
shown in Figure 4.10 below (Also see Appendix A, Tables Al to A6). As discharge increased
from 10 m>/s to 100 m3/s at velocities of 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s the
length of the basin fell between 1.91 m to 8.85 m, 1.78 m to 8.89 m, 1.67 m to 8.62 m, 1.59 m

to 8.34 m, 1.53 m to 8.09 m and 1.47 m to 7.86 m respectively.
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Figure 4.10: The effects of velocity on the stilling basin height with 3 m width

For a 6 m wide basin and for the range of discharge from 10 to 100 m?/s, as velocities
increased at 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s, the length of the basin fell
between 1.18 mto 5.64 m, 1.08 m to 5.51 m, 1.01 m to 5.29 m, 0.96 m to 5.09 m, 0.92 m to
4.92 m and 0.89 m to 4.77 m respectively (See Appendix A, Tables A7 to A12). Figure 4.11

shows the effect of various velocities obtainable.
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Figure 4.11: The effects of velocity on the stilling basin height with 6 m width

At a basin width of 9 m, at discharge ranging from 10 to 100 m?/s and for increasing
velocities of 3 m/s, 6 m/s, 9 m/s, 12 m/s, 15 m/s and 18 m/s the length of basin fell between
0.89 mto4.31m, 0.81 mto4.16 m, 0.75 m to 3.97 m, 0.71 m to 3.80 m, 0.68 m to 3.67 m
and 0.66 m to 3.55 m respectively (Tables A13 to A18). The resulting effect is as shown in

Figure 4.12 below.
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Figure 4.12: The effects of velocity on the stilling basin height with 9 m width

At 12 m, with discharges ranging from 10 m?/s to 110 m?/s and velocity increasing at 3m/s,
6m/s, 9m/s, 12m/s, 15m/s and 18m/s (Tables A19 to A24), the length of the stilling basin fell
between 0.73 m to 3.55 m, 0.66 m to 3.40 m, 0.61 m to 3.23 m, 0.58 m to 3.09 m, 0.55 m to
2.98 m and 0.53 m to 2.88 m. The resulting effects of the flow parameters on the length of a

12 m basin is shown in Figure 4.13 below.
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Figure 4.13: The effects of velocity on the stilling basin height at 12 m width

The results obtained from all the flow parameters for the length of stilling basin (Lt), the
height of basin wall (Hj) and the distance between the base of chute and baffle piers (Lw) at
the various basin widths are shown in Figure C1 to Figure C24 (See Appendix C).

It was observed that for the various basin width, as the velocity of the basin increased,

smaller heights of the entraining basin walls were required.
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4.3.3 Effects of Increased Velocity on the Stilling Basin Appurtenances

Results from Tables Bl to B24 (See Appendix B) showed that wider basins required an
increased numbers of basin appurtenances (chute blocks and baffle piers) of relatively smaller
sizes. It was also observed from Figure 4.6 to Figure 4.9 that increase in velocity resulted to
more stable hydraulic jumps within the acceptable range of Froude numbers between 4.5 and
9.0, with lesser velocities resulting in longer basins. Studies by Svoboda, 2012 stated that
while the onset of sweep out may pose less of a danger, they may result in higher velocities
within the basin with the possibility of excess splashing and jetting occurring thus leading to
damage. With the length of the basin shortened from this same velocity effect, the height of
the jump also decreased. Invariably, this implied that the basin will perform optimally at

higher incoming velocities than at relatively lower ones.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
In order to achieve optimal performance of the USBR Type III stilling basin for energy
dissipation through the use of forced hydraulic jump, series of iterations (either experimental,
theoretical or both) are required. This study involved the analysis of simulation (of a set of
algorithms) governed by the design procedure for the Type III stilling basin in accordance
with the United States Bureau of Reclamation (USBR) standard. The simulation was used to
ascertain flows which fell between Froude numbers of 4.5 to 9, and to assess the effect of
such corresponding flow on the USBR Type III stilling basin and its appurtenances in order
to facilitate its design. The conclusions from this study and recommendations for further

studies are presented in subsequent sections.

5.1 Conclusion

The conclusion from this study are as summarised below:
This study has shown that optimal performance of the stilling basin for energy
dissipation through the formation of stable hydraulic jump can be achieved at basin
widths between 3 m to 12 m but is dependent mainly on the incoming velocity.
Although initial studies by Peterka (1978) observed that measurements of the
incoming depth of flow, y; and incoming flow velocity, vi were probably the most
important factors in achieving a stable hydraulic jump, further studies by Svoboda
(2012) measuring the flow depths in smooth chute and their impact on the type III
stilling basin design procedure produced irregular results.
Forces of great magnitude are developed from overflow discharge of the spillway
crest. Such forces may be distributed evenly or unevenly across the base of the stilling

basin floor, with its magnitude dependent on the depth of the incoming flow.
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5.2

Although the effects of the incoming flow depth do not pose a direct impact on the
hydraulic jump formation, sequent depths of up to but not exceeding 1.63 m is
considered critical, and should only be used in cases of emergency where timely
evacuation of a dam/reservoir is required.

Increasing the stilling basin width can be non-conservative leading to longer basin
length. Shorter basins become more efficient with higher tail water depths of induced
higher but controlled velocities thereby aiding the formation of a stable hydraulic
jump. Hence maintaining an overflow between 0.4 m and 1.0 m at the spillway crest
is safest practice in achieving optimal energy dissipation since increasing the water
depth of overflow discharge beyond 1 m resulted in Froude numbers below 5.66 with

increased impact load potentials on the baffle pier.

Recommendations

The recommendations from this study are as follows:

5.3

1.

Further experimental research is required for more accurate assessment of flow
characteristics in the USBR Type III stilling basin as results from this study are
strictly hypothetical. This could be achieved by using physical model to ascertain the
effects of various ranges of discharge and velocity of flows on the design and sizing
of the USBR Type III stilling basin and its appurtenances.

Effect of spillway angle of slope on the velocity of the incoming water should also be

studied.

Contribution to Knowledge
Results from this study has shown that hypothetical theoretical computer models can

be used to predict the sizes of stilling basin and its appurtenances using its inflow
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parameters such discharge and vice versa for the operation and maintenance of small
and medium earth dams in Nigeria.

The results obtained will find relevant application in the preliminary design of the
type III stilling basins for earth dams, reservoirs in Nigeria, in accordance with the
United States Bureau of Reclamation standard. It will also aid Engineers and other
stakeholders in the proper control and evaluation of small earth dams while checking
erosive effects from the velocity of the evaluated outflow by means of hydraulic jump

formation.
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APPENDIX A — DESIGN FOR THE SIZE OF THE USBR TYPE III STILLING BASIN

STRUCTURE

Table Al: Stilling Basin Size with basin width 3m and velocity 3m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
3
Q (ms) Hj (m) LT (m) WB (m) LW (m)
10 1.91 4.45 3 1.31
20 3.06 7.13 3 2.10
30 4.02 9.36 3 2.75
40 4.86 11.34 3 3.33
50
5.64 13.14 3 3.86
60 6.35 14.81 3 4.36
70
7.03 16.38 3 4.82
80 7.66 17.87 3 5.25
90
8.27 19.28 3 5.67
100 8.85 20.64 3 6.07

Table A2: Stilling Basin Size with basin width 3m and velocity 6m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.78 4.15 3 1.22
20
291 6.78 3 1.99
30
3.86 9.01 3 2.65
40
4.72 11.01 3 3.24
50
5.51 12.86 3 3.78
60
6.26 14.59 3 4.29
70
6.96 16.22 3 4.77
80
7.63 17.78 3 5.23
90
8.27 19.28 3 5.67
100
8.89 20.72 3 6.09
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Table A3: Stillin

g Basin Size with basin width 3m and velocity 9m/s

Overflow
Discharge Distance between Base
Height of Basin Length of Basin | Width of Basin | of Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.67 3.90 3 1.15
20
2.76 6.42 3 1.89
30
3.68 8.58 3 2.52
40
4.52 10.53 3 3.10
50
5.30 12.34 3 3.63
60
6.02 14.03 3 4.13
70
6.71 15.64 3 4.60
80
7.37 17.18 3 5.05
90
8.00 18.66 3 5.49
100
8.62 20.09 3 591

Table A4: Stilling Basin Size basin with width 3m and velocity 12m/s

Overflow
Discharge Distance between Base
Height of Basin Length of Basin | Width of Basin | of Chute and Baftle
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] Piers [use 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.59 3.71 3 1.09
20
2.63 6.14 3 1.81
30
3.53 8.22 3 2.42
40
4.34 10.11 3 2.97
50
5.09 11.86 3 3.49
60
5.80 13.52 3 3.98
70
6.47 15.09 3 4.44
80
7.12 16.59 3 4.88
90
7.74 18.04 3 5.31
100
8.34 19.44 3 5.72
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Table AS: Stilling Basin Size with width 3m and velocity 15m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m%s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.53 3.56 1.05
20
2.53 5.90 1.74
30
3.40 7.92 2.33
40
4.18 9.76 2.87
50
4.92 11.46 3.37
60
5.61 13.07 3.84
70
6.26 14.60 4.29
80
6.90 16.07 4.73
90
7.50 17.49 5.14
100
8.09 18.86 5.55

Table A6: Stilling Basin Size with width 3m and velocity 18m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.47 3.44 1.01
20
2.44 5.71 1.68
30
3.29 7.67 2.26
40
4.06 9.45 2.78
50
4.77 11.11 3.27
60
5.44 12.68 3.73
70
6.08 14.18 4.17
80
6.70 15.61 4.59
90
7.29 17.00 5.00
100
7.86 18.33 5.39
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Table A7: Stilling Basin Size with width 6m and velocity 3m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin | Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.18 2.75 6 0.81
20
1.91 4.45 6 1.31
30
2.52 5.87 6 1.73
40
3.06 7.13 6 2.10
50
3.55 8.28 6 2.44
60
4.02 9.36 6 2.75
70
4.45 10.37 6 3.05
80
4.86 11.34 6 3.33
90
5.26 12.26 6 3.60
100
5.64 13.14 6 3.86

Table AS8: Stilling Basin Size with width 6m and velocity 6m/s

Overflow
Discharge Distance between Base
Height of Basin Length of Basin Width of Basin | of Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
1.08 2.53 6 0.74
20
1.78 4.15 6 1.22
30
2.37 5.53 6 1.63
40
2.91 6.78 6 1.99
50
3.40 7.93 6 2.33
60
3.86 9.01 6 2.65
70
4.30 10.03 6 2.95
80
4.72 11.01 6 3.24
90
5.13 11.95 6 3.51
100
5.51 12.86 6 3.78
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Table A9: Stilling Basin Size with width 6m and velocity 9m/s

Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m?/s)
Hj (m) LT (m) WB (m) LW (m)

10
1.01 2.36 6 0.70

20
1.67 3.90 6 1.15

30
2.24 5.23 6 1.54

40
2.76 6.42 6 1.89

50
3.23 7.54 6 2.22

60
3.68 8.58 6 2.52

70
4.11 9.58 6 2.82

80
4.52 10.53 6 3.10

90
491 11.45 6 3.37

100
5.29 12.34 6 3.63

Table A10: Stilling Basin Size with width 6m and velocity 12m/s

Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m¥/s)
Hj (m) LT (m) WB (m) LW (m)

10
0.96 2.24 6 0.66

20
1.59 3.72 6 1.09

30
2.14 4.98 6 1.47

40
2.63 6.14 6 1.81

50
3.09 7.21 6 2.12

60
3.53 8.22 6 242

70
3.94 9.19 6 2.70

80
4.34 10.11 6 2.97

90
4.72 11.00 6 3.24

100
5.09 11.86 6 3.49
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Table Al1: Stilling Basin Size with width 6m and velocity 15m/s

Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m's) .
Hj (m) LT (m) WB (m) LW (m)

10
0.92 2.14 6 0.63

20
1.53 3.56 6 1.05

30
2.05 4.79 6 141

40
2.53 5.90 6 1.74

50
2.98 6.94 6 2.04

60
3.40 7.92 6 2.33

70
3.80 8.86 6 2.61

80
4.18 9.76 6 2.87

90
4.56 10.62 6 3.12

100
4.92 11.46 6 3.37

Table A12: Stilling Basin Size with width 6m and velocity 18m/s

Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m%/s)
Hj (m) LT (m) WB (m) LW (m)

10
0.89 2.07 6 0.61

20
1.47 3.44 6 1.01

30
1.98 4.63 6 1.36

40
245 5.71 6 1.68

50
2.88 6.72 6 1.98

60
3.29 7.67 6 2.26

70
3.68 8.58 6 2.52

80
4.06 9.45 6 2.78

90
4.42 10.30 6 3.03

100
4.77 11.11 6 3.27
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Table A13: Stilling Basin Size with width 9m and velocity 3m/s

Overflow Discharge

Distance between Base of

Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) :
Hj (m) LT (m) WB (m) LW (m)
10
0.89 2.07 9 0.61
20
1.44 3.36 9 0.99
30
1.91 4.46 9 1.31
40
2.32 541 9 1.59
50
2.70 6.30 9 1.85
60
3.06 7.13 9 2.10
70
3.39 7.91 9 2.33
80
3.71 8.65 9 2.54
90
4.02 9.36 9 2.75
100
4.31 10.04 9 2.95
Table A14: Stilling Basin Size with width 9m and velocity 6m/s
Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m?/s) i
Hj (m) LT (m) WB (m) LW (m)
10
0.81 1.89 9 0.56
20
1.33 3.11 9 0.91
30
1.78 4.15 9 1.22
40
2.18 5.09 9 1.50
50
2.56 5.96 9 1.75
60
291 6.78 9 1.99
70
3.24 7.55 9 222
80
3.56 8.29 9 2.44
90
3.86 9.01 9 2.65
100
4.16 9.70 9 2.85
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Table A15: Stilling Basin Size with width 9m and velocity 9m/s

Overflow Discharge

Distance between Base of

Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.75 1.76 9 0.52
20
1.25 291 9 0.86
30
1.67 3.90 9 1.15
40
2.06 4.80 9 1.41
50
2.42 5.64 9 1.66
60
2.76 6.42 9 1.89
70
3.08 7.17 9 2.11
80
3.38 7.89 9 2.32
90
3.68 8.58 9 2.52
100
3.97 9.25 9 2.72
Table A16: Stilling Basin Size with width 9m and velocity 12m/s
Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m'/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.71 1.67 9 0.49
20
1.19 2.76 9 0.81
30
1.59 3.71 9 1.09
40
1.96 4.58 9 1.35
50
2.30 5.38 9 1.58
60
2.63 6.14 9 1.81
70
2.94 6.86 9 2.02
80
3.24 7.55 9 2.22
90
3.53 8.22 9 242
100
3.80 8.87 9 2.61
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Table A17: Stilling Basin Size with width 9m and velocity 15m/s

Overflow Discharge

Distance between Base of

Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.68 1.59 9 0.47
20
1.14 2.65 9 0.78
30
1.53 3.56 9 1.05
40
1.89 4.40 9 1.29
50
2.22 5.17 9 1.52
60
2.53 5.90 9 1.74
70
2.83 6.60 9 1.94
80
3.12 7.28 9 2.14
90
3.40 7.92 9 2.33
100
3.67 8.55 9 2.52
Table A18: Stilling Basin Size with width 9m and velocity 18m/s
Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baffle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m¥/s) )
Hj (m) LT (m) WB (m) LW (m)
10
0.66 1.53 9 0.45
20
1.10 2.55 9 0.75
30
1.47 3.44 9 1.01
40
1.82 4.24 9 1.25
50
2.14 5.00 9 1.47
60
2.45 5.71 9 1.68
70
2.74 6.39 9 1.88
80
3.02 7.04 9 2.07
90
3.29 7.67 9 2.26
100
3.55 8.28 9 2.44
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Table A19: Stillin

g Basin Size with width 12m and velocity 3m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers [use
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.73 1.69 12 0.50
20
1.18 2.75 12 0.81
30
1.56 3.65 12 1.08
40
1.91 4.45 12 1.31
50
2.22 5.18 12 1.53
60
2.52 5.87 12 1.73
70
2.79 6.51 12 1.92
80
3.06 7.13 12 2.10
90
3.31 7.72 12 2.27
100
3.55 8.28 12 2.44
Table A20: Stilling Basin Size with width 12m and velocity 6m/s
Overflow Discharge
Distance between Base of
Height of Basin wall | Length of Basin Width of Basin Chute and Baftle Piers [use
[ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.66 1.53 12 0.45
20
1.08 2.53 12 0.74
30
1.45 3.38 12 0.99
40
1.78 4.15 12 1.22
50
2.08 4.86 12 1.43
60
2.37 5.53 12 1.63
70
2.65 6.17 12 1.81
80
291 6.78 12 1.99
90
3.16 7.36 12 2.17
100
3.40 7.93 12 2.33
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Table A21: Stillin

g Basin Size with width 12m and velocity 9m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers [use
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m’/s) .
Hj (m) LT (m) WB (m) LW (m)
10
0.61 1.43 12 0.42
20
1.01 2.36 12 0.70
30
1.36 3.17 12 0.93
40
1.67 3.90 12 1.15
50
1.97 4.58 12 1.35
60
2.24 5.23 12 1.54
70
2.50 5.84 12 1.72
80
2.76 6.42 12 1.89
90
3.00 6.99 12 2.06
100
3.23 7.54 12 2.22

Table A22: Stilling Basin Size with width 12m and velocity 12m/s

Overflow Discharge

Distance between Base of

Height of Basin Length of Basin Width of Basin Chute and Baffle Piers [use
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m¥/s)
Hj (m) LT (m) WB (m) LW (m)

10
0.58 1.35 12 0.40

20
0.96 2.24 12 0.66

30
1.29 3.01 12 0.89

40
1.59 3.71 12 1.09

50
1.87 437 12 1.28

60
2.14 4.98 12 1.47

70
2.39 5.57 12 1.64

80
2.63 6.14 12 1.81

90
2.87 6.68 12 1.97

100
3.09 7.21 12 2.12
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Table A23: Stilling Basin Size with width 12m and velocity 15m/s

Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin | Chute and Baffle Piers [use
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] 0.84Y2]
Q (m¥/s) )
Hj (m) LT (m) WB (m) LW (m)
10
0.55 1.29 12 0.38
20
0.92 2.14 12 0.63
30
1.24 2.89 12 0.85
40
1.53 3.56 12 1.05
50
1.80 4.19 12 1.23
60
2.05 4.79 12 1.41
70
2.30 5.36 12 1.58
80
2.53 5.90 12 1.74
90
2.76 6.43 12 1.89
100
2.98 6.94 12 2.04
Table A24: Stilling Basin Size with width 12m and velocity 18m/s
Overflow
Discharge Distance between Base of
Height of Basin Length of Basin Width of Basin Chute and Baffle Piers
wall [ 7/6 Hj] [Use 2.72 Y2] [Use W] [use 0.84Y2]
Q (m¥/s)
Hj (m) LT (m) WB (m) LW (m)
10
0.53 1.24 12 0.36
20
0.89 2.07 12 0.61
30
1.19 2.78 12 0.82
40
1.47 3.44 12 1.01
50
1.74 4.05 12 1.19
60
1.98 4.63 12 1.36
70
2.22 5.18 12 1.52
80
245 5.71 12 1.68
90
2.67 6.22 12 1.83
100
2.88 6.72 12 1.98
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APPENDIX B — DESIGN FOR THE SIZE OF APPURTENANCES OF THE STILLING

BASIN

Table B 1: Appurtenances sizes for basin width 3m and velocity 3m/s

Appurtenance Chute Blocks Baffle Piers End Still

Section hl W1 S1 Nc H3 | Lu(m) | LL | W3 S3 NB H4

Discharge, Q (m) | (m) | (m) (m) (m) | (m) | (m) (m) | 5

(m/s) (m)
10 1.11 | 1.11 1.1 0]0.84 0.17 | 1.00 | 0.63 0.63 2| 1.17 2.38
20 222 222 | 22 0] 1.57 0.31 | 1.89 | 1.18 1.18 1] 230 4.65
30 333 ] 333 | 33 01229 046 | 2.75 | 1.72 1.72 1] 343 6.91
40 444 | 444 | 44 0] 3.00 0.60 | 3.60 | 2.25 2.25 1| 4.56 9.16
50 556 | 5.56| 5.6 0]3.71 0.74 | 445 | 2.78 2.78 1| 568 | 11.40
60 6.67 | 6.67| 6.7 0] 441 0.88 | 5.29 | 3.31 3.31 0] 6.80] 13.70
70 778 | 7.78 | 7.8 0]5.11 1.02 | 6.13 | 3.83 3.83 0] 7.93 | 1590
80 8.89 | 889 | 89 0] 5.8l 1.16 | 6.97 | 4.36 4.36 0| 9.05] 18.10
90 10.00 | 10.00 | 10.0 0] 6.51 1.30 | 7.81 | 4.88 4.88 0] 10.20 | 20.40
100 11.10 | 11.10 | 11.0 0] 7.20 1.44 | 8.64 | 5.40 5.40 0] 11.30 | 22.60
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Table B 3: Appurtenances sizes for basin width 3m and velocity 9m/s

Appurtenance Chute Blocks Baffle Piers End Still
. h1 W1 S1 Nc H3 Lu LL W3 S3 NB H4

Section (m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m)

Discharge, Q L5

(m’/s) (m)
10 037 037 04 4 0.51] 0.10 | 0.62 | 0.39 | 0.39 41 047 099
20 0.74 | 0.74| 0.7 2 0.86 | 0.17 | 1.03| 0.64| 0.64 2| 088 1.81
30 1.11 | L.11 | 1.1 1 1.17 ] 023 ] 141 | 0.88 | 0.88 2| 1.28 | 2.61
40 148 | 148 ] 1.5 1 1471 029 1.77| 1.10| 1.10 1| 1.68 | 3.40
50 1.85| 1.85| 1.9 1 1.76 | 035 | 2.12| 132 | 1.32 1| 2.07| 4.19
60 222 222 22 1 2.05| 041 | 246 | 154 | 1.54 1| 246 | 497
70 259 | 259 | 2.6 1 233 | 047 ] 279 175 | 1.75 1| 2.85| 5.75
80 296 | 296 | 3.0 1 2.60 | 052 ] 3.12 | 1.95] 1.95 1] 324 | 6.53
90 333 333 | 33 0 287 | 057 | 345 216 | 2.16 1| 3.62| 7.30
100 370 | 3.70 | 3.7 0 3.14] 0.63 | 3.77| 236 | 2.36 1] 401 | 8.07

Table B 2: Appurtenances sizes for basin width 3m and velocity 6m/s

Appurtenance Chute Blocks Baffle Piers End Still
Secti hl W1 | S1 Nc H3 Lu LL | W3 S3 NB H4
ection

Discharge, Q (m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | g

(m/s) (m)
10 0.56 | 0.56 | 0.6 3 0.57 | 0.11 1069 | 043 | 043 41 0.63 1.32
20 111 ] 1.11 | 1.1 1 1.00 | 0.20 | 1.20 | 0.75| 0.75 2| 1.22 2.50
30 1.67 | 1.67 | 1.7 1 141 | 028 ] 1.69 | 1.06 | 1.06 1] 1.80 3.66
40 2221222 22 1 1.81 | 036|217 ] 136 | 1.36 1| 238 4.81
50 278 | 278 | 2.8 1 220 044 264 | 1.65| 1.65 1296 5.96
60 3331333 | 33 0 258 | 052 310 ] 194 | 1.94 1] 3.53 7.11
70 3891389 | 39 0 296 | 059|356 | 222 | 2.22 1]4.10 8.25
80 444 | 444 | 44 0 334 | 0.67 401 | 250 | 2.50 1| 4.67 9.39
90 5.00 | 5.00 | 5.0 0 3711 074 1446 | 2.79 | 2.79 11524 ] 10.50
100 5.56 | 556 | 5.6 0 4.09 | 0.82 | 490 | 3.06 | 3.06 0]581] 11.70

Table B 4: Appurtenances sizes for basin width 3m and velocity 12m/s
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Appurtenance Chute Blocks Baffle Piers End Still
h1 W1 | S1 Ne H3 Lu LL | W3 | S3 NB H4
Section (m) | (m) | (m) m) | @) | (m) | (m) | (m) m |
Discharge, Q (m%/s) (m)
10 028 ] 0.28 ] 0.3 5 0.50 | 0.10 | 0.60 | 0.38 | 0.38 41039 0.83
20 0.56 | 0.56 | 0.6 3 0.81 ] 0.16 | 097 | 0.61 | 0.61 21071 ] 148
30 0.83 | 0.83 ]| 0.8 2 1.08 | 0.22 | 1.30| 0.81 | 0.81 2 1.03] 2.11
40 1.11 | 1.11] 1.1 134 027 ] 1.61 | 1.00 | 1.00 134 | 2.72
50 139 139] 14 1.59 ] 032] 190 | 1.19 ] 1.19 1.64 | 3.33
60 1.67 | 1.67| 1.7 1.82 | 036 | 2.19| 137 | 1.37 1.94 | 3.93
70 194 194 | 1.9 206 | 041 ] 247 | 1.54 | 1.54 224 | 453
80 222 222 | 22 2291 046 274 | 1.71 | 1.71 2.54 | 5.13
90 250 | 2.50] 2.5 251 | 050 3.01 | 1.88 ] 1.88 2.84 | 5.72
100 278 | 278 | 2.8 273 | 0.55] 3.28 | 2.05] 2.05 3.13 | 632
Table B 5: Appurtenances sizes for basin width 3m and velocity 15m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl w1 | S1 Ne H3 Lu | LL | W3 S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 15
Discharge, Q (m?/s) (m)
10 022 ] 022 ] 0.2 7 0.51 | 0.10 | 0.61 | 0.38 | 0.38 41 035] 0.75
20 044 | 044 | 04 3 0.80 | 0.16 | 0.96 | 0.60 | 0.60 31062 1.29
30 0.67 | 0.67 | 0.7 2 1.05] 021 | 1.26 | 0.79 | 0.79 2| 0.88 | 1.82
40 0.89 | 0.89 ] 0.9 2 1.29 | 026 | 1.54 | 0.96 | 0.96 2| 1.14 | 233
50 111 | L.11 | 1.1 1 1.51 | 030 | 1.81 | 1.13 | 1.13 1] 1.39] 2.83
60 133 ] 1.33] 13 1 1.72 | 034 | 2.07 | 1.29 ] 1.29 1] 1.64] 333
70 1.56 | 1.56 | 1.6 1 1931 039 | 231 | 145| 145 1| 1.89 | 3.82
80 1.78 | 1.78 | 1.8 1 2.13 | 043 | 2.56 | 1.60 | 1.60 1] 213 ] 432
90 2.00 | 2.00 | 2.0 1 2331 047 279 1.75| 1.75 1] 238 4.80
100 222 | 222] 22 1 252 ] 050 ] 3.03| 1.89 | 1.89 1] 262] 529

Table B 6: Appurtenances sizes for basin width 3m and velocity 18m/s
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Appurtenance Chute Blocks Baffle Piers End Still
Section h1 | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | L5

Discharge, Q (m%/s) (m)
10 0.19 ] 0.19 | 0.2 8] 052 0.10] 0.63 | 0.39 | 0.39 410321 0.70
20 0371 037 ] 04 4] 081] 0.16 ]| 097 | 0.60 | 0.60 21 056 1.18
30 0.56 | 0.56 | 0.6 3] 1.05] 021 ] 1.26 | 0.79 | 0.79 21079 1.64
40 0741 074 | 0.7 2| 1271 025] 1.52] 095 | 0.95 21 1.02 | 2.08
50 0931 093 | 09 2| 1481 030 1.77 | 1.11 ] 1.11 1] 123 2.52
60 1.11 | 1.11 ] 1.1 1 1.68 | 034 | 2.01 | 1.26 | 1.26 1] 145 2.95
70 1.30 | 130 ] 1.3 1 1.87 | 037 | 2.24 | 140 | 1.40 1] 1.66 | 3.37
80 148 | 148 | 1.5 1| 206|041 ] 247 | 154 | 1.54 1] 187 3.79
90 1.67 | 1.67 | 1.7 1| 224 ] 045] 268 | 1.68 | 1.68 1] 2.08]| 421
100 1.85] 185 ] 1.9 1| 2421 048] 290 | 1.81 | 1.81 1] 229 4.62
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Table B 7: Appurtenances sizes for basin width 6m and velocity 3m/s

Appurtenance Chute Blocks Baffle Piers End Still
h1 | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4

Section m) | (m) | (m) m [ @ | @ [ | m m | s

Discharge, Q (m?/s) (m)
10 0.56 | 0.56 | 0.6 5] 045]0.09] 054 | 034 ] 0.34 91060 | 1.24
20 L11 | 111 | 1.1 3] 0.84]0.17 ] 1.00 | 0.63 | 0.63 51117 | 2.38
30 1.67 | 1.67 | 1.7 2 1.21 | 0.24 | 1.45 | 0.90 | 0.90 31174 3.52
40 222222 22 1 1.57 1 031 ] 1.89 | 1.18 | 1.18 31230 4.65
50 278 | 2.78 | 2.8 1 1931039232 | 145|145 21287 | 578
60 3331333 33 1] 229]046| 275|172 ] 1.72 21343 ] 691
70 3.89 | 389 | 39 1] 2.65] 053] 3.18]199] 1.99 21399 8.04
80 444 | 444 | 44 1 3.00 | 0.6 ] 3.60 | 2.25| 2.25 1]456] 9.16
90 5.00 | 5.00 | 5.0 1 336 | 0.67 | 4.03 | 2.52 | 2.52 1] 5.12]10.30
100 556 | 556 | 5.6 1 3711 0.74 | 445 | 2.78 | 2.78 1] 5.68]11.40

Table B 8: Appurtenances sizes for basin width 6 m and velocity 6 m/s

Appurtenance Chute Blocks Baffle Piers End Still

Section h1 | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4

(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | y5

Discharge, Q (m%/s) (m)
10 028 | 0.28 | 0.3 11| 034 0.07] 040 | 0.25] 0.25 12 | 033 | 0.72
20 0.56 | 0.56 | 0.6 5] 0571011 0.69| 043 | 043 71063 | 1.32
30 0.83 ] 0.83 ] 0.8 41 079 0.16 | 095 ] 0.59 | 0.59 51093] 191
40 1.11 | 1.11 ] 1.1 3] 1.00] 020 | 1.20| 0.75 | 0.75 41122 250
50 1391 139 14 2| 121]024] 145] 091 | 091 3] 1.51] 3.08
60 1.67 | 1.67| 1.7 2| 141 028 ] 1.69 | 1.06 | 1.06 3] 1.80 | 3.66
70 1941 194 | 1.9 2| 161 032] 193] 1.21 | 1.21 21209 | 424
80 222|222 22 1| 181 036 2.17] 136 1.36 2| 238 | 4.81
90 2.50 | 250 | 2.5 1| 201|040 | 241 ] 1.50 | 1.50 21267 539
100 278 1 2.78 | 2.8 1| 220 044 ] 2.64 | 1.65] 1.65 21296 | 596
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Table B 9: Appurtenances sizes for basin width 6 m and velocity 9 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 5
Discharge, Q (m%/s) (m)
10 0.19 ] 0.19 | 0.2 16 0.32 | 0.06 | 038 | 0.24 | 0.24 13 ] 0.25 | 0.56
20 037 ] 037 | 04 8 0.51 | 0.10 | 0.62 | 0.39 | 0.39 81 047 | 0.99
30 0.56 | 0.56 | 0.6 5 0.69 | 0.14 | 0.83 | 0.52 | 0.52 6] 0.67 | 140
40 0741 074 | 0.7 4 0.86 | 0.17 | 1.03 | 0.64 | 0.64 51088 | 1.81
50 093] 093 | 09 3 1.02 | 020 | 1.22 | 0.76 | 0.76 41108 221
60 L11 | 1.11 | 1.1 3 1.17 | 0.23 | 1.41 | 0.88 | 0.88 3] 1.28 | 2.61
70 130 | 130 | 1.3 2 1.32 | 026 | 1.59 | 0.99 | 0.99 3] 148 3.01
80 148 | 148 | 1.5 2 147 1 029 | 1.77 | 1.10 | 1.10 3] 1.68 | 3.40
90 1.67 | 1.67 | 1.7 2 1.62 | 032 | 194 | 1.21 | 1.21 2| 1.87 | 3.80
100 185] 185 | 1.9 2 1.76 | 035 | 2.12 | 1.32 | 1.32 21207 419
Table B 10: Appurtenances sizes for basin width 6 m and velocity 12 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nc H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 5
Discharge, Q (m%/s) (m)
10 0.14 | 0.14 | 0.1 22 032 ] 0.06 | 0.39 | 024 | 0.24 12 ] 022 | 0.49
20 028 | 028 | 0.3 11 050 | 0.1 0.60| 0.38 | 0.38 81039] 0.83
30 042 ] 042 04 7 0.66 | 0.13 | 0.79 | 0.50 | 0.50 6] 0.55] 1.16
40 0.56 | 0.56 | 0.6 5 0.81 | 0.16 | 0.97 | 0.61 | 0.61 51071 ] 148
50 0.69 | 0.69 | 0.7 4 0951 0.19 | 1.14] 0.71 | 0.71 41087 1.79
60 0.83 ] 0.83 | 0.8 4 1.08 | 0.22 | 1.30 | 0.81 | 0.81 41 1.03 | 2.11
70 0971 097 | 1.0 3 121 | 024 | 146 | 091 | 091 31 118 ] 241
80 1.11 ] 1.11 | 1.1 3 1.34 | 027 | 1.61 | 1.00 | 1.00 31 134] 272
90 125 ] 125| 13 2 146 | 029 | 1.76 | 1.10 | 1.10 31149 3.03
100 139 139 14 2 1.59 1 032 190 ] 1.19 | 1.19 3] 1.64] 333
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Table B 11: Appurtenances sizes for basin width 6 m and velocity 15 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 15
Discharge, Q (m%/s) (m)
10 0.11 | 0.11 | 0.1 271 033 ] 0.07 | 040 | 0.25 | 0.25 12 | 0.20 | 0.45
20 0221022 ] 0.2 14| 051 0.10 | 0.61 | 0.38 | 0.38 81 0.35] 0.75
30 0331033 ] 03 9] 0.66] 0.13 | 0.79 | 0.50 | 0.50 61049 | 1.02
40 0441 044 | 04 71 0.80] 0.16 | 0.96 | 0.60 | 0.60 51062 1.29
50 0.56 | 0.56 | 0.6 5] 093]0.19] 1.11 ] 0.70 | 0.70 41075 1.56
60 0.67 | 0.67 | 0.7 5 1.05 ] 021 | 1.26 | 0.79 | 0.79 41088 1.82
70 0.78 1 0.78 | 0.8 4 1.17 1 0.23 | 1.40 | 0.88 | 0.88 311.01 ] 2.07
80 0.89 | 0.89 | 0.9 3 1.29 | 0.26 | 1.54 | 0.96 | 0.96 31 1.14 | 233
90 1.00 | 1.00 | 1.0 3 140 | 0.28 | 1.68 | 1.05 | 1.05 31127 2.58
100 1.11 | 1.11 ] 1.1 3 1511030 ] 1.81 | 1.13 ] 1.13 31139 283
Table B 12: Appurtenances sizes for basin width 6 m and velocity 18 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl1 | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 15
Discharge, Q (m%/s) (m)
10 0.09 | 0.09 | 0.1 32| 035]0.07] 042 ] 0.26 | 0.26 11| 0.19 ]| 0.43
20 0.19 1 0.19 | 0.2 16 | 0.52 ] 0.10 | 0.63 | 0.39 | 0.39 810321 0.70
30 0.28 | 0.28 | 0.3 11 0.67 | 0.13 | 0.81 | 0.50 | 0.50 6] 045 ] 0.94
40 0371 037] 04 8] 081 0.16 | 0.97 | 0.60 | 0.60 51056 | 1.18
50 046 | 046 | 0.5 6| 093] 0.19| 1.12 | 0.70 | 0.70 41 0.68 | 141
60 0.56 | 0.56 | 0.6 5 1.05 ] 0.21 | 1.26 | 0.79 | 0.79 410.79 | 1.64
70 0.65] 0.65| 0.6 5 1.16 | 0.23 | 1.39 | 0.87 | 0.87 31091 1.86
80 0.74 1 0.74 | 0.7 4 127 1 0.25 | 1.52 ] 0.95 | 0.95 3] 1.02] 2.08
90 0.83 ] 0.83 | 0.8 4 1.37 | 0.27 | 1.65] 1.03 | 1.03 3] 112 ] 2.30
100 0931 093] 09 3 148 1 0.30 | 1.77 ] 1.11 | 1.11 3] 1231252
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Table B 13: Appurtenances sizes for basin width 9 m and velocity 3 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | L5
Discharge, Q (m%/s) (m)
10 0371 037] 04 12| 0.32] 0.06 | 0.38 | 0.24 | 0.24 19 | 0.40 | 0.86
20 0.74 1 0.74 | 0.7 6] 058]0.12] 0.70 | 0.44 | 0.44 10| 0.79 | 1.62
30 .11 | 1.11 ] 1.1 4|1 0.84]0.17 | 1.00 | 0.63 | 0.63 71 1.17 ] 2.38
40 148 | 148 ] 1.5 3 1.08 | 0.22 | 1.30 | 0.81 | 0.81 6| 1.55] 3.14
50 1.85| 1.85] 1.9 2 1.33 1 0.27 | 1.59 | 1.00 | 1.00 51192 | 3.90
60 222|222 22 2 1.57 1 031 ] 1.89 | 1.18 | 1.18 41230 4.65
70 2591259 26 2 1.81 | 0.36 | 2.18 | 1.36 | 1.36 31268 541
80 296 | 296 | 3.0 2| 2.05] 041|246 1.54| 1.54 31 3.05] 6.16
90 3331333 ] 33 1 2291046 | 275 | 1.72 | 1.72 313431 691
100 3.70 | 3.70 | 3.7 1 2531 051 3.04 | 1.90 | 1.90 2| 3.81] 7.66
Table B 14: Appurtenances sizes for basin width 9 m and velocity 6 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | s
Discharge, Q (m?¥s) (m)
10 0.191 0.19] 0.2 241 025 0.05] 0.30 | 0.19 | 0.19 241 0.23 | 0.51
20 0371 037] 04 12| 042] 0.08 | 0.50] 0.31 | 0.31 14 ] 044 | 0.92
30 0.56 | 0.56 | 0.6 8| 057] 0.11] 0.69| 043 | 0.43 10 | 0.63 | 1.32
40 074 1 0.74 | 0.7 6| 0721 0.14| 0.86 | 0.54 | 0.54 81083 1.71
50 0931 093] 0.9 5 0.86 | 0.17 | 1.04 | 0.65 | 0.65 71 1.03 ] 2.11
60 .11 | 1.11 ] 1.1 4 1.00 | 0.20 | 1.20 | 0.75] 0.75 6] 122 ] 2.50
70 130 | 1.30] 1.3 3 1.14 | 0.23 | 1.37 | 0.86 | 0.86 51142 | 2.88
80 148 | 148 | 1.5 3 1.28 | 0.26 | 1.53 | 0.96 | 0.96 51 1.61 | 3.27
90 1.67 | 1.67 | 1.7 3 141 ] 028 | 1.69 | 1.06 | 1.06 41 1.80 | 3.66
100 1.85] 1.85] 1.9 2 1.55]1 031 | 1.85] 1.16 | 1.16 41 2.00] 4.04

86




Table B 15: Appurtenances sizes for basin width 9 m and velocity 9 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | L5
Discharge, Q (m?/s) (m)
10 0.12 | 0.12 | 0.1 36 | 0.24] 0.05] 0.29 | 0.18 | 0.18 251 0.18 | 0.41
20 0251 025 | 0.2 18 0.39 | 0.08 | 0.46 | 0.29 | 0.29 16 | 0.33 | 0.70
30 0371037 04 12| 051 0.10] 0.62 | 0.39 | 0.39 12 | 0.47 | 0.99
40 0491 049 | 0.5 9] 063]0.13 ]| 0.76 | 0.47 | 0.47 91061 126
50 0.62 | 0.62 | 0.6 71 0751 0.15| 090 | 0.56 | 0.56 81074 | 154
60 0741 0.74 | 0.7 6] 086|017 | 1.03 | 0.64 | 0.64 71 0.88 | 1.81
70 0.86 | 0.86 | 0.9 5 096 | 0.19 | 1.16 | 0.72 | 0.72 6] 1.01 ] 2.08
80 0991099 | 1.0 5 1.07 | 021 | 1.28 | 0.80 | 0.80 6] 1.15] 2.34
90 111 | 1.11 | 1.1 4 1.17 1 023 | 1.41 | 0.88 | 0.88 51 1.28 ] 2.61
100 1231123 | 1.2 4 1.27 1 025 | 1.53 ] 0.95 | 0.95 51 141] 2.87
Table B 16: Appurtenances sizes for basin width 9 m and velocity 12 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nc H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 5
Discharge, Q (m?¥s) (m)
10 0.09 | 0.09 | 0.1 491 0.25] 0.05] 030 ] 0.19| 0.19 241 0.16 | 0.36
20 0.19 1 0.19 | 0.2 241 037 ] 0.08] 046 | 0.29 | 0.29 16 | 0.28 | 0.60
30 028 | 0.28 | 0.3 16 | 0.50 | 0.10 | 0.60 | 0.38 | 0.38 12 ] 039 | 0.83
40 0371 037 04 12 0.61 | 0.12 | 0.73 | 0.46 | 0.46 10 | 0.50 | 1.05
50 046 | 046 | 0.5 10| 071 0.14| 085 | 0.53 ]| 0.53 81 0.61 | 1.27
60 0.56 | 0.56 | 0.6 8 0.81 | 0.16 | 0.97 | 0.61 | 0.61 710.71] 148
70 0.65 ] 0.65| 0.6 7 090 | 0.18 | 1.08 | 0.68 | 0.68 71082 1.69
80 0.74 1 0.74 | 0.7 6] 099] 020 1.19 ]| 0.75] 0.75 6] 092] 190
90 0.83 ] 0.83 | 0.8 5 1.08 | 0.22 | 1.30 | 0.81 | 0.81 6] 1.03 ] 2.11
100 0931 093] 09 5 1.17 | 0.23 | 1.40 | 0.88 | 0.88 5] 1.13 ] 231
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Table B 17: Appurtenances sizes for basin width 9 m and velocity 15 m/s

Appurtenance Chute Blocks Baffle Piers End Still
h1 | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
Section m) | (m) | (m) m) | (m) | (m) | (m) | (m) m | s
Discharge, Q (m%/s) (m)
10 0.07 | 0.07 | 0.1 61 0.26 | 0.05 ] 0.31 ] 0.20 | 0.20 23] 0.15| 0.34
20 0.15] 0.15 | 0.1 30| 040 0.08] 0.48 | 0.30 | 0.30 151 0.25 | 0.55
30 022 ] 022 0.2 20| 051 0.10 | 0.61 | 0.38 | 0.38 12 | 035 | 0.75
40 030 ] 030 | 0.3 15 0.61 | 0.12 | 0.73 | 046 | 0.46 10 | 0.44 | 0.93
50 037 ] 037 04 12 071 ] 0.14 | 0.85| 0.53 | 0.53 8] 0.53 ] 1.11
60 044 ] 044 | 04 10| 0.80 | 0.16 | 0.96 | 0.60 | 0.60 8] 0.62 | 1.29
70 052 ] 052 | 0.5 9] 0.89] 0.18 | 1.06 | 0.66 | 0.66 71071 147
80 0.59 ] 0.59 | 0.6 8 0971 0.19 | 1.16 | 0.73 | 0.73 6] 0.80 | 1.64
90 0.67 | 0.67 | 0.7 7 1.05] 021 | 1.26 | 0.79 | 0.79 6] 0.88 | 1.82
100 074 ] 074 | 0.7 6 1.13 ] 023 | 1.36 | 0.85| 0.85 51097 ] 199
Table B 18: Appurtenances sizes for basin width 9 m and velocity 18 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nec H3 Lu | LL | W3 S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | 15
Discharge, Q (m%/s) (m)
10 0.06 | 0.06 | 0.1 73| 028 | 0.06 | 033 | 021 | 0.21 22| 0.14| 0.33
20 0.12 | 0.12 | 0.1 36 | 041 0.08 | 049 | 031 ] 0.31 15] 0.24 | 0.52
30 0.19] 0.19] 0.2 241 052 ] 0.10] 0.63 | 0.39 | 0.39 11] 032 | 0.70
40 025] 025] 0.2 18| 0.62| 0.12 | 0.75| 047 | 047 10| 041 | 0.86
50 031 ] 031] 0.3 15| 072 0.14 | 0.86 | 0.54 | 0.54 81 049 | 1.02
60 037 ] 037 ] 04 1| 081] 0.16 | 097 | 0.60 | 0.60 71056 1.18
70 043 | 043 | 04 10| 0.89| 0.18 | 1.07 | 0.67 | 0.67 71 064 | 133
80 049 ] 049 | 05 91 0971019 1.16| 0.73 | 0.73 6] 072 ] 149
90 0.56 | 0.56 | 0.6 8 1.05] 021 ] 1.26 | 0.79 | 0.79 6] 079 | 1.64
100 0.62 | 062 ] 0.6 7 1.12 | 022 | 1.35] 0.84 | 0.84 51 087 ] 1.79
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Table B 19: Appurtenances sizes for basin width 12 m and velocity 3 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nec H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m | 15
Discharge, Q (m?¥s) (m)
10 028 | 0.28 | 0.3 22| 0251 0.05| 03] 0.19| 0.19 32 | 0.31 ] 0.66
20 0.56 | 0.56 | 0.6 11 0.45 ] 0.09 | 0.54 ] 0.34] 0.34 18 | 0.60 | 1.24
30 0.83 ] 0.83 ] 0.8 71 065|013 ] 0.77 | 0.48 | 0.48 12 | 0.88 | 1.81
40 111 | 1.11 | 1.1 5] 084 0.17 | 1.00 | 0.63 | 0.63 10 | 1.17 | 2.38
50 139 1.39 | 14 4 1.02 | 0.20 | 1.23 ] 0.77 | 0.77 8] 145|295
60 1.67 | 1.67 | 1.7 4 1.21 | 0.24 | 1.45] 0.90 | 0.90 71 1.74 | 3.52
70 1941 194 | 1.9 3 1.39 | 028 | 1.67 | 1.04 | 1.04 6] 202 4.09
80 222|222 22 3 1.57 ] 031 | 1.89 | 1.18 | 1.18 51230 4.65
90 250 25] 25 2 1.75]1 035] 2.10 | 1.31] 1.31 51258 522
100 278 | 2.78 | 2.8 2 193] 039 ] 232] 145] 145 41 287 ] 5.78
Table B 20: Appurtenances sizes for basin width 12 m and velocity 6 m/s
Appurtenance Chute Blocks Baffle Piers End Still
h1 | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
Section (m) | (m) | (m) m) | (m) | (m) | (m) | (m) m | 15
Discharge, Q (m?/s) (m)
10 0.14 ] 0.14| 0.1 43 ] 020 ] 0.04] 024 | 0.15] 0.15 391 0.18 | 041
20 028 | 0.28 | 0.3 22| 034 ] 0.07] 040 | 0.25] 0.25 241 033 | 0.72
30 042 ] 042 | 04 14| 046 | 0.09 ] 055 0.34| 0.34 18] 0.49 | 1.02
40 0.56 | 0.56 | 0.6 11| 057 ] 0.11] 0.69| 043 | 0.43 141 0.63 | 1.32
50 0.69 | 0.69 | 0.7 9] 0.68] 0.14 | 0.82 ] 0.51 | 0.51 12 ] 0.78 | 1.62
60 0.83 ] 0.83 ]| 0.8 71 0791 0.16 | 0.95] 0.59 | 0.59 10 ] 093 | 1.91
70 0971097 ] 1.0 6] 090 0.18 | 1.08 | 0.67 | 0.67 9] 1.08 | 2.20
80 111 | 1.11 ] 1.1 5] 1.00] 020 | 1.20 | 0.75 | 0.75 8] 1.22 ] 2.50
90 1.25] 1.25] 1.3 5] 1.11] 022 ] 1.33| 0.83 | 0.83 71 1371279
100 1391 139] 14 4] 121 024] 145] 091 | 091 71 1.51] 3.08
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Table B 21: Appurtenances sizes for basin width 12 m and velocity 9 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl W1 | S1 Nc H3 Lu LL | W3 S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | L5
Discharge, Q (m%/s) (m)
10 0.09 | 0.09] 0.1 65 0.20 | 0.04 | 0.24 | 0.15 | 0.15 40 | 0.14 ] 0.33
20 0.19] 0.19 | 0.2 32 0.32] 0.06 | 0.38 ] 0.24 | 0.24 251 0.25] 0.56
30 0.28 | 0.28 | 0.3 22 0421 0.08 | 0.50 | 0.31 | 0.31 191 0.36 | 0.77
40 0.37 ] 0.37] 0.4 16 0.51 | 0.10 | 0.62 | 0.39 | 0.39 16 | 047 | 0.99
50 046 | 046 | 0.5 13 0.60 | 0.12 ] 0.72 ] 0.45 ] 045 13 ] 0.57 | 1.19
60 0.56 | 0.56 | 0.6 11 0.69 ] 0.14 ] 0.83 ] 0.52 | 0.52 12| 0.67 | 140
70 0.65] 0.65] 0.6 9 0.77 | 0.15| 093 | 0.58 | 0.58 10| 0.78 | 1.60
80 0.74] 0.74 | 0.7 8 0.86 | 0.17 | 1.03 | 0.64 | 0.64 91 0.88 ] 1.81
90 0.83 | 0.83 | 0.8 7 0941 0.19 | 1.12 ] 0.70 | 0.70 91 098 | 2.01
100 0931 093 | 0.9 6 1.02 1 0.20 | 1.22 | 0.76 | 0.76 8| 1.08 | 2.21
Table B 22: Appurtenances sizes for basin width 12 m and velocity 12 m/s
Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Nc H3 | Lu | LL | W3 | S3 NB H4 L5
Discharge, Q (m?s) (m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) (m)
10 0.07 | 0.07 | 0.1 86| 0.21 ] 0.04 | 0.25 ] 0.16 | 0.16 38 10.1310.30
20 0.14 1 0.14 | 0.1 431 0.3210.06 | 0.39]0.24 | 0.24 2510.22 1 0.49
30 0.21 1 0.21 | 0.2 291 0.4210.08 | 0.50]0.31]0.31 191 0.31 | 0.66
40 0.28 1 0.28 | 0.3 221 0.50 ] 0.10 | 0.60 | 0.38 | 0.38 16 | 0.39 | 0.83
50 0.35]10.35] 0.3 171 0.5910.1210.70 | 0.44 | 0.44 141 0.47 | 1.00
60 0421042 | 04 14 0.66 | 0.13 |1 0.79 | 0.50 | 0.50 121 0.55 | 1.16
70 0.49 1 0.49 | 0.5 121 0.74 ] 0.15 ] 0.88 | 0.55 | 0.55 11]0.63|1.32
80 0.56 | 0.56 | 0.6 11] 0.81]0.16|0.97]0.61 | 0.61 10 0.71 | 1.48
90 0.63 10.63 | 0.6 10| 0.88 1 0.18 | 1.06 | 0.66 | 0.66 0.79 | 1.64
100 0.69 | 0.69 | 0.7 91095/0.19 |1.14 | 0.71 | 0.71 0.87 | 1.79
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Table B 23: Appurtenances sizes for basin width 12 m and velocity 15 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | L5

Discharge, Q (m?¥/s) (m)
10 0.06 | 0.06 | 0.1 108 | 022 ] 0.04] 0.27 ] 0.17 ] 0.17 36 | 0.12 | 0.29
20 0.11 | 0.11 | 0.1 54| 033 ] 0.07] 040 | 0.25| 0.25 241 0.20 | 0.45
30 0.17 | 0.17 | 0.2 36 | 043 ] 0.09 | 0.51 ] 0.32 ] 0.32 19 | 0.28 | 0.60
40 022 ] 022 ] 0.2 27| 0.51] 0.10 | 0.61 | 0.38 | 0.38 16 | 0.35 ] 0.75
50 028 | 0.28 | 0.3 22| 0.59] 0.12] 0.70 | 0.44 | 0.44 14 | 0.42 | 0.89
60 0331 033] 03 18] 0.66 | 0.13 | 0.79 | 0.50 | 0.50 12 | 049 | 1.02
70 0391 039] 04 15] 073 ] 0.15] 0.88 | 0.55] 0.55 11 | 0.55] 1.16
80 044 | 044 | 04 14| 0.80] 0.16 | 0.96 | 0.60 | 0.60 10 | 0.62 | 1.29
90 0.50 | 0.50 | 0.5 12| 0.86| 0.17 | 1.04 | 0.65 | 0.65 91069 | 143
100 0.56 | 0.56 | 0.6 11 093 | 0.19 | 1.11 | 0.70 | 0.70 91075 ] 1.56

Table B 24: Appurtenances sizes for basin width 12 m and velocity 18 m/s

Appurtenance Chute Blocks Baffle Piers End Still
Section hl | W1 | S1 Ne H3 Lu | LL | W3 | S3 NB H4
(m) | (m) | (m) (m) | (m) | (m) | (m) | (m) (m) | LS

Discharge, Q (m%/s) (m)
10 0.05] 0.05] 0.0 130 | 0.23 | 0.05] 0.28 | 0.18 | 0.18 34| 0.11 | 0.28
20 0.09 | 0.09 ] 0.1 65| 035] 007 ] 042 | 0.26 | 0.26 231 0.19 | 043
30 0.14 | 0.14 | 0.1 43 ] 0441 0.09| 0.53 | 033 ] 0.33 18 | 0.26 | 0.57
40 0.19] 0.19] 0.2 32| 0.52] 0.10] 0.63 | 039 | 0.39 151 032 ] 0.70
50 023 ] 023 ] 02 26| 0.60 | 0.12 | 0.72 | 045 | 045 13 ] 0.39 | 0.82
60 028 | 0.28 | 0.3 22| 0.67 | 0.13| 0.81 | 0.50 | 0.50 12| 045 | 0.94
70 032] 032 03 19] 0.74] 0.15| 0.89 | 0.55| 0.55 11 ] 0.51 | 1.06
80 0371 037 ] 04 16 | 0.81] 0.16 | 0.97 | 0.60 | 0.60 10 | 0.56 | 1.18
90 042 | 042 ] 04 14| 0.87] 0.17 | 1.04| 0.65| 0.65 91062 130
100 046 | 046 | 0.5 13] 093] 0.19] 1.12| 0.70 | 0.70 91 068 | 141
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APPENDIX C — BASIN SIZING RESULTS FOR LENGTHS AND HEIGTHS OF

BASIN WALL
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Fig. C1: The effects of velocity on the size of stilling basin 3 m width at 3 m/s
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Fig. C2: The effects of velocity on the size of stilling basin 3 m width at 6 m/s
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Fig. C3: The effects of velocity on the size of stilling basin 3 m width at 9 m/s
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Fig. C4: The effects of velocity on the size of stilling basin 3 m width at 12 m/s
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Fig. C5: The effects of velocity on the size of stilling basin 3 m width at 15 m/s
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Fig. C6: The effects of velocity on the size of stilling basin 3 m width at 18 m/s
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Fig. C7: The effects of velocity on the size of stilling basin 6 m width at 3 m/s
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Fig. C8: The effects of velocity on the size of stilling basin 6 m width at 6 m/s
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Fig. C9: The effects of velocity on the size of stilling basin 6 m width at 9 m/s
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Fig. C10: The effects of velocity on the size of stilling basin 6 m width at 12 m/s
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Fig. C11: The effects of velocity on the size of stilling basin 6 m width at 15 m/s
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Fig. C12: The effects of velocity on the size of stilling basin 6 m width at 18 m/s
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Fig. C13: The effects of velocity on the size of stilling basin 9 m width at 3 m/s
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Fig. C14: The effects of velocity on the size of stilling basin 9 m width at 6 m/s
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Fig. C15: The effects of velocity on the size of stilling basin 9 m width at 9 m/s
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Fig. C16: The effects of velocity on the size of stilling basin 9 m width at 12 m/s
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Fig. C17: The effects of velocity on the size of stilling basin 9 m width at 15 m/s
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Fig. C18: The effects of velocity on the size of stilling basin 9 m width at 18 m/s
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Fig. C19: The effects of velocity on the size of stilling basin 12 m width at 3 m/s
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Fig. C20: The effects of velocity on the size of stilling basin 12 m width at 6 m/s
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Fig. C21: The effects of velocity on the size of stilling basin 12 m width at 9 m/s
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Fig. C22: The effects of velocity on the size of stilling basin 12 m width at 12 m/s
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Fig. C23: The effects of velocity on the size of stilling basin 12 m width at 15 m/s
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Fig. C24: The effects of velocity on the size of stilling basin 12 m width at 18 m/s
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APPENDIX D — THE DESIGN CODE FOR UNITED STATE BUREAU OF
RECLAMATION TYPE III STILLING BASIN USING MATLAB COMMAND

WRITE-UP

USBR TYPE III STILLING BASIN DESIGN

% clearing previous variables and figures

clear all

close all

cle

format short

% input parameters: Width of basin WB Design discharge c

% Design_discharge=200:200:30000;

% Q1=Design_discharge;

% note A=y1*W instead of A=y1*Spillway crest length % Spillway crest length=183;
% Crest_length of Spillway=183;

% creating loop parameters

QIl start=1; Q1 step=1; QI end=200; %Q1 start=50; Q1 step=50;

Q1 _end=400; %Q1 start=200; QI _step=200; QI _end=30000; 5000 5000 30000
WB start=2; WB step=1; WB_end=25; %WB_start=2; WB_step=I;

WB end=12;

c start=2; c_step=1; c end=30; %c start=2.2; c step=0.05; c_end=2.50;

Q1 _length=numel(Q1 start:Q1 step:Q1_end);
WB_length=numel(WB_start:WB_step:WB_end);
c_length=numel(c_start:c_step:c_end);

% initializing first table
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total row size=Q1 length*WB_length*c_length;
Q1 _s(total row size,1)=0;  WB_s(total row size,1)=0; q s(total row_size,1)=0;
c_s(total row_size,1)=0; yl s(total row_size,1)=0;
velocity V1 s(total row size,1)=0;
Frl_s(total row size,1)=0; y2 s(total row size,1)=0;
% initializing second table
Height of basin wall Hj s(total row_size,1)=0;
Basin_length LT s(total row size,1)=0; %WB_s(total row size,1)=0;
Lw_s(total row_size,1)=0;
% initializing third table
hl_s(total row size,1)=0; W1 _s(total row size,1)=0; S1_s(total row_size,1)=0;
Number of chute blocks Nc_ s(total row_size,1)=0; H3 s(total row_size,1)=0;
Lu_s(total row_size,1)=0;
L1 s(total row size,1)=0; W3 s(total row_size,1)=0; S3 s(total row_size,1)=0;
Number of baffle NB s(total row size,1)=0; H4 s(total row size,1)=0;
L5 s(total row_size,1)=0;
commandwindow
pause(‘on')
for Q1=Q1 start:Q1 step:Q1 end

for WB= WB_start:WB_step:WB_end

for c=c_start:c_step:c_end

Q1 _count0=((Q1-Q1 start)/Q1_step)+1;
WB_countO=((WB-WB_start)/ WB_step)+1;

c_count0 =((c-c_start)/c_step)+1;
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All_count=round(((Q1_count0-1)*WB_length*c_length)+((WB_count0-1)*c_length)
+c_count0); %1.1550e+04
Prejump depth=(Q1/(c*WB))*(2/3); yl=Prejump_depth; %Prejump depth=2.875;
gravity ¢=9.81;
Area A1=WB*yl; %Area Al=L*yl; area calculation changed
velocity V1=Q1/(Area_Al);
Frl=velocity V1/((gravity g*y1)*0.5);
if Frl <4 %changes non suitable values to zero%
continue
elseif Fr1 >9
continue
elseif velocity V1 <1
continue
elseif velocity V1 > 30
continue
end
Postjump depth=(y1/2)*(-1+((1+
(8*(Fr172)))70.5));  %Postjump_depth=18.79;  %y2=(y1/2)*(-1+((1+ (8*(Fr1°2)))*0.5))
% L=Spillway crest length;
H=Prejump_depth;
q=Q1/WB;
y2=Postjump_depth;
% Flow parameters %

% Flow parameters %
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% For Basin sizing
% For Basin sizing
Basin length LT=2.72*y2;
Height of basin_wall Hj=((y2-y1)"3)/(4*y1*y2);
Height of basin wall Hj=Height of basin wall Hj+(Height of basin wall Hj/6);
Distance bt chute and baffle Lw=0.8*y2;
Lw=Distance bt chute and baffle Lw;
% Width_of basin WB=6; %((between 3m and 6m)*Independent variable)
Chute block height hl=yl;
h1=Chute block height hl;
Chute block width Wl=yl;
W1=Chute block width WI;
Chute_block spacing S1=yl;
S1=Chute block spacing S1;
Number of chute blocks Nc=round(WB/(2*y1)); % rounded to whole number
if Number of chute blocks Nc¢ ==
continue
end
% Baffle Piers%
% Baffle Piers%
Height of baffle pier H3=y1*(0.6+(Frl/6));
H3=Height of baffle pier H3;
Top_thickness of baffle Lu=0.2*H3;
Lu=Top_thickness of baffle Lu;

Base thickness of baffle LI=1.2*H3;
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Ll=Base_thickness of baffle LlI;

Width of baffle W3=0.75*H3;

W3=Width_of baffle W3;

Spacing_of baffle S3=W3;

S3=Spacing_of baffle S3;

Number of baffle NB=round(WB/(2*W3)); % rounded to whole number

% End sill%

% End sill%

Height of end sill H4=y1*(1+(Frl/18));

H4=Height of end sill H4;

Length of end sill L5=2*H4;  %pls verify length of end sill formula

L5=Length of end sill L5;

% Generating the large values for table 1

Q1 _s(All _count,1)=Q1; WB_s(All _count,1)=WB; q s(All _count,1)=q;

c_s(All_count,1)=c;

yl _s(All count,1)=yl; wvelocity V1 s(All count,l)=velocity V1; Frl s(All count,1)=Frl;

y2 _s(All_count,1)=y2;

% TEblel=[Q1 WB q c yl velocity V1 Frl y2]

TEblel=[Q1 s WB sq sc syl svelocity VI sFrl sy2 sJ;

% Generating the large values for table 2

Height of basin_wall Hj s(All count,1)=Height of basin wall Hj;

Basin_length LT s(All count,1)=Basin_length LT;
Lw_s(All_count,1)=Lw;

TEble2=[Q1 s WB_s c¢_s Height of basin_wall Hj s Basin length LT s Lw s];

% Generating the large values for table 3
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hl s(All count,1)=h1; W1 s(All count,1)=W1; S1 s(All count,1)=S1;
Number of chute blocks Nc s(All count,1)=Number of chute blocks Nc;
H3 s(All_count,1)=H3; Lu s(All _count,1)=Lu; L1 s(All count,1)=LI;
W3 s(All _count,1)=W3; S3 s(All count,1)=S3;
Number of baffle NB s(All count,])=Number of baffle NB; H4 s(All count,1)=H4;
L5 s(All _count,1)=L5;
TEble3=[Q1 s WB sc shl s Wl sS1 s Number of chute blocks Nc sH3 sLu sLI s
W3 sS3 s Number of baffle NB s H4 s L5 s];

end

zaa_final=Q1 length*WB_length*c_length;

percentate Done= ((All _count/(zaa final)*1)*100);

disp(['percentate Done ',num2str(percentate Done),'%'])

end

end
pause(3)
clc
[TEblel vec row,TEblel vec column]=find(TEblel(:,7)); %obtains the row vector of
suitable value with fraud number in the correct range
TEblel re=TEblel(TEblel vec row,:);
TEble2 re=TEble2(TEblel vec row,:);
TEble3 re=TEble3(TEblel vec row,:);
[TEblel vec rowl,TEblel vec columnl]=find(TEble3 re(:,7)); %obtains the row vector of
suitable value with fraud number in the correct range
TEblel rel=TEblel re(TEblel vec rowl,:);

TEble2 rel=TEble2 re(TEblel vec rowl,:);
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TEble3 rel=TEble3 re(TEblel vec rowl,:);

% Other parameters calculation

% Other parameters calculation

% Arranging table

% Arranging table

% column names

x_al00{1,1}=" Q "x al00{1,2}=" WB'"; x al00{1,3}=" ¢'; x_al00{1,4}=" c';

x_al00{1,5}=" y1'; x_al00{1,6}='" V1';x al00{1,7}=" Frl'; x_al00{1,8}=" y2';

x_a200{1,1}=" Q ";x a200{1,2}=" WB'"; x a200{1,3}=" ¢'; x_a200{1,4}=' Hj

"x a200{1,5}=" LT"; x a200{1,6}=" Lw';

x_a300{1,1}=" Q ";x a300{1,2}=" WB'; x a300{1,3}=" ¢'; x _a300{1,4}=" hl

x_a300{1,5}=" W1"';x a300{1,6}=' S1'";x _a300{1,7}=" Nc'; x a300{1,8}=" H3 "
x_a300{1,9}=" Lu';x a300{1,10}=" L1'; x _a300{1,11}=" W3"'; x a300{1,12}=

S3'; x_a300{1,13}=" NB';x _a300{1,14}='" H4 "', x a300{1,15}=' L5";

% row names

BAI1=1:1:size(TEblel rel,1); %obtains size of double modified table

BA1l row='row ';

BA2 {numel(BA1),1}=0; %initializing

BA3 {numel(BA1),1}=0; %initializing

% BA4{1,numel(BA1)}=0; %initializing

for ty=1:numel(BA1)

BA2{ty,1}=num2str(flipud(BA1(1,ty))); % converts numbers to string and puts them in

diferent cell position

BA3(ty,1) =strcat(BA1 row,BA2(ty)) ; % concatenate y axis to form an alphanumeric

name
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end
% end of naming rows
% TEble1=[Q1 WB q c yI velocity V1 Frl y2]
% TEble2=[Height of basin wall Hj Basin length LT WB Lw]
% TEble3=[h1 W1 S1 Number of chute blocks Nc¢ H3 Lu LI W3 S3
Number of baffle NB LS ]
% TEDblel
% TEble2
% TEble3
% Generating tables
% Generating tables
Teblel=array2table(TEblel rel,...
'RowNames',BA3 ...
'"VariableNames',x_al100 );
display(Teblel)
Teble2=array2table(TEble2 rel,...
'RowNames',BA3 ...
'"VariableNames',x_a200 );
display(Teble2)
Teble3=array2table(TEble3 rel,...
'RowNames',BA3 ...
'"VariableNames',x_a300 );
display(Teble3)
size_of TEble3 re=size(TEble3 re);

size_of TEble3 rel=size(TEble3 rel)
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%

filename="christopher16.xIsx';
writetable(Teblel,filename,'Sheet',1,'Range’,'B2','WriteRowNames', 1)
writetable(Teble2,filename,'Sheet',2,'Range’,'B2','WriteRowNames', 1)

writetable(Teble3,filename,'Sheet',3,'Range’,'B2','WriteRowNames', 1)
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