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ABSTRACT OF DISSERTATION
DESIGN OF CONVERGING

STEPPED SPILLWAYS

Roller compacted concrete (RCC) stepped spillways are growing in
popularity for providing overtopping protection for aging watershed dams with
inadequate auxiliary spillway capacity and for the construction of new dams.
Unobtainable land rights, topographic features, and land use changes caused by
urbanization limit the ability to construct new dams or modify the dimensions of
existing embankments and spillways. The advantages of stepped spillways are
1) they can be placed over the top of an existing embankment without causing
significant changes to the dam or spillway dimensions, 2) they provide
considerable energy dissipation in the chute, potentially reducing the size of the
stilling basin, and 3) they permit shorter, more efficient, and feasible construction
schedules than other design options.

Currently, limited design guidelines are available in the literature for the
design of stepped spillways constructed on flat slopes (6 < 30°). Auxiliary
spillways are designed to safely pass exceptionally large flood events to the
downstream channel. In structural auxiliary spillways, spillway chute and stilling
basin training walls are typically designed to prevent overtopping. However, the

aspect of converging training walls increases the flow depth in the chute near the



walls, and it changes the hydraulic parameters for designing the stilling basin. To
assist with the design of converging stepped spillways having similar design
parameters (i.e. chute slope, step height, etc.), a study utilizing a three-
dimensional, 1:22 scale physical model was conducted to evaluate the flow
characteristics in the spillway. This study is the first known attempt at developing
generalized design criteria for converging stepped spillways having vertical
training walls.

Conclusions drawn from this study are that as the convergence of the
training wall increases the flow depth near the wall also increases. A simplified
control volume momentum analysis was used to predict the minimum training
wall height necessary to prevent overtopping. The equation developed slightly
under-predicted the results. This under-prediction may be a result of the
assumptions made in the development of the prediction equation. Other design
aids for determining training wall height were developed based on observations
with the data. The results of the study will be discussed further herein.

Sherry Lynn Hunt
Civil and Environmental Engineering Department
Colorado State University

Fort Collins, CO 80523
Fall 2008
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CHAPTER 1
INTRODUCTION

Problem Statement

The Congressional passage of the Flood Control Act of 1944 and the
Watershed Protection and Flood Control Act of 1953 provided the necessary
funds to the United States Department of Agriculture (USDA) Natural Resources
Conservation Service (NRCS) to assist in the design and construction of more
than 11,000 small watershed dams (USDA-NRCS, 2005). These dams offer
over $1.5 billion in benefits each year by providing flood control, wildlife habitat,
recreation, irrigation and livestock water, and municipal and rural water supplies.
Most of these dams were constructed with a planned service life of 50 years, and
in recent reports, the NRCS declared that more than half of those dams are more
than 30 years old (USDA-NRCS, 2005). In fact, it is projected that over 3,000 of
these structures will reach the end of their planned service life by 2016 (USDA-
NRCS, 2005).

In recognition of these aging structures, United States Congress passed
the Watershed Rehabilitation Amendments of 2000, which amended the
Watershed Protection and Flood Prevention Act of 1953 (USDA-NRCS, 2005).
Similar in some ways to the previous legislation passed, these amendments

authorized the NRCS to provide technical and financial assistance to watershed



project sponsors for the rehabilitation of these aging structures. Rehabilitation in
the dam safety community is defined as the change, improvement, repair, and/or
restoration of the planned service life of an existing embankment so that these
structures continue to function properly and safely. If ignored, these dams could
place life and property at risk.

Due to the age of the embankments, some dams begin to exhibit dam
safety concerns. For example, some dams show evidence of sediment
deposition in flood pools, which in turn limits the flood capacity of the reservoir
and could lead to inadequate spillway capacity or even overtopping of the
embankment in extreme cases. Additionally, several of these structures were
originally constructed in rural environments, but residential communities and
infrastructure now surround them. In these situations, the hydrology and flood
storage of the dam is affected, and hazard classification changes are often
required. The hazard classification of dams is based on the potential loss of life
and property damage that may occur during a flood event. As described, a single
or combination of problems with the aging embankment often leads to
inadequate spillway capacity, one of the key deficiencies for these structures.
The function of the spillway is to convey flow from extreme flood events
downstream with limited property damage and/or loss of life.

Options are available to design engineers for earth dam rehabilitation
including 1) raising the dam, 2) increasing the auxiliary spillway capacity, 3)
providing overtopping protection (i.e. structurally), 4) allowing limited overtopping

of the existing earth embankment, 5) combining any of the previously mentioned



options, and/or 6) decommissioning the structure. Selecting the preferred design
option depends on the site conditions and the economical impact (i.e.
development within the watershed and right-of-way issues) related to each of the
options. Providing additional spillway capacity is often the preferred choice in
dam rehabilitation. The alternatives available for providing additional spillway
capacity are 1) widening the existing auxiliary spillway, 2) providing multiple
auxiliary spillways, and/or 3) allowing the embankment to overtop. Widening the
existing auxiliary spillway and/or providing multiple auxiliary spillways are in
many cases limited by development within the watershed and/or right-of-way
issues. Allowing the embankment to overtop is frequently the only practical
option available for engineers to address the dam safety and rehabilitation of the
structure.

Because of the threat of failure, overtopping embankments is generally
restricted to those that are protected by a structurally sound design such as a
roller compacted concrete (RCC) stepped spillway (Figure 1.1) or other lined
chutes. Factors including flow duration, flow depth, downstream slope, and the
erodibility of the embankment materials may result in serious erosion and/or
failure of the embankment if the embankment is left unprotected. RCC stepped
spillways are becoming a more viable option in dam rehabilitation and the
construction of new dams because of the added protection provided, spillway
capacity available, energy dissipation created, and shorter, more efficient
construction schedules offered (Chanson, 2002 and Portland Cement

Association, 2006).



Figure 1.1 RCC stepped spillway under construction.

Research interest among the engineering community has increased due
to the potential number of RCC stepped spillways projected for implementation.
Topics of interest include energy dissipation characteristics on flat slopes (i.e.
typically defined as slopes < 30°) versus steep slopes (i.e. often characterized as
slopes > 30°), high unit discharges (i.e. typically > 14 m%/(s:m) (150 cfs/ft)) versus
low flow capacities (i.e. defined as < 14 m*/(s‘m) (150 cfs/ft)), chute convergence;
and variable step heights. Previous research studies addressed the design of
straight, steep (i.e. > 30°), stepped chutes under low flow conditions (i.e. <14
m%/(s'-m) (150 cfs/ft)), such that the flow is highly turbulent and air entrained.
Research conducted thus far is limited in the investigation of the trials and
tribulations associated with the design of converging stepped spillways located

on relatively flat spillway chute slopes (< 30°).



Goals Objectives

The goal of this research is to provide design guidance for the application
of converging stepped spillway technology. Specifically, this study examines the
hydraulic performance of converging stepped spillways under a conservative
probable maximum design. The specific objective of this research is to develop a
predictive equation to approximate the flow depth near the training walls of
converging and non-converging stepped spillways. The predictive equation will
provide design engineers with a minimum training wall design height criterion for
containing the maximum expected flood event. The application of this predictive
equation is limited to non-air entrained flows or flows where the turbuient
boundary layer reaching the free surface is not well established. This research
can potentially lead to improved design criteria and an enhanced understanding

for stepped spillway implementation.



CHAPTERIII
LITERATURE REVIEW
Stepped Spillways

A spillway is a channel or passageway around or over a dam that conveys
or releases excess water downstream without causing major damage to the dam.
A spillway must be capable of discharging extreme flood events in a safe manner
that would limit the loss of life and damage to property. Several types of
spillways exist including chute spillways, straight-drop spillways, stepped
spillways, and vegetated auxiliary spillways. The selection of a spillway for a
specific dam and reservoir is typically based on the discharge requirements,
topography, geology, dam safety, and the feasibility of the project.

Many of the aging earthen embankments were originally constructed to
protect agricultural land from flooding. Through the years, these embankments
have been engulfed by infrastructure and urbanization, causing a change in
hazard classification. In these situations, the embankment dams are still
necessary for flood protection, so removing the dam is not an option. Increasing

the flood storage or the spillway capacity is often required. Flood storage can be

increased by raising the top of dam, yet the design engineer and the public must
live with the consequences. Raising the top of dam can lead to increased
flooding upstream of the embankment. Land owners must make sacrifices as

well by giving up some property rights. Making modifications to the existing



auxiliary spillway is often limited by topography, infrastructure, and/or land right
constraints.

Stepped spillways for NRCS sponsored structures are becoming a popular
choice for addressing rehabilitation and dam safety issues related to hazard
classification changes. Stepped spillways are typically selected over other
designs to increase spillway capacity because stepped spillway provides a safe
and economic means for conveying extreme flood events over the dam. In many
instances, these structures can be placed over the existing embankment without
the requirement of additional land rights. A stepped spillway is similar to a chute
spillway in that it conveys flow over the spillway crest down a steep-sloped, open
chute into an outlet energy dissipation basin. The major difference between a
stepped spillway (Figure 2.1a) and a chute spillway (Figure 2.1b) is that the
stepped spillway provides a stepped surface within the open chute whereas a
chute spillway consists of a smooth open chute. The steps in the spillway provide

energy dissipation of the flow, and thereby reduce the energy dissipation

requirements for the outlet basin.

Figure 2.1 a). RCC stepped spillway and b). Chute spillway.



This chapter is intended to present comprehensive information about
stepped spillways. The following subsections provide details about the function
of stepped spillways or stepped chutes throughout history, the design and
construction of stepped spillways, the basic hydraulic concepts of stepped
spillways, and the scale effects associated with modeling stepped spillways.
Function of Stepped Chutes

Throughout history, stepped channels have served in a variety of
capacities including canals for irrigation water; spillways for flood control
structures; aesthetically, pleasing fountain displays; and the creation of
waterpower. In fact, stepped surfaces for hydraulic applications dates back to
1300 B. C. in Akarnania, Greece, where the world’s oldest stepped spillway can
be found (Chanson, 2002). The most common use of stepped chutes today is for
spillway design and storm water runoff systems (Chanson, 2002).

Design and Construction of Stepped Spillways

Little design guidance is available for stepped spillways, particularly those
constructed on relatively flat slopes of less than 30° and those that converge due
to landscape and/or land right concems. Most of these designs rely on the
experience of the design engineer of what has worked in the past. Safety is key
for developing design for these structures as well.

Roller compacted concrete (RCC) is typically the material of choice over
other construction materials like conventional concrete or gabion rock baskets
when building stepped structures. The advantages of RCC over conventional

concrete are 1) steps are a “natural” feature of construction, 2) its ability to be



placed by conventional paving equipment, 3) its drier than usual mix of cement,
water and aggregates allows it to be placed without the use of forms and
reinforced steel while allowing it to have similar strength characteristics to
conventional concrete, and 4) the economical feasibility of the material and its
placement permits shorter than usual construction schedules to be met (Portland
Cement Association, 2002). Likewise, RCC has advantages over gabion rock
baskets. Gabion rock baskets are very labor intensive, and implementing gabion
baskets are often not practical.

There are three key components in designing stepped spillways: the
spillway crest; the stepped spillway chute including the training walls, step sizes,
spillway slope, and spillway shape; and the stilling basin and downstream
channel stabilization materials. Figure 2.2 illustrates a schematic of a typical
stepped spillway and depicts the key features of the spillway. The stepped
spillway crest is typically an uncontrolled overflow crest that automatically
releases excess water whenever the reservoir water surface rises above the
crest level. The stepped spillway chute is the section of the spillway that consists
of an open channel extending from the spillway crest down the slope of the dam,
or some defined slope, to the stilling basin at the base. The stepped spillway
chute has several design features including training walls, step size, and spillway
slope. Training walls are defined as the walls that extend from the outer edges of
the spillway entrance down the outer sides of the spillway chute to the stilling
basin. Training walls are typically designed to retain some specific flood event

such as the probable maximum flood (PMF). The variables that may impact



training wall sizing include the discharge through the spillway or flow depth, step
height, spillway slope, spillway shape (i.e. converging or non-converging), and
flow aeration. For example, step height, spillway slope, and spillway shape (i.e.
converging or straight) can affect the amount of energy dissipated in the spillway,
and thereby affect the flow depth at the training wall. Additionally, these spillway
chute characteristics may have an effect on other hydraulic parameters that are
necessary for designing the energy dissipating stilling basin and the downstream
channel protection. The stilling basin is a structure meant to dissipate the energy
of the flow exiting the spillway chute before the flow is allowed to discharge and

return to the downstream channel.

Top View

training wall

endsill

Side View

stilling basin

|

; !

- endsil
\

training wall

Figure 2.2 Schematic of a typical RCC stepped spillway.
The specific design of each of these key stepped spillway features will be
further discussed in subsequent sections; however, some of the factors that have

an effect on the design of the stepped spillway that should be identified include

1) the hydraulic parameters necessary to design each element
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2) the techniques and equipment used to construct each of the
components
3) the public and environmental safety of conveying flow through the
stepped spillway

4) the public safety of the stepped spillway when not in use

5) and the topography and infrastructure surrounding the spiliway.
Additional information concerning these influencing factors of the stepped
spillway design will be provided.
Spillway Crest

The stepped spillway crest is most commonly an uncontrolled overflow
crest that releases excess water whenever the reservoir water surface rises
above the crest level. Stepped spillways are generally constructed with ogee
shaped crested weirs or broad crested weirs (Figure 2.3a and 2.3b) (Chanson,
2002). A weir is a structure used for measuring or regulating the flow of water
through a spillway. An ogee shaped weir, otherwise known as an S-shaped weir,
is designed such that the upper curve of the weir conforms to the underneath
profile of the nappe (Figure 2.3a). A broad crested weir is a long raised overflow
crest that is normally shaped as a flat horizontal block (Figure 2.3b). The
selection of the crest shape is based on a balance of cost, construction,
maintenance, and safety. Most often, the shape of the spillway crest is ogee
shaped because it provides the most optimum and efficient discharge of the flow

down the chute.
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” 1
Ogee crested <«

Figure 2.3 a). Ogee crested weir and b). Broad crested weir (not to scale).

Many factors including the effective length of the crest, the approach
depth, the approach velocity, and the limitations of spillway location have some
bearing on the selection of the spillway crest. The effective length of the crest
may be affected by piers and abutments, causing side contractions of the
overflow. If piers and abutments are manipulating the flow, then the effective
length of the crest will be less that the actual length of the crest. The flow over
an ogee shaped crested weir typically glides over the crest, allowing it to attain
near-maximum discharge efficiency with lower approach depths than other types
of crests (United States Bureau of Reclamation (USBR), 1973). A broad shaped
crest is found to reduce the efficiency of discharge; whereas, a sharper shaped
crest section creates negative pressure effects that will increase the effective
head or the approach depth over the crest, and thereby increase the discharge.
Since maximum discharge efficiency is achieved with an ogee crested weir, most
uncontrolled spillways will have these types of crest sections (USBR, 1973).

Many factors play a role in the selection of the type or design of the
spillway crest section. These factors include site limitations of where the spillway

is to be placed and simplicity and feasibility of the design. For instance, an ogee
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crested approach section may be preferred for spillways located in highly
urbanized settings because it requires a lower approach depth over the crest in
order to achieve the maximum discharge as compared to other crest types
(Chanson, 2002). Selecting a broad crested weir over an ogee crested approach
can potentially increase the flooding in the upper watershed because it requires a
higher approach depth as compared to an ogee crested weir. A broad crested
weir is normally selected for the design over other alternatives due to the ease of
construction and simplicity of its design.
Stepped Spillway Chute

The stepped spillway chute is an open channel that extends from spillway
crest down the slope of the dam or down another defined slope to the entrance of
the stilling basin usually located at the toe of the dam. The stepped spillway
chute has several design features including training walls, step size, and spillway
slope. The components of the stepped spillway are further described in the

following sub-sections.

Training Walls

Spillway training walls extend from the outside edges of the spillway
entrance (i.e. crest) down the outside edges of the spillway chute to the stilling
basin. The training walls are sufficiently high to contain an extreme flood event.

Factors affecting the height of the training walls are the flow depth/discharge, the
aeration or flow bulking in the water, the convergence of the training walls, step

height, and spillway chute slope.
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Flow bulking is the term attributed to the air entrainment within the flow
that causes an increase in flow depth. An example of the air entrainment within
the flow is the visually observed “white water’ action above the normal flow
depth, but it can occur prior to this obvious disturbance in the flow. Sorenson
(1985) found that the non-aerated flow depth down the chute decreases as the
flow descends down the chute until it reaches the point of impacting air entrained
flow. As the non-aerated flow intersects the aerated flow, the depth continually
increases until reaching the toe of the spillway (Sorenson, 1985). Chanson
(2002) further explains this flow interaction through the concept of an air
entrainment inception point. The inception point of air entrainment is a
characteristic term used to describe the location where the turbulent boundary
layer reaches the free surface. Figure 2.4 illustrates the inception point concept.
Chanson (2002) defines the boundary layer as the thin layer of fluid near the
boundary surface, in this case the spillway surface, that has a changing velocity
of zero near the spillway surface to a free-stream value velocity as it moves up
through the flow profile. The boundary layer is characterized as turbulent when
the friction on the spillway surface creates unsteady flows in the form of eddies or
vortices within the boundary layer. Air entrainment inception point and the
variables involved in its determination will be discussed in further detail in the

sub-section entitled “Basic Hydraulic Concepts of Stepped Spillways.”
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Figure 2.4 Air entrainment incepﬁon point.

Although flow bulking can occur prior to the turbulent boundary layer
reaching the free surface, the majority of flow bulking can be visually observed
during a stepped spillway flow event as “white water” action in the flow. Flow
bulking is related to the flow aeration, discharge, step height, spillway
convergence, and spillway chute slope; all factors necessary for determining the
proper training wall height to contain the flow down the chute. Boes and Hager
(2003a) relate each of these terms with exception of spillway convergence to the
training wall height. Boes and Minor (2002) and Boes and Hager (2003b)
propose that the training wall design height (hy) is a function of a safety factor (n)
ranging from 1.2 to 1.5 (dependent on the erosion of the downstream face of the
spillway) and the uniform characteristic mixing depth (hgu). The uniform
characteristic mixing depth is a function of step height (h), unit discharge (qw),
and spillway slope (6). Boes and Hager (2003b) propose the training wall design
height to be written as follows:

hy =1(hy,) (2.1)
where: hg = training wall design height, n = safety factor, and hgyy =

0.50s[(qw/{g(sin © h%)}°5|®1ae+03)  Equation 2.1 was developed for non-
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converging stepped spillway designs, and it is a starting point for engineers faced
with designing these structures.

The convergence of the training walls has an effect in determining the
training wall height (Hanna and Pugh, 1997; Robinson, et al. 1998; Hunt, et al.
2005 and 2006; Hunt, et al. 2008; Woolbright, et al. 2008). The convergence
angle of the training walls is measured in the x-y plane such that an angle of zero
indicates that the training walls are parallel to the flow (Figure 2.2). The effects
convergence has on the training wall height are relatively unknown except for a
few specific model studies conducted. Robinson et al. (1998) and Hanna and
Pugh (1997) evaluated converging stepped spillways. Robinson, et al. (1998)
conducted both two- and three-dimensional physical model studies on a steep
(0.7H:1V), stepped chute to be located at the Randleman Lake Dam in North
Carolina. The three-dimensional model evaluated vertical training walls with
convergence angles of 0°, 20.9°, and 32.5°, respectively. Robinson, et al. (1998)
concluded that the hydraulic performance of the converging spillway was
satisfactory for the given flow and tailwater conditions. Additional findings
showed that as the degree of convergence increased, the flow depth at the wall
increased. Consequently, the findings indicate that as flow convergence
increased; the training wall height necessary to contain the design flow

increased.

Hanna and Pugh (1997) conducted research on a relatively steep
(0.8H:1V) spillway with vertical training walls converging at 16°. Flow depths at

the training walls were among the measurements taken by Hanna and Pugh
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(1997) during the study. However, they recognized that the Froude scaling used
in their modeling approach could not accurately simulate the expected aeration in
the flow because of viscous forces and surface tension effects. To address
these influences, Hanna and Pugh (1997) determined the bulked or aerated flow
depth in the spillway using a procedure developed by the United States Bureau
of Reclamation (USBR) (Falvey, 1980). The aerated (bulked) flow depth is
based on the mean air concentration and the non-aerated flow depth measured
in stepped spillway model such that

d, =(1—_1—E)d (2.2)

where dy = bulked flow depth, C = mean air concentration, and d = measured
flow depth. The air concentration is described in the USBR Engineering
Monograph No. 41 (Falvey, 1980) as the air concentration related to some
distance down the spillway slope. The bulked flow depth resolved by Equation
2.2 indicates the required training wall height necessary to prevent overtopping
(Hanna and Pugh, 1997). In this particular case, the bulked flow depth was
expected to be higher than the flow depth actually observed and measured in the
physical model. Consequently, this increased flow depth resulted in an increase
of the training wall height essential to prevent overtopping.
Step Size

Step size in the spillway chute can play a critical role in the energy
dissipation of the flow. Step size (i.e. height) for stepped spillway chute design is
often based on the construction technique and feasibility rather than its ability to

dissipate energy (Chanson, 2002 and Frizell, 2005). For this reason, most
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operating stepped spillways constructed today will have step heights ranging
from 0.3 m (1 ft) to 0.91 m (3 ft); however, some stepped spillways have larger
step heights due to safety concerns.

Several physical model studies, primarily on steep (8 > 30°) stepped
spillway applications, have been conducted to evaluate the effect the step height
has on the energy dissipation of the flow. Studies by Robinson, et al. (1998);
Rice and Kadavy (1996); and Rice and Kadavy (1997) have indicated that the
step size had little impact on the amount of energy dissipated. However,
according to Chanson (2002), stepped spillways with large steps are expected to
created more energy dissipation as compared to stepped spillways with small
steps designed for the same flood event.

Stepped Spillway Slope

The stepped spillway slope is another key parameter in the stepped
spillway design. The spillway slope is the angle created by taking the arctangent
of the ratio of the vertical height of the spillway to the horizontal distance between
the spillway crest and the spillway toe (Figure 2.2). The spillway slope is often
dictated by the location constraints and the foundation underlying the spillway.
For example, if the stepped spillway is being placed over an existing
embankment, then the slope will take on the slope of the existing downstream
face of the embankment if the foundation is suitable for construction. If the
stepped spillway is new, then the slope may be dictated by available land rights,
existing topography, expected flood inundation areas, and/or soil/geclogy

foundation materials.
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The spillway slope may have a significant affect on other design
components of the spillway. For instance, the slope can play a role in the
development of air-entrained flow. Spillway slope is a critical element in
determining the location of the inception point of air-entrained flow; and therefore,
it may provide insight on whether flow bulking should be considered in the design
of the training walls.  The variables involved for calculating the air entrainment
inception point location will be discussed in further details in subsequent
sections.

Stilling Basin

To reduce the attack on the downstream channel, stilling basins or other
hydraulic jump basins (Figure 2.2) are used to reduce the exit velocity from the
spillway to a calming state (USBR, 1973). The jump created in the stilling basin
has distinct characteristics that can be related to the Froude number, v/(gd)°'5;
unit discharge, qu; the kinetic flow factor, v?/gd; or critical depth, d. (USBR,
1973). Currently, little is known about designing stilling basins for stepped
spillways; except that a non-converging stepped spillway can reduce the size of
the energy dissipating stilling basin when compared to a stilling basin designed
for a non-converging smooth spillway (Rice and Kadavy, 1996; Rice and Kadavy,
1997; and Robinson, et al., 1998).

Stilling basin design for stepped spillways can be challenging due to the
design of the spillway chute. Spillway convergence and the energy dissipation of
the flow created by the steps in the spillway affect the velocity entering the stilling

basin. The velocity entering the stilling basin is a variable in determining the
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Froude number, and the Froude number is a parameter used in selecting the
type and dimensions of stilling basin used (USBR, 1973). When determining the
velocity entering the stilling basin, the engineer must account for the energy
dissipated or energy loss in the spillway chute. Since a stepped spillway is
expected to have more energy dissipation than a smooth spillway (Rice and
Kadavy, 1996; Rice and Kadavy, 1997; and Robinson, et al., 1998), the velocity
entering the stilling basin is expected to decrease for stepped spillways as
compared to smooth spillways. More energy dissipation in the spillway chute
means less energy dissipation needed in the stilling basin. Consequently, stilling
basins for stepped spillways are typically shorter than stilling basins for smooth
spillways. Although extensive research has been conducted on the energy
dissipation on steep (0 > 30°) stepped spillways (Chanson, 2002), little research
has been conducted on determining the energy dissipation in flatter (6 < 30°)
stepped spillways; thereby, making it complicated to design stilling basins for
these particular spillways.

In addition to the energy dissipation in the stepped spillway, the
convergence of the stepped spillway can also play a role in the stilling basin
design. Researchers have found that as a spillway converges the flow depth at
the training wall is more than the flow depth in the center of the spillway

(Robinson, et al. 1998; Hunt, et al. 2005 and 2006; Hunt, et al. 2008; Woolbright,

et al. 2008). Consequently, the flow is no longer uniform as it enters the stilling
basin, meaning the flow depth at the stilling basin wall is deeper than the flow

depth in the center of the stilling basin. This variation in flow conditions may
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affect the velocity entering the stilling basin since the assumption can no longer
be made that the velocity exiting the spillway and entering the stilling basin is the
same throughout the cross-sectional profile of the structure. Since the velocity is
a parameter in determining the stilling basin type and dimensions, researchers

have found it taxing to design stilling basins for converging stepped spillways.

Summary

The key components of a stepped spillway are the spillway crest, spillway
chute, and the energy dissipating stilling basin (Figure 2.2). In some cases,
engineers select some of the design attributes (i.e. type of spillway crest, step
height, spillway chute slope) based on constraints of the location (i.e.
topography, available land rights, foundation materials, and expected flood
inundation areas), the design feasibility, construction ease of the design, and/or
safety. Other design features like training wall heights are affected by other
design aspects like step sizes, flow aeration or flow bulking, spillway slope, and
the convergence of the spillway. Additionally, research on converging stepped
spillways and energy dissipation on flatter (6 < 30°) stepped spillways has been
limited. Subsequently, design guidelines are incomplete for these types of
specific stepped spillways.

Basic Hydraulic Concepts for Stepped Spillways

This section is intended to identify basic hydraulic concepts for stepped
spillways. These concepts include types of flow phenomenon that can occur in
stepped spillways and detailed information pertaining to air entrainment and

energy dissipation of the flow that occurs in stepped spillways.
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Types of Flow

The flow in stepped spillways may be described in one of three ways: 1)
nappe flow, 2) skimming flow, or 3) transitional flow. =~ When stepped chutes
experience low flow events, water is observed to plunge from one step to the
next in free falling nappes, classifying the flow as nappe flow (Chanson, 2002).
Jets of water impacting each step, jets of water breaking up in the air, and/or the
formation of hydraulic jumps within the flow regime are commonly observed as
“white water“ action during nappe flow events (Chanson, 2002). When stepped
chutes are subjected to large flow events, flow is typically observed to skim over
the step edges with recirculating vortices developing between the main stream
and the step edges (Chanson, 2002). This is known as skimming flow and is
observed to have a glassy appearance. Transitional flow is defined when nappe
flow is attempting to cross the boundary into skimming flow such that the
turbulent action of the water located near the surface begins to decrease and
exhibits signs of a glassy skimming flow. Regardless of the type of flow
observed, flow characteristics are related to discharge, chute slope, step
geometry, and local flow properties at each step with energy dissipation
occurring in each (Chanson, 2002).
Nappe Flow

Nappe flow is commonly referred to as “white water” flow in stepped
chutes. Flow is highly turbulent throughout the water profile during low flow

events, but it is distinguishable from its counterpart, skimming flow, due to the
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“white water” action or water-air interface that is observed near the surface of the

water. Figure 2.5 illustrates nappe flow photographically.

Figure 2.5 Photographic view of nappe flow.

Efforts have been conducted to evaluate the energy dissipation associated
with nappe flow events. Rajaratham (1990) investigated skimming flow and
concluded that nappe flow exists when the ratio of critical depth to step height,
do/h, is less than 0.8. Sorenson (1985) found that nappe flow occurred when di/h
= 0.16. It is recognized that these observations are based on experiments
involving relatively steep slopes (i.e. 6 > 25°).

Skimming Flow

Skimming flow most commonly occurs during larger flow events such that
the flow is observed to skim over the step edges and has a glassy appearance.
Although energy dissipation occurs during these events, it is less apparent to the
naked eye as the high turbulent, air entrained flow is not observed at the water
surface like nappe flow. Instead, recirculating vortices develop between the main

stream and the step edges (Chanson, 2002). Figure 2.6 illustrates skimming flow
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photographically with dye injected to highlight the recirculating vortices within the

flow.

Figure 2.6 Photographic view of skimming flow with injected dye highlighting
recirculating vortices within the flow.

Numerous researchers including Rajaratnam (1990), Chanson (1995),
Chamani and Rajaratnam (1999), Matos, et al. (1999), and Pegram, et al. (1999)
have conducted in-depth investigations into skimming flow in stepped spillways.
Rajaratnam (1990) investigated the skimming flow regime in stepped spillways to
predict shear stress and frictional energy loss. To determine the shear stress,
Rajaratnam (1990) set out to establish the coefficient for fluid friction for a given
set of flow conditions. To estimate the energy loss for skimming flow on a
stepped spillway, Rajaratnam (1990) compared the energy loss caused by the
steps to the energy loss created by a smooth spillway. He concluded that a
considerable amount of energy is lost due to steps compared to the energy loss
created by a smooth spillway. He further concluded that skimming flow can be
characterized based on critical flow depth (y.) to vertical step height (h) ratio is

greater than 0.8. Chanson (1993, 1995) additionally proposed that the total head

24



loss could be estimated for skimming flow conditions in steep (6 > 50°), stepped
spillways such that it is a function of friction factor, the spillway slope, the critical

depth, and dam height such that it is written as follows:

1/3 -2/3
f_ *cos9+l(——f———)
AH—-l— 8*sin & 2\ 8*sin @

Ho Hdam +_?1
d 2

c

(2.3)

where: AH = total head loss, H, = maximum head available, f = friction factor, 6 =

channel slope, Hgam = dam height, and d. = critical flow depth (Chanson, 1995).
Chanson (1995) advises that Equation 2.3 be used with caution as it does not
address flow aeration. Additional vigilance should be taken with this information,
so it is not applied outside the ranges (i.e. steep (6 > 30°), stepped spillways) for
which it was developed.
Transitional Flow

Transitional flow is the point where nappe flow attempts to shift into
skimming flow characteristics. The high turbulence “white water” observed at the
water surface begins to decrease, and a more glassy appearance begins to

emerge of the water surface. Little information has been obtained in research
about transitional flow. For a relatively flat slope (6 < 30°), Yasuda and Ohtsu

(1999) reports observations in which transitional flow regime occurs between a
critical depth (d) to step height (h) ratio of 0.78 and 1.05, respectively. The work

by Chanson (2002) supports these findings.
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Air Entrainment and Energy Dissipation

One of the advantages of a stepped chute in spillway applications is its
ability to dissipate energy, potentially reducing the size of the energy dissipating
stilling basin and therefore making stepped spillway applications more feasible.
Energy dissipation that occurs in stepped spillways can be visually observed by
the high turbulence or “white water” action occurring on the steps; however,
energy dissipation occurs in stepped spillways before this aerated region is fully
developed. This “white water” action is typically characterized as air entrainment
within the flow. Although not visually apparent, air entrainment begins to develop
prior to it reaching the water surface. Air-entrained flows in stepped spillways
occurs when the water jet impacts the steps; when the water-air interface such
that the jet of water breaks up in the air; or when the water is recirculated causing
the undissolved air to become trapped (Chanson, 2002). Chanson (2002) states
that air entrainment is caused by the unstable flow fluctuations that occur next to
the air-water free surface. Consequently, this instability causes an increase in
flow bulking within the spillway chute and in turn affects design parameters of the
spillway chute and stilling basin.

Air-entrained flow is not typically visible to the naked eye until it reaches
the free surface. The visually apparent air-entrained flow is normally described
as “white water.” The location where the “white water” begins or where the air-
entrained flow reaches the free surface is known as the air entrainment inception
point (Chanson, 2002) (Figure 2.4). Air entrainment within the flow initiates flow

bulking, a variable in determining the training wall height in the spillway chute.
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For conditions upstream of the inception point, the role of air entrainment is
expected to be minimal, and therefore, accountability of it in the design height of
the training walls may be insignificant (Hunt and Kadavy, 2008). Air entrainment
is expected to be more of a factor in determining training wall height when the
length of the spillway chute extends beyond the inception point into the aerated
flow region. Therefore, the location of the inception point within the spillway may
dictate whether the air entrainment within the flow is sufficiently significant for
engineers to account for it in the design height of the training walls.

Although questions are often raised with respect to scale effects in
modeling air entrained flows, Chanson (1994, 2002) and Boes and Hager
(2003a) provide insight in determining the point at which air entrainment starts
within a stepped spillway. Chanson (1994, 2002) relied on model and prototype
data to numerically determine the distance the inception point of air entrainment
is from the spillway crest:

L, =9.719(sin 8)*"° (F,)*""* h (cos ) (2.4)
where L, = distance from the start of growth of boundary layer to the inception
point of air entrainment (Figure 2.4), 6 = spillway slope, F- = Froude number
defined in terms of the roughness height: F-=qu/[g (sin 6) {h (cos 8)}*°®, h = step
height, qw = discharge per unit width, and g = gravitational constant. Chanson
(2002) notes that the development of Equation 2.4 was based on spillway slopes
ranging from 6.8 to 55°. However, most of the data for the equation development
represented the steeper end (6 > 50°) of the slope spectrum. Therefore, Chanson

(2002) recommends that caution be used when applying this equation to flatter
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slope conditions. Hunt and Kadavy (2008) has conducted an extensive
generalized model study showing that Chanson’s relationship, Equation 2.4, is
suitable for slopes as flat as 14°.

Boes and Hager (2003a) likewise developed equations based on model
studies for determining the location of the air entrainment inception point. Based
on spillway slopes ranging from 26 to 75°, Boes and Hager (2003a) estimated
that the distance from the spillway crest to the inception point as they define it as

5.90d°"
L= _.___(Sin PRI (2.5)

where d. = critical depth, 6 = spillway slope, and h = step height.

Air entrainment within the flow plays a vital role in determining flow depth
and velocity in stepped spillways. In modeling stepped spillways, it is often
difficult to measure the flow depth with a point gauge and velocity with a pitot
tube because of the “white water’ nature of the flow in the stepped spiliway.
Even though a point gauge remains the instrument of choice in collecting water
surface profiles, instrumentation such as a fiber-optical probe (Boes and Hager,
2003a) is an alternative method used in data collection of air concentrations and
flow velocities. The ability to determine air concentrations within the flow can
lead to an improved estimation of flow depth and therefore a better
approximation of the training wall height necessary to retain the design flow
(Boes and Hager, 2003a).

When water becomes infiltrated with air, water properties such as the
specific weight of water may be affected, and these water properties may play an

important role in developing design criteria for stepped spillways. The specific
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weight of water is defined as the weight of water per unit volume. The specific
weight of water at 15.6 °C (60 °F) is typically reported as 9.81 kN/m® (62.4 Ib/ft°).
For stepped spillways, the volume of water in this example becomes permeated
with air, and therefore, decreases the weight of water within the volume.
Consequently, the specific weight of water for the flows in stepped spillways is
expected to be less than the normally reported value. Current literature has not
reported what the specific weight of water for air-entrained flows is; instead, most
stepped spillway research involving the specific study of air entrainment reports
air concentrations and air bubble properties.
Scale Effects Associated with Physical Modeling of Stepped Spillways
Measurement techniques in physical modeling may create errors within
the data collected; however, additional problems can arise from physically
modeling stepped spillway surfaces because of scale effects. Scale effect is a
term given when slight distortions that are introduced by the forces (i.e. gravity,
viscosity, surface tension) involved in the modeling of a structure. Scale effects
are typically apparent when the scale of the model is small. For instance, air
entrainment in stepped spillways is not fully developed when modeled at small
scales; consequently, energy dissipation may be overestimated within the chute.
Scale relationships between model and prototype are typically based on
Froude similarity, a method that provides replication of gravitational forces
(USBR, 1980). When scaling the model according to Froude similarity, it is
assumed that the effects of gravity usually outweigh the effects of viscosity and

surface tension (USBR, 1980). It has been documented; however, that scale
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effects associated with highly air-entrained flows are expected because viscosity
and surface tension are not as outweighed by gravitational forces as one might
think (Chanson, 2002 and Boes and Hager 2003a).

In Froude similarity, the Reynolds number, a non-dimensional term that is
a measure of the ratio of the inertia force on an element of fluid to the viscous
force on an element, is different in the prototype than in the model because the
fluid in the model is typically the same as the fluid in the prototype (Munson, et al.
1994). A model Reynolds number greater than 10* is normally accepted in the
practice of hydraulic modeling because it is deemed that the scale effects
associated with viscous forces are relatively insignificant (USBR, 1980).
However, according to Boes and Hager (2003a), the Froude, Reynolds, and
Weber similarity laws must be satisfied to approximate similarity for air entrained
processes between models and prototypes. To satisfy these laws, Boes and
Hager (2003a) as outlined in studies by Kobus (1984) and Rutschmann (1988)
recommend that the minimum limits for the Reynolds and Weber numbers be 10°
and 100, respectively, to achieve minimal scale effects in physical modeling of
stepped spillways. Takahashi, et al. (2006) recommends that Froude, Reynolds,
and Morton similarity be satisfied for modeling highly air-entrained flow, but they
recognize that this can only be achieved at full-scale. Chanson (2002)
recommends that scales no smaller than 10:1 be used in order to avoid scale
effects; otherwise, smaller scales may lead to overestimation of energy

dissipation and flow depth.
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CHAPTER Il
THEORY DEVELOPMENT FOR TRAINING WALL HEIGHT DESIGN CRITERIA
Modeling and Similitude

Models are a scaled representation of a physical system that may be used
to predict the prototype behavior of the system in some desired respect. Models
may be mathematical, computer, and/or physical depending what is known about
the system or what information about the system is of interest. From a hydraulic
engineering standpoint, larger physical models are more expensive to construct
and test to the point where large scale models may be cost prohibitive; therefore,
a physical model is usually constructed and tested at small-scale. The
disadvantage of using a smaller scale; however, is misinterpreting data such that
it does not reproduce the design behavior of a prototype. Therefore, it is vitally
important that a physical model is properly designed and tested within the cost
constraints and physical limitations of the model, so the results are correctly
interpreted.

The theory of models is based on the principles of dimensional analysis.

Dimensional analysis is a problem solving method used to check the validity of

equations such that the dimensions on one side of the equation must equal the
dimensions on the other side of the equation (Munson, et al. 1994). It has be

shown that any given problem can be expressed in terms of a set of
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dimensionless products known as “pi” terms that arise from dimensional analysis.
For example, free surface flow that occurs in canals, rivers, spillways, stepped

chutes, and stilling basins can be described by a set of dimensionless groups

that include the Froude number (—v—), Reynolds number (B—E{), and Weber

N

number (

2
il 6) where V is the velocity, g is gravitational acceleration, ¢ is some
c

characteristic length in the system, p is the density of the fluid, p is the dynamic

viscosity, and o is the surface tension (Munson, et al. 1994). Dimensionless
numbers such as Froude, Reynolds, and Weber numbers represent force ratios,
usually with inertial forces in the numerator. The Froude number accounts for
both gravitational and inertial forces within the free surface flow. Reynolds
number is the ratio of inertial forces to viscous forces, and in addition to inertial
forces, Weber number accounts for surface tension forces. Large values of the
ratios represented by the Froude, Reynolds, and Weber numbers suggest that
the forces represented in the numerator are much greater than those
represented in the denominator for the condition of interest. For that condition,
exact matching of the ratio for model and prototype may not be required as long
as the ratio remains large for both (that is, the same type of force retains

dominance). When the relative importance of the forces are similar such that the

value of the ratio is on the order of 1.0, then the ratio should be matched
between model and prototype, so the influence of both force systems are

correctly represented. Yet, it is impossible to satisfy exact equality of all ratios in

32



a scaled model using prototype fluid and prototype gravitational field in the
model.

Because the Froude number between model and prototype can be closely
matched such that the Froude number in typical physical systems of interest is
on the order of one, Froude modeling is most commonly chosen method for
modeling free surface flows. Froude number similarity between models and
prototypes is thus described by the following relationship:

|4 Vv

'\/gmgm ) \/g

where the subscript m denotes the model. Since the model and prototype are

(3.1)

expected to operate in the same gravitational field (gm = g), Equation 3.1 can be

further simplified to the following relationship:

Vo _ [tn _
] ®2)

where /4, is the length scale. Froude modeling, with respect to the continuity

equations, yields the following relationships for discharge and unit discharge:

Q 5/2

Zn = (3, 3.3
o =) (3.3)
Lo = (2" (3.4)
q

where Q is the discharge and q is unit discharge.
Satisfying both the Weber number and Reynolds number similarity for free
surface flow adds an element of complexity in modeling free surface flow in

stepped spillways. In many problems involving free surface flow, surface tension
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and viscous forces are small in comparison to gravitational and inertial forces, so
Weber number and Reynolds number similarity are not always necessary.
However, when dealing with small-scale models of stepped spillways where the
flow depths are often small, viscous forces and air entrainment become
dominating, and viscous effects and surface tension become important factors in
relation to scale (Chanson, 2005 and Boes and Hager, 2003a). In the literature,
Boes and Hager (2003a) recommend that the minimum limits for the Reynolds
and Weber numbers be 10° and 100, respectively. Boes and Hager (2003a)
believe these values will minimize the scale effects associated with viscosity and
surface tension. Many researchers advise that the scale be 10:1 or larger to
achieve minimal scale effects (Chanson, 2002). The research community has
yet to reach a consensus on the limits of scale and/or Reynolds and Weber
numbers to minimize scale effects in physical models of stepped spillways when
air entrainment may become an important factor.
Momentum Principles

Momentum Principles for Open Channel Flow

The classical definition of momentum is mass times velocity or otherwise
defined as mass in motion. Newton’s second law of motion relates momentum to
open channel flow parallel to the channel bed by stating that the time rate change
of momentum in a body of water in a flowing channel is equal to the resultant of
all the external forces that are acting on the body (Chow, 1959). Applying
Newton’s second law of motion to a large channel slope, the momentum

equation can be written as follows:
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-ngﬁ(,ﬁgv2 ~BV,)=P,~P, +Wsin6-F, (3.5)

where Q = discharge, w = the unit weight of water, § = the momentum
coefficient, V = velocity, P = pressure force, W = weight of water, 6 = channel
slope, and F; = the total external force of friction and resistance acting along the
surface of contact between the water and the channel. The subscripts refer to
two points along the channel as described by Chow (1959).

To simplify Equation 3.5, some assumptions may be made about the flow
in the channel. First, the flow may be assumed parallel or gradually varied.
Gradually varied flow is defined as a steady flow whose depth varies Qradually
down the length of the channel. Since the term gradually varied flow signifies a
steady flow condition, the flow can be considered constant for a time interval
under consideration. Gradually varied flow is already established in Equation 3.5
since it does not include a time derivative. Additionally, the flow is considered
parallel; consequently, the flow may be assumed to have a hydrostatic pressure
distribution such that the pressure in Equation 3.5 may be computed (Chow,

1959). For a slope angle, 6, that is large, pressure may be determined as
P= % wd” cos 8 (3.6)

where d = the depth of flow measured perpendicularly from the bed surface and
the other terms were previously defined. Parallel flow also implies that the
momentum coefficient, B, is equivalent to one. Equations 3.5 and 3.6 are vital in
the development of prediction equations for spillway training wall height using a

momentum analysis approach.
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Simplified Momentum Analysis for a Converging RCC Stepped Spillway
and Equation Development for Training Wall Height

A control volume vector approach to momentum analysis for a converging
RCC stepped spillway is used to develop a prediction equation for the flow depth
along the training wall and consequently the minimal height necessary to prevent
overtopping of the training wall. Equation 3.5 defines a momentum relationship
as it relates to a simple condition in an open channel. For a converging spillway,
a more complex control volume is required to determine the wall height;

therefore, the classical force balance of the control volume is

2F’=Ip\7\70d}i (3.7)

cs

In order to apply Equation 3.7, the control volume must be defined in
relation to location with in the converging spillway chute. The control volume is
placed in the spillway chute such that it is perpendicular to the wall and to the
face of the chute. Figures 3.1a and 3.1b illustrate the placement of the control
volume in the spillway. Further definition of the control volume is necessary, so
the direction of forces acting on the control volume can ultimately and reasonably
be resolved. Therefore, the unit vector perpendicular to the chute face is defined

as
i, =sin(@)i +0J +cos(@)k (3.8)
where 6 = chute slope. Figure 3.2 illustrates the chute profile section A-A as

depicted in Figure 3.1a.

The unit vector parallel to the velocity down the chute face is
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i, = cos()i +0] —sin(@)k (3.9)

Figure 3.2 also depicts the orientation of the velocity unit vector in relation to the
control volume.

The unit vector representing the upstream face of the control volume is
i, =—cos(y) sin(@)i +cos(y)cos(@) J + sin(l//)lg (3.10)
where y = tan™ (sin(¢) tan(6)) (i.e. angle formed by the x-y plane with the vector

parallel to the chute floor and perpendicular to the training wall) and ¢ is the
angle of convergence (i.e. angle measured in the x-y plane such that zero
indicates training walls parallel with flow). Figure 3.3 illustrates the orientation of
i, in the wall profile section C-C as defined in Figure 3.1a.
The unit vector representing the wall face is
i, = —sin(@) +cos(@) ] + 0k (3.11)

Figure 3.3 also depicts #,,, .
The unit vector representing the velocity along the wall, which is perpendicular to
the wall vector and is the vector entering the control volume on the upstream side
and exiting the control volume on the downstream side is

i,, = cos(w, ) cos(@)i + cos(w, )sin(¢) ] — sin(y, )k (3.12)
where y, = tan™" (cos(#) tan(8)) (i.e. angle formed by the x-y plane with the vector
lying in the plane of the wall and the chute floor). Figure 3.4 demonstrates the

location of &, in the wall profile section B-B as defined in Figure 3.1a.

The unit vector lying in the plane of the wall perpendicular to the velocity vector

along the wall is
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ﬁpw = sin(y,) cos(¢)f +sin(y,) sin(¢)} +cos(y, )lg (3.13)

Figures 3.3 and 3.4 illustrates the orientation of i, in the wall profile.

Top View

Side View

b). N

Figure 3.1 a). Top view of the control volume illustrating that the upstream face
is perpendicular to the training wall. b). Side view of the control volume showing
that the upstream face is perpendicular to the chute floor.

Uvyel

Figure 3.2 Chute profile: Section A-A as shown in Figure 3.1a.
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Uwall

Figure 3.4 Wall profile: Section B-B as shown in Figure 3.1a.

With the control volume defined, the basic force balance as written in
Equation 3.6 must be satisfied. The resulting scalar relations derived from
Equation 3.6 must then be satisfied in any selected direction such that the forces
on the control volume balance. Application of the analysis to the selected control
volume is complicated because all dominant forces and velocities must be
determined. Despite the direction chosen to resolve the forces and momentum
flux, assumptions about the pressure and velocity distributions must be chosen.
These assumptions implied by the selected control volume are 1) velocity
distribution on the face of the chute is uniform in the direction implied by the unit

vector parallel to the velocity down the chute face, and this is the velocity seen by
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the face of the control volume away from the wall, 2) velocity direction changes
suddenly at the shock within the control volume such that the sides of the control
volume see only velocity aligned with the unit vector representing the velocity
along the training wall, and 3) the pressure distribution is implied by the assumed
velocity vectors and is assumed to be hydrostatic relative to the implied water
surfaces at }both the training wall and in the undisturbed chute. The first
assumption implies that there is no shear component on the face of the control
volume in the undisturbed flow. The second assumption concerned with the
rapid change of flow direction at the shock implies that the direction of the shear

on the bed and the shear stress on the wall is in the direction of -u,,,. For this

assumption, the magnitude of flow depth, velocity, and roughness would have to
be estimated. An additional implication is that the velocity of the flow up the wall
is negligible.

An attempt was made to resolve the forces along the unit vector
representing the upstream face of the control volume, i,,. By assuming a
control volume of unit width, the pressure force on the wall is

F,, =2 cosW,)/ 20, (3.14)
where y = specific weight of water and d,, = the predicted flow depth at the wall
measured mutually perpendicular to the velocity vector along the training wall
and the local water surface of the chute (along the unit vector lying in the plane of
the wall perpendicular to the velocity vector along the wall). The pressure force
on the control volume in the undisturbed flow is

E, =-d*cos(0)/ 24, (8.15)
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where d = the flow depth measured mutually perpendicular to the velocity vector
and the water surface in the undisturbed section of the chute (along the unit

vector perpendicular to the chute face). The weight of water in the control

volume acts vertically downward yielding

iy

Fy =W (3.16)

—

F, is computed knowing the distance from the wall as well as the shape of the

upper surface. Additionally, the value d, appears in the relation. However, one
could assume a control volume shape for computing water volume that would not
affect the pressure terms; thereby allowing the weight force to be determined as

follows:

F, = —;dj(c, ~C} ianz(—'/’) +(1-C, tan(y))’ fﬁ(l’lzﬁi’i@)k (3.17)

The momentum flux into the control volume through the upstream face is then
given by:

M = pvz(ﬁvel .ﬁcvl )ﬁ (318)

vel

or M = pv?d(cos(8)cos(w)sin(¢)+0 - sin(8)sin(g))i (3.19)

vel

To reduce each of these vectors to scaler form along the vector u_, requires the

o
dot product of each of the force momentum flux vectors. Some relationships may
be identified as perpendicular, and therefore, the dot product would be zero. If
the weight of water in the control volume in the direction of the forces being
resolved is considered small compared to the other terms in the momentum
analysis, then the above relations would be expected to yield the following

equation:
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W2 cos(y, )cos(y) 1d*cos®
2 2

+ pv?d(cos(@)cos(w)sin(p) +sin(8)sin(p))* (3.20)

To specifically solve for dw, Equation 3.20 was rearranged into Equation 3.21.

[;dzcose

cosd pvzd(cos(ﬁ)cos(y/)sin(¢)+sin(&)sin(¢))2:|*2

= 7oos(y, Jeosy)

w

(3.21)

Equation 3.21 has the potential for collapsing data for various discharges, slopes,
and convergence angles to yield a minimum training wall height necessary to
retain the desired design discharge, where the wall height above the surface
formed by connecting the step would be:

H o =% (3.22)

wall COS(V/Z)
Figure 3.4 illustrates the wall height in relation to the control volume along the
wall profile. Caution must be exercised when using Equations 3.21 and 3.22

because air entrainment within the flow is not considered.
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CHAPTER IV
EXPERIMENTAL EQUIPMENT
Testing Facility
An experimental program was conducted in a testing facility at the USDA-
ARS Hydraulics Engineering Research Laboratory. Figure 4.1 shows an aerial
view of the USDA-ARS Hydraulic Engineering Research Laboratory. The
laboratory is located near Lake Carl Blackwell approximately 7 miles west of
Stillwater, Oklahoma (Figure 4.2). A three-dimensional, 1:22-scale physical
model replica of a proposed converging RCC stepped spillway design was
constructed in a test basin and used to evaluate the flow characteristics in the
spillway. Figure 4.3 photographically illustrates the physical model. The
dimensions of the test basin were 19.8 m (65 ft) long, 6.7 m (22 ft) wide, and 1.2

m (4 ft) deep, respectively.

ahe Cart Blackweli

Figure 4.1 Aerial view of the USDA-ARS Hydraulic Engineering Research Unit.
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Figure 4.2 Site map of the USDA-ARS Hydraulics Engineering Research
Laboratory.

Figure 4.3 Photograph of stepped spillway model with 52° convergence.
The model dimensions were based on a prototype design of a stepped
spillway planned for Big Haynes Creek watershed site 3 (H-3) in Gwinnett
County, Georgia. The prototype design was provided by Golder Associates Inc.

(Golder) and Gwinnett County Department of Public Utilities (GCDPU) (Golder,

2003) (Figure 4.4). Golder is a contracted architecture and engineering firm for
the Georgia NRCS, and GCDPU is the sponsor responsible for the flood

retarding structure. The prototype entrance to the spillway consists of a 100-m
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(330 ft) wide ogee crested weir (Figure 4.4), with flow continuing down a
3(H):1(V) (6 = 18.4°) chute with 0.3 m (1 ft) prototype size steps (Figure 4.5).
The spillway walls converged down the chute with angles (¢) 0°, 15°, 30°, 52°,
and 70° tested. Figure 2.2 as well as Figure 3.1a illustrates ¢. The point of

convergence commenced at station 3.72 m (122 ft) (Figure 4.5). The

approximate prototype spiliway drop was 9.7 m (32 ft).
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Figure 4.5 Schematic profile of the stepped spillway.

The original design of the structure required a training wall height of 3.7 m

(12 ft) (Golder, 2003). To ensure that the flow would be contained in the model,
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the training walls in the model were constructed to represent a prototype height
of 4.3 m (14 ft). The stilling basin length and wall height provided in the design
proposal were 9.1 m (30 ft) and 6.7 m (22 ft), respectively (Golder, 2003). The
stilling basin length for all tested flows in the model was later modified to an 18.2
m (60 ft) prototype representation based on performance observations in the
early stages of the testing. The stilling basin end sill height as indicated by the
proposed design was 0.6 m (2 ft prototype) (Golder, 2003). For the 52°
convergence test, the prototype stilling basin entrance and exit widths were 36.6
m (120 ft) and 30.5 m (100 ft), respectively.

Since the training wall design was the primary point of interest for this
particular study, it was verified during the testing of the 52° convergence that the
flow behaved similarly on both sides of the model. Therefore, subsequent tests
included testing two convergence angles at once. For example, during a series
of tests, one training wall convergence was 30°, and one training wall
convergence was 15°. By conducting the experiments in this manner, testing
could be conducted over a larger range of convergence angles in a more timely
fashion.

The model steps were constructed of sanded redwood that was coated in
polyurethane. The ogee crest section was comprised of a PVC material, and the

training walls were constructed with clear acrylic material that allowed visual

observations of the flow within the chute.
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Measuring Devices

The flow to the test facility and subsequently to the model was delivered
through a 0.46 m (18 inch) diameter pipe that tapped into a 0.46 m (18 inch)
diameter siphon. The siphon is one of five siphons that are located within the
embankment dam of Lake Carl Blackwell; consequently, water for all tests was
lake water (Figure 4.6). Figure 4.7 photographically depicts the test facility as the
water delivery pipes enter the building. Test flows were controlled using a
combination of an orifice meter (Figure 4.7) and air-water differential manometer
(Figure 4.8). The accuracy of the flow measurement for the facility is within £1%.
The water temperature was taken for each test using a thermometer. The
thermometer was read to the nearest degree. The outflow and tailwater was
controlled with an adjustable overflow weir (Figure 4.9). Tailwater conditions
were tracked regularly during testing using a manually operated point gauge
attached to the downstream end of the test basin. The point gauge is read within
+0.0003 m (+0.001 ft). Once the flow exited the model basin, it exited the facility
and was discharged into Stillwater Creek downstream of the facility and Lake

Carl Blackwell.
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0.46 m (18
inch) diameter

pipe tapped
into siphon one

Figure 4.6 Siphons located in the dam with a 0.46 m (18 inch) diameter pipe
tapped into siphon one for flow delivery to the test facility.

Location of the
orifice plate

Figure 4.7 Water supplied to the test facility through 2 0.46 m
(18 inch) diameter pipe.
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Figure 4.8 Air-water differential manometer.

Adjustable Overflow
Weir

Figure 4.9 Adjustable overflow weir.

Data including bed elevations, water surface elevations, velocities, and air
concentrations were collected during testing, and digital photography
documented each test visually. A manually operated carriage mounted point
gauge was used to take cross-sectional and lateral bed profiles and water level
measurements from the approach section of the spillway to downstream of the

stilling basin (Figure 4.10). The point gauge is read within +0.0003 m (+0.001 ft).

Velocities and air concentrations were taken only for the specific design
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configuration of interest. These measurements were taken with a two-tip fiber-
optical probe attached to a data acquisition system similar to that described by
Boes and Hager (2003a, b) (Figure 4.11). The accuracy of the velocity and the
air concentration measurements as reported by RBI Instrumentation et mesure
(2004) is £10°. Other flow measurement devices like a pitot tube coupled with a
pressure transducer could have been used to measure velocity; however, these
tools were not used for data collection because the flow depth at times was so
small that the pitot tube would have caused flow disruption and inaccurate
measurements to be collected. Digital photos and digital video documented the

changes in flow characteristics during each test.

Figure 4.10 Water surface profile measurement.
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Figure 4.11 Air concentration and velocity measurement.
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CHAPTER V
METHODS AND PROCEDURES

Once the model was prepared in accordance with the testing program
presented in Table 5.1, data were taken prior to testing, during each test, and at
the conclusion of each test. Prior to initiating flow, base line model conditions
were documented. The documentation included centerline channel profiles of
the model; spillway profiles along the steps against the training wall; and cross-
sectional profiles of the crest section, the spillway chute at stations 4.6, 11.1,
14.8, 20.3, 23.1, and 26.8 m, and stilling basin were taken.

Table 5.1 Summary of Testing Program.

Test# | ¢ (°) Left, Right | Qoroto (M¥(5'M)) | TWororo (M) | de (M)
1 52, 52 5.05 286.2 1.37
2 52, 52 7.58 287.1 1.80
3 52, 52 1.26 283.7 0.55
4 52, 52 2.52 284.9 0.87

24 15, 30 7.58 - 1.80
25 15, 30 5.05 - 1.37
26 15, 30 2.52 - 0.87
27 15, 30 1.26 - 0.55
32 0,70 1.26 - 0.55
33 0,70 2.52 - 0.87
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After the base line model conditions were recorded, testing began. Test
initiation started with the downstream filling of the test basin with water to the
desired tailwater level. This allowed the majority of the test basin to be filled with
water without exposing the model to unnecessary flow that could cause the
model to prematurely deteriorate. Water for the downstream end of the test
basin was delivered through a 0.1 m (4 inch) pipe located in the downstream end
of the test basin. The line taps into the original pipe entering the facility (Figure
5.1). Once the tailwater conditions were established, the inflow to the model was
initiated, and the 0.1 m (4 inch) pipe in the downstream test basin was shut off.
The inflow was allowed to stabilize, which was verified through a strip-chart
recorder (Figure 5.2). A strip chart recorder is a device used to measure and
record water level over time. This particular strip-chart recorder consists of a
float pulley, a float, a counterweight, a rotating drum, a six-hour chart, and pen.
As the water level changes, the float and counterweight will rise and fall
according to the water level. This action rotates the pulley wheel to mimic the
rise and fall of the water level, subsequently moving the pen that is attached to
the pulley wheel. The pen records the changes in water level on the chart that is
attached to the rotating drum. Once the water level reached a steady state
condition as indicated by a continuous line on the chart, the flow was deemed
stabilized. Stabilization typically occurred within 20 minutes of the initiation of
inflow. Once the desired inflow was established, the air-water differential

manometer and the chart recorder were routinely checked during the test to
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insure a constant flow rate. Additionally, a manually operated point gauge was

checked regularly to insure the preferred tailwater conditions were set.

Pipe routes to the
downstream end
of the test basin

for filling.

Figure 5.1 Pipe for downstream filling of the test basin.

Rotating drum
with attached
chart

attached float and
counterweight

Figure 5.2 Strip chart recorder for verification of stabilized inflow.
Each model configuration was tested under four inflow conditions. The

largest prototype flow, 7.58 m%(s-m) (81.6 cfs/ft), was set based on the expected
spillway discharge or probable maximum flood (PMF) for the specific site for
which the spillway was being designed. Additional flow rates were selected for

testing based on this PMF (7.58 m%(s'm)) and are summarized in Table 5.1
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along with the prototype tailwater elevations, and the critical depth along the
spillway crest. Figure 5.3 illustrates the model with 52° convergence tested at
the PMF (7.58 m%(s'm)) and design tailwater. As previously mentioned, the
model was constructed at a 1:22 scale. Equation 3.4 provides the relationship

necessary for determining model flow conditions given prototype flow conditions

summarized in Table 5.1.

Figure 6.3 Physical model with 52° convergence tested at qpoto = 7.58
m?(s-m) (81.6 cfs/ft) and design tailwater.

Each model configuration was tested under two tailwater conditions. The
first tailwater condition was that indicated by the specific location for the original
design as summarized in Table 5.1. The second set of tailwater conditions was
the minimum tailwater conditions for the structures in order to obtain a spectrum
of data. The minimum tailwater is the tailwater on the chute that is controlled by
the basin end sill.

The flow through the model was characterized by taking water level
measurements, noting qualitative changes or disturbances within the flow, and
photographing and videoing each test. Water level measurements included

centerline water profiles, training wall water profiles, and cross-sectional profiles
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taken at the downstream edge of steps one, eight, twelve, eighteen, twenty-one,
and twenty-five. The steps are designated in Figure 4.5 with step one beginning
at the top of the spillway chute next to the ogee crest and step 27 ending at the
bottom of the spillway chute. Step one, eight, twelve, eighteen, twenty-one, and
twenty-five correspond to horizontal stations 4.6, 11.1, 14.8, 20.3, 23.1, and 26.8
m, respectively. All water surface profiles, velocity measurement, and
photographs were collected once the flow stabilized.

Velocity and air concentrations measurements were taken during the
testing of the 52° convergence, which was the specific configuration of interest.
Tests one thru four were specifically conducted to collected water surface
profiles. Tests five thru eight were conducted similarly to tests one thru four;
however, the specific data of interest were the velocity and air concentration
measurements at step 21 (i.e. sta. 23.1 m) under minimal tailwater conditions.
No water level profiles except for some spot check locations were taken during
tests five thru eight. Additionally, velocity and air concentration measurements
were not recorded for other test configurations due to the lack of air entrainment.
The extrapolation of these data to prototype conditions is unreliable until an
appropriate scaling factor can be determined.

Each test was documented photographically through the use of both
digital photography and digital videography. The digital images were taken

towards the conclusion of each test to document flow characteristics.
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CHAPTER VI
RESULTS AND DISCUSSION

Several components play a role in the design of a converging stepped
spillway. To name a few, these elements include air entrainment, discharge, and
convergence angle of the training wall. Chapter VI outlines an empirical
approach based on measurements collected during testing for designing a
converging stepped spillway of similar design (i.e. chute slope and step height).
An inception point relationship developed by Chanson (1994) may be used to
determine whether air entrainment should be considered in the design height of
the training walls. The convergence of the training wall also plays a significant
role in the flow depth at the training wall as well as the bulking width. These
observations are detailed in the sub-sections of this chapter.

As outlined in Chapter lil, a simplified, momentum analysis approach to
predict the flow depth at the training wall was developed. This theoretical
approach could provide minimum height requirements for the training wall
necessary to retain the design flow. The measured flow depth at the training wall
is compared to the predicted flow depth at the training wall as described herein.
The simplified, momentum analysis method provides design engineers an
alternative for determining the training wall height requirements for converging

stepped spillways.
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Air Entrainment

Air entrainment within a stepped spillway chute must be accounted in
determining training wall height. It is believed that air entrainment is expected to
be a factor in determining training wall height when the length of the chute
extends beyond the point of significant air entrainment, referred to as the
inception point. Therefore, the inception point location may dictate whether air
entrainment must be integrated into the spillway design of the training walls. For
conditions upstream of the inception point, air entrainment at the free surface is
expected to be minimal. For long chutes, air entrainment is expected to impact
the design of the training wall height as the turbulent boundary layer approaches
the free surface prior to the flow reaching the stilling basin. Flow bulking, an
increase in flow depth, is expected to occur as this turbulent boundary layer
reaches the free surface. Figure 2.4 in Chapter Il illustrates the approach of the
turbulent boundary layer to the free surface and the resulting air entrainment
inception point.

Although questions are often raised with respect to scale effects in
modeling air entrained flows, Chanson (1994, 2001, 2002) and Boes and Hager
(2003a) provide insight in determining the point at which air entrainment reaches
the free surface within a stepped spillway as indicated by Equations 2.4 and 2.5
(as outlined in Chapter Il sub-section Air Entrainment and Energy Dissipation).
The air entrainment inception point relationship developed by Chanson (1994,
2001, 2002) is applicable for spillway chute slopes ranging from 6.8° to 55°, with

the majority of the data in the steeper spectrum of 22° or greater. Equation 2.4,
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in fact, incorporates two data points for slopes less than 22°. The air entrainment
inception point equation developed by Boes and Hager (2003a) was developed
for stepped spillway chute slopes greater than 26°. The spillway chute slope of
18.4° studied in this investigation can be used as additional data in determining
the suitability of Equations 2.4 and 2.5 for flatter sloped stepped spillways.
Detection of the air entrainment inception point is difficult to ascertain. A
change in the flow appearance is an indicator of the air entrainment inception
point. As Figure 2.4 illustrates, the flow appears smooth above the air
entrainment inception point. The flow becomes irregular and often displays an
appearance of “white water” beyond the air entrainment inception point,
depending on the development of the turbulent boundary layer for the given flow
conditions. Visually observed changes in water surface from a smooth, glassy
appearance to a rougher, irregular flow appearance were noted during the tests
for the four flow rates (Table 5.1, Chapter V, Methods and Procedures) tested.
Figure 6.1 depicts the change in the water surface. Fully developed white water
is not expected at the free surface for this scale of 1:22; however, these slight
changes in flow appearance were determined to be the location of the air
entrainment inception point or where the turbulent boundary layer was apparently
intersecting the free surface. Table 6.1 summarizes the step location (steps
descend the spillway chute beginning at the crest section) and the distance from
the spillway crest section where the visually observed air entrainment inception
point was observed for each flow tested. Table 6.1 also summarizes the

predicted location (i.e. step location and distance from the spillway crest) of the
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air entrainment inception point according to equations developed by Chanson

(1994, 2002) and Boes and Hager (2003a).

CIEL A

regular, rough flow

A

Figure 6.1 Observed inception point and differences in flow characteristics.

Table 6.1. Calculated distances to inception point and locations of inception

point in the spillway as compared to the model observations.

Chanson (1994, Boes and Observed
2001, and 2002) Hager (2003a)
Qw-proto (M°/8) | Gu-proto (cfs/ft) | Ly (m) | Inc. pt. (step)® | L, (m) | Inc. pt. (step)® |L,(m)| Inc. pt. (step)®
PMF 7.58 816 27.37 25 76.10 - - -
2/3 PMF 5.05 544 20.50 17 55.02 - 16.5 14
1/3 PMF 2.52 27.1 12.51 9 31.6 - 10.1 7
1/6 PMF 1.26 13.6 7.63 4 18.15 15 7.38 4

“Inception point relative to step location in the spillway defined in Figure 4.5.

Table 6.1 compares the visual observations of the air entrainment

inception point to the air entrainment inception point locations predicted by

Chanson (Equatioh 2.4) and Boes and Hager (Equation 2.5). As Table 6.1

indicates, Equation 2.4 predicts the observed air entrainment inception point for

the lowest discharge, 1/6 PMF (1.26 m®(s-m) and 13.6 cfs/ft), tested, with step 4
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specified as the location of the air entrainment inception point for both the
observed and the predicted condition. For the 1/3 PMF (2.52 m®(s'm) and 27.1
cfs/ft) flow, the observed and predicted air entrainment inception point locations
(as calculated by Equation 2.4) were within approximately -6%. As flow
discharge increases, the difference between the predicted and the observed air
entrainment inception point increases. Equation 2.4 prediction for flows lower
than 1/3 PMF (2.52 m%(s'm) and 27.1 cfs/ft) showed less variation in the
inception point location than at flows higher than 1/3 PMF (2.52 m%/(s'm) and
27.1 cfs/ft) because the air entrainment was more developed at the free surface
and more visible at lower flows than higher flows. Table 6.1 shows that Equation
2.5 over predicts the distance of the inception point from the spillway crest for all
tested flows by as by an average 150% as compared to the observed location of
inception.

Another observation is that there was no inception point in the spillway chute
at the highest discharge (PMF = 7.58 m%(s'm) and 81.6 cfs/ft) tested such that
the turbulent boundary layer did not appear to reach the free surface. The
design tailwater elevation was noted near step 13, station 15.6 m (51.3 ft) when
collecting water surface data in the centerline of the spillway chute for the PMF
(7.58 m%(s'm) and 81.6 cfs/ft) flow. Based on the predicted location of the
inception point for the PMF (7.58 m%/(s-m) and 81.6 cfs/ft), the inception point
would occur below the design tailwater at step 25, station 27.37 m (89.8 ft).
Therefore, air entrainment does not appear to influence training wall height

design for the PMF (7.58 m®/(s'm) and 81.6 cfs/ft) discharge and design tailwater
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elevation of 287 m (942 ft) for the spillway described in this modei study. If the
design tailwater for this spillway were lower than the elevation of 281 m (923 ft)
at step 25, then air entrainment at the water surface would be expected as
summarized by Equation 2.4 in Table 6.1. As a result, the design engineer would
need to consider the flow bulking aspect caused by the air entrainment in the
height design of the training walls for this portion of the spillway. Additionally for
flows less than the PMF (7.58 m%(s'm) and 81.6 cfs/ft), air entrainment is
expected, so a design engineer must consider this as well in the design of the
training walls.
Stepped Spillway Design for Converging Training Walls

Most spillway designs require that the training walls retain a specified
design storm (i.e. a 100-year flood, the probable maximum flood, etc.).
According to the USDA-NRCS (2005), the design height of training walls for
structural spillways should be of sufficient height to prevent overtopping during
the passage of the full maximum freeboard discharge. The Portland Cement
Company, PCA (2002), indicates that the critical areas of the dam where the
training walls are located can result in high concentrated flow; therefore, high
training walls are recommended to prevent erosion of the embankment dam that
these RCC stepped spillways overlay. The following sub-sections summarize the

general observations and trends captured during testing. These observed results
are also compared to results determined through a simplified momentum

equation as outlined and developed in Chapter lIl.
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General Observations and Trends Captured during Testing through Data
Collections and Digital Imagery

Challenges associated in the design of converging stepped spillways
include the high concentrated flow near the training walls, containment of highly
air entrained flow, and the containment of concentrated flow or flow run-up along
converging training walls. Flow run-up is the additional depth of water extending
up the training wall created by flow convergence, compared to non-converging
flow or the undisturbed flow in the center of the chute. During testing, the flow
depth at the training wall increased at the point of convergence, station 3.7 m (12
ft), when compared to the centerline flow depth for each training wall
convergence. Figures 6.2, 6.3, and 6.4 graphically illustrate flow run-up. For
example, the water surface at the training wall as a result of the 52°
convergences as portrayed in Figure 6.2 is approximately 4.5 m (15 ft) greater

than the water surface in the center of the spillway chute at station 29 m (95 ft),

an increase over 500%. Additionally, Figures 6.2 and 6.3 representing the 52°
and 30° convergences, respectively, show a gradual increase in the flow depth
along the training wall as it descends though the spillway chute, whereas Figure
6.4 graphically displays a more constant flow depth along the training wall for the
15° convergence. It is observed in Figure 6.2 that the flow overtops the 52°

converging training walls with a PMF (7.58 m%(s'm) and 81.6 cfs/ft) flow

condition near station 9.6 m (32 ft). Figure 6.5 depicts the training wall

overtopping photographically. Figures 6.3 and 6.4 show that there was no
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overtopping for the 30° and 15° convergences under PMF (7.58 m%(s'm) and

81.6 cfs/ft) flow conditions.
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Figure 6.2 Centerline water surface profiles and water suiface profiles near the
training wall having a convergence angle of 52° tested under minimum tailwater

depth.
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depth.
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Figure 6.5 Flow run-up overtopping the 52° converging trainin II with
prototype PMF (7.58 m°/(sm) and 81.6 cfs/ft) and minimum tailwater depth.
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A comparison of the water surface profiles along the training walls with
convergence angles ranging from 0° to 52° for the PMF (7.58 m%(s-m) and 81.6
cfs/ft) flow rate with minimum tailwater depths is shown in Figure 6.6. At station
3.7 m (12 ft), the point of convergence, Figure 6.6 illustrates a dramatic increase
in the water surface for each of the tested convergence under the same flow
conditions. Figure 6.6 also shows the gradual increase in the flow depth near the

training wall as it descends the chute for each of the convergences. As the
convergence increases, the flow depth at the training wall also increases. For
instance, the flow depth along the 52° converging training wall at station 22 m
(72.6 ft) is nearly 3.2 times greater than the flow depth generated along the 15°
converging training wall at the same station as more directly illustrated in Figure
6.7. Figure 6.6 also demonstrates symmetry in the flow patterns on both sides of
the spillway as shown by the left and right water surfaces plotted on top of one
another for the 562° convergence. Chanson (1994) indicated that shock waves

would develop across converging spillways, so symmetry was not totally

expected for the extreme convergence case of 52°.
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Figure 6.7 Flow depth comparison for convergences 15°, 30°, and 52° at station
7.4 m (24.2 ft) for PMF (7.58 m®/(s'm) and 81.6 cfs/ft) flow conditions.

The stepped spillway was also examined with a training wall convergence
of 70°. The two lowest flow conditions, 1/6 PMF (1.26 m®/(s'm) and 13.6 cfs/ft)

and 1/3 PMF (2.52 m%(s-m) and 27.1 cfs/ft)), were tested for this configuration.
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Turbulent flow behavior was observed as the flow descended the spillway chute
as illustrated in Figures 6.8 and 6.9. Erratic flow conditions made data collection
difficult and subject to measurement errors. Another undesirable attribute of the
70° convergence during low flow testing revealed that the training walls disrupted
the flow over the spillway crest such that backwater effect occurred as a result of
the flow bulking at the training walls. Figure 6.10 portrays the training wall
impeding the flow near the crest of the spillway during 1/3 PMF (2.52 m%/(s-m)
and 27.1 cfs/ft) flow. Consequently, higher flows were not tested for the 70°
convergence as a result of these observations. Further testing at higher
discharges exceeded the limits of the test basin and the spillway model for the

configuration of 70° convergence.

Turbulent flow

Figure 6.8 Flow run-up along a 70° converging training wall with prototype 2/3
PMF (2.52 m%(s'm) (27.1 cfs/ft)) and minimum tailwater depth.
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Turbulent flow

Figure 6.9 Turbulent flow run-up along a 70° converging training wall ith
prototype 1/3 PMF (2.52 m%/(s-m) (27.1 cfs/ft)) and minimum tailwater depth.

Backwater
effect\at
the crest

| Figure 6.10 Turbulevht' flow impeding on the spillway crest caused by a 70°
converging training wall with prototype 1/3 PMF (2.52 m®/(s-m) (27.1 cfs/ft)) and
minimum tailwater depth.
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Training Wall Influence on Flow

Observations were made with respect to the training walls influence on the
flow. Flow bulking extended horizontally from the training wall along the entire
length of the spillway chute as it entered the tailwater as shown in Figure 6.11.
Cross-sectional profiles were taken at steps one, eight, twelve, and twenty-one.
These profiles were normalized by the critical depth with the profiles presented
graphically in Figures 6.12, 6.13, and 6.14 for the PMF flow. Tabular data is
summarized in Appendix A. Figure 6.12 illustrates the horizontal width of 1.8d.
for the bulking zone created as a result of the training wall converging 15°.
Figures 6.13 and 6.14 show similar patterns in the bulking zone with horizontal
widths of 2.9d., and 7.3d. for 30° and 52° convergences, respectively. Other flow
rates produce similar relationships as those illustrated in Figures 6.12, 6.13, and
6.14. These relationships are summarized graphically in Figure 6.15 where the
convergence angle is plotted against the bulking zone width or the horizontal
distance from the wall normalized by the critical depth. Figure 6.15 shows that
as the flow rate increases, the bulking zone width increases. Additionally, the
bulking width increases with increasing convergence. A distinct pattern in the
bulking width is observed in Figure 6.15, and the square root of the Froude
number determined from the depth at step one and the unit discharge through
the chute was determined to collapse the family of curves in Figure 6.15 into one
that is illustrated in Figure 6.16. The bulking width, or distance from the wall the

flow is influenced, can be determined by the following expression:

(9+578)/244 4
[

Bulking width (Distance from the wall) = (6.1)

FrO.S
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where ¢ = convergence angle, d. = critical depth, and Fr = Froude number.
Equation 6.1 provides a means to determine the bulking width of the flow that
enters the stilling basin as a function of convergence angle, critical depth, and
Froude number. Equation 6.1 provides specific information about the flow as it
enters the stilling basin; consequently, this information may provide insight in
establishing specific design criteria of stilling basins and downstream riprap for

converging stepped spillways.

Tailwater

BulkingZone

Figure 6.11 Training wall influence obseNéd constant down
the spillway chute.
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Figure 6.12 Cross-sectional profile normalized by critical depth indicating that
the training wall influences the flow approximately 1.8d. horizontally away from
the training wall for 15° convergence under full PMF (7.58 m®/(s-m) and 81.6
cfs/ft) flow.

. 30 deg. Convergence
i —a—step 1, sta/dc =2.6 —=— step 8, sta/dc = 6.1
——step 12, sta/dc =8.2 —o—step 21, sta/dc=12.8

(Flow depth)/c:

10 15 20
(Distance from wali)/d.

Figure 6.13 Cross-sectional profile normalized by critical depth indicating that
the training wall influences the flow approximately 2.9d; away from the training
wall for 30° convergence under full PMF (7.58 m%/(s‘m) and 81.6 cfs/ft) flow.
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Figure 6.14 Cross-sectional profile normalized by critical depth indicating that
the training wali influences the flow approximately 7.3d; away from the training

wall for 52° convergence under full PMF (7.58 m%(s-m) and 81.6 cfs/ft) flow.
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Figure 6.15 Bulking zone width or distance from the wall the training wall
influences the flow horizontally normalized by critical depth versus the
convergence angle.
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Figure 6.16 Bulking zone width prediction.

The flow depth at the training wall as illustrated in Figures 6.12, 6.13, and
6.14 was also evaluated over the series of stations located at steps one, eight,
twelve, and twenty-one. In addition to the width of the bulking zone, Figures
6.12, 6.13, and 6.14 also present the maximum depth of the flow at the training
wall normalized by critical depth for the different convergences at PMF (7.58
m®/(s-m) and 81.6 cfs/ft) flow. The normalized flow depth at the training wall was
determined for all flow rates, convergences, and cross-section. These results
are illustrated in Figure 6.17 where the normalized flow depth is plotted versus
the distance downstream from the crest or station normalized by critical depth.
Figure 6.17 presents the collective normalized flow depths at the training wall as

1.0d., 1.5d;, 3.0d;, and 5.0d, for convergence angles 15°, 30°, 52°, and 70°,
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respectively. The four data sets illustrated in Figure 6.17 were collapsed, with
the exception of the 70° convergence data, by dividing the normalized flow depth
at the training wall by the by sin (¢), where ¢ is the convergence angle and is

presented in Figure 6.18.
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Figure 6.17. Flow depth at the training wall normalized by critical depth at the
spillway crest versus the normalized distance downstream of the spillway crest.
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Figure 6.18. Flow depth at the training wall normalized by critical depth at
the spillway crest divided by sin(¢) for all tested flows versus the normalized
distance downstream of the spillway crest.

Evaluation of a Simplified Momentum Equation for Determining Training
Wall Height

As outlined in Chapter Ill, a simplified, momentum analysis approach can
be used to predict the flow depth at the training wall. It was theorized that this
approach would provide minimum height requirements for the training wall
necessary to retain the design flow. Figure 6.19 illustrates a comparison of the
predicted training wall height, Hy.predicted @s calculated by Equation 3.22, and the
measured training wall height necessary to contain the measured flow depth at
the training wall, Hy-measured, fOr the stepped spillway described herein. Equation

3.22 as presented in Chapter lli is:
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H, =— (3.22)

" cosly,)

Huwaipredgicted requires the centerline flow depth, the velocity of the flow in the
spillway chute, the training wall convergence, and the spillway chute slope for
calculation through the term, dy. The data presented in Figure 6.19 represents
the data obtained from the four flow conditions, the four convergence angles, and
for stations 4.6, 11.1, 14.8, 20.3, 23.1, and 26.8 m, respectively. As presented in
Figure 6.19, Hy-predicted @Nd Hw.measured are relatively close with approximately 11%
error between the predicted and measured results for all tested convergence
angles. A coefficient of determination of 0.91 and a linear relationship of

H

=1.11H, (6.2)

w—measured —predicted

are illustrated in Figure 6.19. The majority of the outliers depicted in Figure 6.16
represent thev data from the 70° convergence configuration. These outliers may
be a result of questionable water surface measurements because of the extreme
turbulence of the flow near the wall. The severity of the convergence also
impacted the depth over the spillway crest, which subsequently affected the unit
discharge and velocity used in Equation 3.21.

Additionally, Equation 6.2 indicates that the predicted training wall height
under-predicted the actual training wall height necessary to retain the design

flow. This under-prediction may show weaknesses in the development of

Equation 3.21. For instance, an assumption was made that the force with regard
to the weight of water was negligible. However, it was evident that as the
convergence angle increased the volume of water near the training wall

increased. Ultimately, this impacts the prediction of the training wall height
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necessary to retain the design flow at higher degrees of convergences because

as the volume of water increases, the force with regards to the weight of water
also increases, making it more significant in the overall prediction of the training

wall height at the 70° convergence.

Qutliers as a result of the
70° convergence
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Figure 6.19. Predicted versus measured flow depth near the training wall for a
stepped spillway for ¢'s ranging from 0 to 70 degrees.
The 70° convergence data was subsequently removed, and the data for
the 0°, 15°, 30°, and 52° convergences were plotted for all flow conditions as
presented in Figure 6.20. A linear regression analysis was performed to

determine whether Equation 3.22 more closely predicts the observed data. As
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shown in Figure 6.20, the data closely aligns with approximately 6% error, a
coefficient of determination, R?, of 0.98 and a linear relationship of

H w—meastred = 1 06H w—predicted (63)

The majority of the outliers in Figure 6.20 represent data points collected near
the bottom of the chute near the energy dissipating stilling basin for the 52°
convergence. The tailwater imposed by the end sill of the stilling basin may have
influenced the measured results in this section of the stepped spillway, which

resulted in the outliers depicted.
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Figure 6.20. Predicted versus measured flow depth near the training wall for a
stepped spillway for ¢'s ranging from 0 to 52 degrees.

The linearity of the measured versus predicted training wall heights were
further examined for each of the convergences. Figure 6.21 yields linear

relationships for each set of convergence data. The resulting slopes for these
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linear relationships for the 0°, 15°, 30°, and 52° convergences are 1.0, 1.01,
0.99, and 1.1 respectively. Based on this analysis, Equations 3.21 and 3.22 can
be used directly to obtain the training wall height for convergences between 0°
and 30° with approximately 1% error for a convergence of 30°. To expand the
application of Equations 3.21 and 3.22 to slopes as large as 52°, the individual

slopes from Figure 6.21 were examined as correction factors. Upon observation

of the data, it appeared that the 0° to 52° data set could be enveloped using the
slopes of the individual data sets. At first glance, it appeared that a 1+ a*sin® (¢)
relationship could be used to further refine Equations 3.21 and 3.22. In a trial
and error method, “a” equal to 0.2 and “b” equal to 2.0 resulted in the best fit
parameters. When 1 + 0.2*sin® (¢) was used as a multiplier of Equation 3.22, the
linear relationship between the measured and this corrected predicted training
wall height became

H =0.99*(1+0.2%sin>(§))* H,_, e (6.4)

w~measured

Equation 6.4 presents a slightly more conservative relationship for determining

the training wall height for convergences ranging from 0° to 52°.
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Figure 6.21 Huy-measured VErsus Hy.predicted fOr convergences 0°, 15°, 30°, and 52°
resulting in linear relationships with slopes of 1.0, 1.01, 0.99, and 1.1,

respectively.
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Figure 6.22 Hu.measured VErsus a corrected Hy.predictea, fOr convergences ranging
from 0 to 52° resulting in a linear relationship with a slope of 0.99 and a
coefficient of determination of 0.98.
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Application of the Simplified Momentum Equation for Determining
Minimum Training Wall for Converging Stepped Spillways

The simplified momentum equation presented in Equation 3.21

[ﬂ 2 ;osﬁ + pv*d(cos(8)cos(i)sin(g) + sin(ﬁ)sin(¢))2:| %0

4= ycos, )oosy) @21

requires known design elements of the stepped spillway. The design engineer
must decide the spillway chute slope (6) and the training wall convergence angle

(¢). These two design parameters are used to determine the factors
w = tan”' (sin(@) tan(#)) andy, = tan~'(cos(@) tan(d)), which are necessary for

determining the flow depth near the training wall, dy. W and y » were originally
presented in Chapter |ll in the description of unit vector representing the
upstream face of the control volume as presented in Equation 3.9 and in the
description of unit vector representing the velocity along the wall as presented in
Equation 3.11. As a word of caution, the flow depth near the wall in Equation
3.21, has only been applied to the spillway chute slope of 3(H):1(V), so further
verification of its application to other spillway chute slopes configurations should
be considered. Robinson and Kadavy (1998) reported that a change in step
height in stepped spillways did not significantly impact the flow depth in the
spillway; yet Chanson (2002) reported that the energy dissipation increased
significantly with large step heights on relatively flat slopes. Therefore, Equation
3.21 may or may not be applicable to other step heights. More testing for

verification is recommended.
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In addition to the spillway parameters, flow conditions for the design of the
spillway are necessary. One of the most important parameters for determining
the necessary training wall height to retain the design flow is to estimate the flow
depth, d,, along the training wall in the spillway. Equation 3.21 as originally

presented in Chapter Ill for d, is expressed as

L0 afeo(O)ost o) sn(O)n(o) [+2
L (3.21)

" yeos(y, )cos(w)

where the y= specific weight of water, d = the flow depth in the center of spillway,
0 = chute slope, p = the density of water, v = velocity of the spillway flow as it

descends the chute, w =tan'(sin(@)tan(d)), ¢ = convergence angle, and

v, = tan"' (cos(¢) tan(8)) . Additionally, the flow depth in the center of the spillway,
d, and the velocity of the water as it descends the spillway chute, v, are required.
The Portland Cement Association (2002) recommends that the design engineer
follow classic spillway design procedures for determining training wall height for
non-converging stepped spillways like that presented by the USBR (1987) as if
the spillway was not stepped. The Portland Cement Association (2002) provides
detailed examples for determining the flow depth in the center of a stepped
spillway chute.

When considering the flow depth in the center of the spillway chute, the
design engineer must decide if the flow depth in the center of the spillway chute
will be affected by air entrainment. Equation 2.4, as presented in Chapter Il,

expressed as
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L, =9.719(sin 8)*°(F.)* " h (cos8) (2.4)

where L, = distance from the start of growth of boundary layer to the inception
point of air entrainment (Figure 2.4), 6 = spillway slope, F- = Froude number
defined in terms of the roughness height: F:= qu/[g (sin 8) {h (cos 6)}°*]°°, h =
step height, gw = discharge per unit width, and g = gravitational constant provides
the design engineer a way of determining the location at which the air reaches
the free surface. If it is determined that the air entrainment inception point occurs
downstream of the expected length of the spillway chute, then the flow depth in
the center of the spillway will not have to be adjusted for air entrainment. If the
air entrainment inception point occurs downstream of the spillway crest and
upstream of the expected design tailwater, then the design engineer must
consider adjusting the flow depth to account for the bulking caused by the
aeration in the flow from that point forward.

Once the flow depth in the center of the spillway chute is determined, the
next step is to determine the velocity of the flow as it descends the spillway
chute. Velocities at specific stations of interest were determined based on the
unit design discharge per flow depth at that station. It was assumed that the unit
design discharge remained constant through the stepped spillway chute.

The flow depth at the training wall as determined by Equation 3.21, and
the w, = tan' (cos(¢) tan(@)) are key components for estimating the training wall
height necessary to retain the design flow in the spillway chute as presented in
Equation 3.22. As presented in Equation 6.3 and Figure 6.20, the actual training

wall height is approximately 1.06 of the predicted training wall height for spillway
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convergences of 0° to 52°. To further refine the predicted relationship, a
correction factor was determined to ehvelope the 0° to 52° data. A multiplier of
1+0.2*sin(¢) improved the linear relationship between the measured training wall
and the predicted training wall, so it is reasonable that Equation 3.22 with the
1+0.2*sin?(¢) adjustment can be used to determine the minimum training wall
height for stepped spillways on a 3(H):1(V) slope with convergences ranging
from 0° to 52° where air entrainment does not reach the free surface. Equation
6.5 would ultimately be used to determine the training wall height for converging

stepped spillways ranging from 0° to 52° where air entrainment does not reach

the free surface.

[]‘ii;.?ﬁg + pvd(cos(8)cos(w)sin(¢) + sin(8)sin (@)2] %9

ycos(y, Jcos(y)
COS(‘/’z )

(1+0.2*sin?(p))*
H

wall

(6.5)
Limitations of the Application of the Simplified Momentum Equation for
Predicting Training Wall Height for Converging Stepped Spillways
The training wall height relationship outlined in Equation 6.5 has
limitations in its use. First, Equation 6.5 does not account for air entrainment
development at the free surface. Equation 6.5 evaluated the worse case

scenario of a PMF flow condition for a relatively short spillway chute length. This
was a conservative approach since these are flows that may only occur 500 or

1000 years. Additionally, if the design engineer finds that an aerated flow region
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develops within the spillway, then another factor should be considered in the
design of the spillway training walls to account for the bulked flow that occurs in
this aerated region. This additional factor would increase the conservatism taken
in this approach.

Secondly, Equation 6.5 has only been validated for one spillway chute
slope. The equation is expected to predict the training wall height under similar
flat slope conditions. Further investigation is recommended to evaluate the
range of chute slopes that Equation 6.5 is valid.

Equation 6.5 is more suited for spillway convergences ranging from 0° to
52°. Application of Equation 6.5 begins to deteriorate for convergences greater
that 52° as established by Figure 6.19. This limitation is a result of the
assumptions made in developing Equation 3.21. The force related to the weight
of water was assumed to be negligible when in all actuality there is value
associated with this force. Increasing the convergence angle increases the
volume of water along the training wall. As the volume of water increases, the
force associated with the weight of water also increases. Therefore, large
convergences angles, greater than 52°, are likely to under-predict the training
wall height when considering Equation 3.21 because the volume of water and the
force associated with the weight of water are expected to have a larger impact

and can’t be considered negligible at that point.
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CHAPTER VIi
SUMMARY OF RESULTS AND CONCLUSIONS

Stepped chutes are an established technology. In fact, some of these
structures are centuries old. The majority of these chutes in spillway
applications are designed for gravity dams where the spillway chute is
expected to have a slope greater than 30°; and therefore, the majority of the
research to date has been in this arena. The NRCS is expected to design
nearly 1,100 of these stepped chute spiliways for the rehabilitation of existing
embankment dams for the means of increasing spillway capacity. NRCS
structures are typically placed over the existing embankment such that the
spillway chute slope is the same as the downstream slope of the
embankment face. These slopes are normally 30° or flatter. Some of these
structures have further complications due to convergence of the spillway
chute required to meet land right and/or topography constraints. Lack of
design guidance available for stepped spillways applied in these situations
was the reasoning for completing this research.

A practical approach in terms of design aids, Figures 6.16 and 6.18,
and a theoretical simplified momentum relationship, Equations 3.21 and 3.22,
was developed to determine minimum training wall heights for converging
stepped spillways having a 3(H):1(V) chute slope, step heights of 0.3 m (1 ft),

and a chute convergence up to 70°. The design aids, Figures 6.16 and 6.18,
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provide a graphical approach for determining the bulking width and the flow
depth at the training wall. Equations 3.21 and 3.22 provide an analytical
approach to predict the flow depth near the training wall with 11% error
expected to that of the measured flow depth for convergences up to 70°. The
flow depth prediction for convergence angles up to 52° improves significantly
with 6% reported error when applying Equations 3.11 and 3.22. Both the
design aid and theoretical approach provide a conservative approach for
estimating the training wall height because PMF flows were under
consideration for the development of these approaches. Appendix B provides
a design example using both the design aids and the theoretical equation.
When applying the empirical and theoretical approaches, the design
engineer must consider the limitations of their development. First, the
empirical and theoretical approaches do not account for air entrained flow.
Chanson’s (1994) relationship, Equation 2.4, may be used to determine
inception point location for chute slopes as flat as 18.4°. This relationship has
been further verified by Hunt and Kadavy (2007, 2008) such that it can be
used on slopes as flat as 14°. Flows downstream of the inception point are
expected to be aerated, causing an increase in flow depth. Flows upstream
of the inception point are expected to be non-aerated at the surface.
Therefore, it is anticipated that the flow depth will not be affected by air
entrainment upstream of the inception point. In many cases, stepped
spillways applied to earthen embankments are expected to have relatively

short chute lengths with relatively high discharges; therefore, the air
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entrainment is not expected to significantly impact the height of the training
wall. However, using Chanson’s (1994) relationship, the location of the
inception point can verify whether air entrainment will become a consideration
in the design of the training walls.

Additionally, the empirical and theoretical approaches were developed
for a specific spillway chute slope of 3(H):1(V). Equations 3.21 and 3.22 were
developed using the concepts of momentum and a control volume analysis,
so this approach is expected to perform well over a range of chute slopes.
Yet, the theoretical approach should be further investigated to determine the
range of chute slopes it is applicable. The design aids were solely based on
a chute slope of 3(H):1(V), and they are only applicable for this chute slope.
Further testing may establish similar trends in the flow depth and bulking
width at the training wall. To develop these design aids, additional testing is
recommended to determine their applicability over a greater range of chute

slopes.
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APPENDIX A



Table A1. Summary of prototype testing program.

¢ (°) Left, Flood Qproto

Test # Right Event (Mm%(sm)) | TWorowo (M) | de (M)
1 52, 52 2/3 PMF 5.05 286.2 1.37
2 52, 52 PMF 7.58 287.1 1.80
3 52, 52 1/6 PMF 1.26 283.7 0.55
4 52, 52 1/3 PMF 2.52 284.9 0.87
24 15, 30 PMF 7.58 - 1.80
25 15, 30 2/3 PMF 5.05 - 1.37
26 15, 30 1/3 PMF 2.52 - 0.87
27 15, 30 1/6 PMF 1.26 - 0.55
32 0, 70 1/6 PMF 1.26 - 0.55
33 0,70 1/3 PMF 2.52 - 0.87
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Table A2. Prototype centerline water surface profile for test # 1.

Prototype Water Surface Profile

Centerline Profile, Y, = 0.0 m; 2/3 PMF

station elev
X, (M) Z,(m) |Comments

-113.12 | 292.00
-99.71 292.00
-86.30 292.00
-72.89 292.00
-59.48 292.00
-46.07 292.00
-32.66 291.99
-19.25 291.98
-12.54 291.95
-9.19 291.89
-5.83 291.82
-2.48 291.79

-1.81 291.77 |Ogee Crest

-1.14 291.71 _[Ogee Crest

-0.47 291.63 |Ogee Crest

0.20 291.44 |Oqee Crest

0.87 291.20 |Ogee Crest

1.54 290.89 |Ogee Crest

2.21 290.59 [Ogee Crest

2.88 290.26 [Ogee Crest

3.55 289.97 |Ogee Crest

4,22 289.70 |Steps Start

490 | 289.47
624 | 288.07
7.58 | 288.47
8.92 | 287.97

10.26 287.52

11.60 287.03

12.94 286.57

14.28 286.12

15.62 285.68 |Edge of Tailwater

16.97 28530 |TW

19.65 285.63 |TW

22.33 285.78 [TW

25.01 285.81 |[TW

27.69 286.32 |TW

30.38 286.61 |Stilling Basin

33.06 286.63 _|Stilling Basin

37.75 286.61 |Stilling Basin

41.11 286.50 |Qut of stilling basin

47.81 286.48

54.52 286.48

61.22 286.40
74.63 286.34
88.04 286.22

10146 | 286.32

11487 | 286.17
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Table A3. Model centerline water surface profile for test # 1.

Model Water Surface Profile

Run # Run 1 Centerline profile, Y, =0.0 m; 2/3 PMF
Date: 14 Oct 2004

station elev

Xin (M) Zn (m) |Comments
-5.14 13.27

-4.53 13.27

-3.92 13.27

-3.31 1327

-2.70 13.27

-2.09 13.27

-1.48 13.27

-0.87 1327

-0.57 13.27

-0.42 13.27

-0.27 13.26

-0.11 13.26

-0.08 13.26 |Ogee Crest
-0.05 13.26 |Ogee Crest
-0.02 13.26  |Ogee Crest
0.01 1325 10gee Crest
0.04 13.24 |Ogee Crest
0.07 13.22 |Ogee Crest
0.10 1321 |Ogee Crest
0.13 13.19 |Ogee Crest
0.16 13.18 [Ogee Crest
0.19 13.17 |Steps Start
0.22 13.16

0.28 13.13

0.34 13.11

0.41 13.09

0.47 13.07

0.53 13.05

0.59 13.03

0.65 13.01

0.71 12.99 |Edge of Tailwater
0.77 1297 |TW

0.89 1298 |TW

1,01 1299 |TW

1.14 12.99 |TW

1.26 13.01 |TW

1.38 13.03__|Stilling Basin
1.50 13.03 |Stilling Basin
1.72 13.03  |Stilling Basin
1.87 13.02 JOut of gtilling basin
2.17 13.02

2.48 13.02

2.78 13.02

3.39 13.02

4.00 13.01

4.61 13.01

5.22 13.01
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Table A4. Prototype water surface profile along the right wall looking
downstream for test # 1.

Prototype Water Surface Profile
WS along Rt. Walllooking d.s. 2/3 PMF
station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 -49.62 291.96 Rt. Wall w.s. profile looking d.s.
-9.19 -49.62 291.85
-7.85 -49.62 291.55
-6.50 -49.62 291.64
-3.15 -49.62 291.73
-0.47 -49.62 291.56
1.54 -49.62 290.92
2.88 -49.62 290.54
3.69 -49,62 291.27 joint - starts conv
4.90 -48.15 291.55
7.58 -47.95 290.86
10.93 -40.70 289.88
14.28 -36.55 289.01
17.64 -32.19 288.14
19.65 -29.84 287.59
21.32 -27.49 287.09 wall levels out
24.34 -23.47 286.25
27.02 -20.79 285.82
29.04 -17.77 285.92
30.38 -17.57 284.22 Basin wall
34.40 -16.09 286.70
38.22 -14.75 287.60 Basin exit
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Table A5. Model water surface profiles along the right wall looking
downstream for test # 1.

Model Water Surface Profile
WS along Lt. Wall looking d.s. 2/3 PMF
station station elev
X (M) Y (M) Z(m) Comments
-0.57 -2.26 1327 Rt. Wall w.s. profile looking d.s.
-0.42 -2.26 13.27
-0.36 -2.26 13.25
-0.30 -2.26 1326
-0.14 226 13.26
-0.02 -2.26 1325
0.07 -2.26 1322
0.13 -2.26 13.21
0.17 -2 .26 13.24 joint - starts conv
0.22 -2.19 13.25
0.34 -2.18 13.22
0.50 -1.85 1318
0.65 -1.66 13.14
0.80 -146 13.10
0.89 -1.36 13.07
0.97 -125 13.05 wall levels out
1.11 -1.07 13.01
1.23 -0.94 1299
1.32 -0.81 13.00
1.38 -0.80 1292 Basin wall
1.56 073 1303
1.74 -067 13.07 Basin exit
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Table A6. Prototype water surface profile along the left wall looking
downstream for test #1.

Prototype Water Surface Profile
WS along Lt Wall looking d.s. 2/3 PMF

station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 49.62 291.94

-9.19 49.62 291.73

-7.85 4962 291.54

-8.50 49.62 291.62

-3.15 49.62 291.73

-0.47 4962 291.57

1.54 49.62 290.94

2.88 4962 290.48

3.69 49.62 291.09

4.9 48.28 291,50

7.58 4493 290.82

10.93 40.90 289.86

14.28 36.55 289.01

17.64 3252 288.17

19.65 29.84 287.60

21.32 28.03 287.15 wall levels off
24.34 24.01 286.24

27.02 2045 285.65

29.04 18.11 285.70 joint
30.38 17.64 284.51

34.40 16.09 286.94

38.22 15.02 287.36 basin exit
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Table A7. Model water surface profile along the left wall looking downstream

for test #1.
Model Water Surface Profile
WS along Lt. Wall looking d.s. 2/3 PMF

station | station elev

Xpn(m) | Yo (m) Z(m) Comments
-0.57 -2.26 13.27 Rt. Wall w.s. profile looking d.s.
-0.42 -2.26 13.27
-0.36 -2.26 13.25
-0.30 -2.26 13.26
-0.14 -2.26 13.26
-0.02 226 13.25
0.07 -2.26 1322
0.13 -2.26 13.21
0.17 -2.26 13.24 joint - starts conv
0.22 -2.19 13.25
0.34 -2.18 13.22
0.50 -1.85 13.18
0.65 -1.66 13.14
0.80 -1.46 13.10
0.89 -1.36 13.07
0.97 -1.25 13.05 wall levels out
1.11 -1.07 13.01
1.23 -0.94 12.99
1.32 -0.81 13.00
1.38 -0.80 1292 Basin wall
1.56 -0.73 13.03
1.74 -0.67 13.07 Basin exit
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Table A8. Prototype cross-sectional water surface profile along step 1,
station 4.6 m for test #1.
Prototype Water Surface Profile
Cross-Sectional Profile, Xo =4.6 m - Step 1; 2/3 PMF
station elev :
Ye (M) Z,(m) |Comments
-49.08 292.89 |top of wall

-48.95 291.57
-47 95 291.33
-46.60 290.59
-45.26 290.21

-42 92 289.77
-40.50 289.54 |end of rough water

-37 .55 289.55
-34.87 289.55
-28.16 289.55
-21 .46 289.55
-14.75 280.55
-8.05 289.55
-1.34 289.55

5.36 280.54

12.07 289.54
18.78 289.54
25.48 289.56
32.19 289.58
35.54 289.58
38.22 289.58

39.56 289.58
40.90 289.59
42.25 280.62 |start of rough water surface
44,26 290.06
45.60 290.36

46.94 290.65
47.61 291.14
48.28 291.49
49.08 291.61
49.22 292.90 jtop of wall
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Table A9. Model cross-sectional water surface profile along step 1, station
4.6 m for test #1.

Model Water Surface Profile
Cross-Sectional Profile, Xm =021 m - Step 1; 2/3 PMF
station elev
Ym (M) Zn(m) |Comments
-2.23 13.31 |top of wall
-2.23 1325
-2.18 13.24
-2.12 13.21
-2.06 13.19
-1.95 13.17
-1.84 13.16 _|end of rough water
-1.71 13.16
-1.58 13.16
-1.28 13.16
-0.98 13.16
-0.67 13.16
-0.37 13.16
-0.06 13.16
0.24 13.16
0.55 13.16
0.85 13.16
1.16 13.16
1.46 13.16
1.62 13.16
1.74 13.16
1.80 13.16
1.86 13.16
1.92 13.16 |start of rough water surface
2.01 13.18
2.07 13.20
2.13 13.21
2.16 13.23
2.19 13.25
2.23 13.26
2.24 1331 |top of wall
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Table A10. Prototype cross-sectional water surface profile along step 8,
station 11 m for test #1.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m- Step 8; 2/3 PMF
station elev
Ye (M) Zy(m) |Comments
4111 290.78 |top of wall
-40.90 289.87

-39.90 289.68
-38.22 288.93
-36.88 288.96
-35.54 288.53

-34 .20 288.23
-31.85 287.68 |end of rough water

-30.85 287.44
-28.16 287.35
-24 .81 287.30
-21.46 287.27
-14.75 287.23
-8.05 287.23
-1.34 287.23
5.36 287.23

12.07 287.23
18.78 287.24
22.13 287.26
25.48 287.30

27.49 287.33
30.51 287.42
31.52 287.52 |start of rough water surface
32.86 287.93
34.20 288.23
36.21 288.69

38.56 288.99
40.23 289.74
41.04 289.84
41.37 290.78 |top of wall
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Table A11. Model cross-sectional water surface profile along step 8, station
0.5 m for test #1.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m - Step 8; 2/3 PMF
station elev
Ym (M) Zn(m) |Comments
-1.87 1322 |top of wall
-1.86 13.18
-1.81 1317
-1.74 1313
-1.68 13.13
-1.62 13.11
-1.55 13.10
-1.45 13.08 lend of rough water
-1.40 13.07
-1.28 13.06
-1.13 13.06
-0.98 13.06
-0.67 13.06
-0.37 13.06
-0.06 13.06
0.24 13.06
0.55 13.06
0.85 13.06
1.01 13.06
1.16 13.06
1.25 13.06
1.39 13.06
1.43 13.07 |start of rough water surface
1.49 13.09
1.55 13.10
1.65 13.12
1.75 13.14
1.83 1317
1.87 13.17
1.88 13.22 Jtop of wall
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Table A12. Prototype cross-sectional water surface profile along step 12,

station 14.8 m for test #1.
Prototype Water Surface Profile

Cross-Sectional Profile, X, =14.8 m- Step 12; 2/3 PMF
station elev
Ye (M) Zo(m) |[Comments
-36 .48 289.55 |top of wall
-36.34 | 288.87

-35.87 288.88
-35.20 288.66
-33.86 287.98
-32.19 287.89
-30.85 287.42
-28.16 286.85

-26.82 286.36 lend of rough water
-25 48 286.19

-24.14 286.13
-22.80 286.08
-21.46 286.04

-18.11 285.98
-14.75 285.95

-8.05 285.95
-1.34 285.94
5.36 285.95
12.07 285.95
18.78 285.99
22.13 286.05
24.14 286.14
25.48 286.23

27.49 286.70 |start of rough water surface
30.85 287.59
32.86 287.99
34.20 288.16
35.54 288.70
36.48 288.89
36.75 289.54 |top of wall
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Table A13. Model cross-sectional water surface profile along step 12, station
0.67 m for test #1.

Model Water Surface Profile
Cross-Sectional Profile, Xmn = 0.67 m - Step 12, 2/3 PMF

station elev
Ym (M) Zn(m) |Comments
-1.66 13.16 |top of wall
-1.65 13.13

-1.63 13.13

-1.60 1312

-1.54 13.09

-1.46 13.09

-1.40 13.06

-1.28 13.04

-1.22 13.02 [end of rough water
-1.16 13.01

-1.10 13.01

-1.04 13.00

-0.98 13.00

-0.82 13.00

-0.67 13.00

-0.37 13.00

-0.06 13.00

0.24 13.00

0.55 13.00

0.85 13.00

1.01 13.00

1.10 13.01

1.16 13.01

1.25 13.03 _|start of rough water surface

1.40 13.07

1.49 13.09

1.55 13.10

1.62 1312

1.66 13.13

1.67 13.16 |top of wall
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Table A14. Prototype cross-sectional water surface profile along step 18,

station 20.3 m for test #1.
Prototype Water Surface Profile

Cross-Sectional Profile, X, =20.3 m- Step 18; 2/3 PMF
station elev
Yp (M) Zy(m) |Comments
-29.50 287.68 |top of wall

2937 | 287.46
2883 | 287.39
-26.82 | 286.52
2548 | 286.26
2213 | 285.71

-1945 284.81 |Edge of Converging Jet

-18.11 284.89 |TW
-14.75 285.38 JTW
-8.05 285.65 |TW
-1.34 285.73 |TW
5.36 285.78 |TW
12.07 285.46 |TW
15.42 285.31 |TW
18.78 284.91 |[TW
20.12 285.04 |Edge of Converging Jet
22.13 285.80

25.48 286.38
27.49 286.74
28.50 287.19
29.17 287.39
29.57 287.46
29.77 287.68 |top of wall
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Table A15. Model cross-sectional water surface profile along step 18, station
0.92 m for test #1.

Model Water Surface Profile

Cross-Sectional Profile, Xm = 0.92 m- Step 18; 2/3 PMF
station elev

Ym (M) Zn(m) [Comments

-1.34 13.08 |top of wall

-1.34 13.07

-1.31 13.06

-1.22 13.02

-1.16 13.01

-1.01 12.99

-0.88 12.95 |Edge of Converging Jet
-0.82 1295 |TW

-0.67 1297 |TW

-0.37 1298 |TW

-0.06 1299 [TW

0.24 1299 |TW

0.55 1298 |TW

0.70 1297 |TW

0.85 12.95 |TW

0.91 1296 |Edge of Converging Jet

1.01 12.99

1.16 13.02

1.25 13.03

1.30 13.05

1.33 13.06

1.34 13.07

1.35 13.08 |top of wall
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Table A16. Prototype cross-sectional water surface profile along step 21,
station 23.1 m for test #1.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m - Step 21; 2/3 PMF -Low TW
station elev
Yp (M) Z,(m) |Comments
-26.15 287.25 |top of wall (level section)

-25.88 286.60
-25.15 286.58
-22.80 285.58
-19.78 285.05
-16.09 283.99 |end of rough water
-14.75 283.57
-13.41 283.51
-11.40 283.37
-8.05 283.23
-1.34 283.13
5.36 283.16
8.72 283.23
12.07 283.36
14.42 283.53

16.09 283.98 |start of rough water surface
19.45 285.14
22.13 285.62
23.47 285.63
25.15 286.47
26.08 286.60
26.29 287.25 |top of wall (level section)
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Table A17. Model cross-sectional water surface profile along step 21, station
1.05 m for test #1.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.05 m- Step 21; 2/3 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
-1.19 13.06 [top of wall (level section)
-1.18 13.03
-1.14 13.03
-1.04 12.98
-0.90 12.96
-0.73 1291 lend of rough water
-0.67 12.89
-0.61 12.89
-0.52 12.88
-0.37 12.87
-0.06 12.87
0.24 12.87
0.40 12.87
0.55 12.88
(.66 12.89
0.73 1291 |start of rough water surface
0.88 12.96
1.01 12.98
1.07 12.98
1.14 13.02
1.19 13.03
1.19 13.06 |top of wall (level section)
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Table A18. Prototype cross-sectional water surface profile along step 25,

station 26.8 m for test #1.
Prototype Water Surface Profile

Cross-Sectional Profile, X, =26.8 m - Step 25; 2/3 PMF -Low TW
station elev
Yp (M) Zo(m) |Comments
-21.59 287.20 |Jtop of wall

-21.32 285.53
-20.12 285.22
-18.37 284.50
-1542 284.10
-12.41 283.30 |Edge of Converging Jet
-10.53 283.04 |TW
-8.05 283.31 |TW
-1.34 283.12 |TW
5.36 283.23 |TW
8.72 283.25 |TW

10.73 282.92 ITW
12.07 283.10 |Edge of Converging Jet
14.08 283.75

16.09 284.30
18.78 284.61
20.45 285.28
21.46 285.51

21.66 287.20 |top of wall
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Table A19. Model cross-sectional water surface profile along step 25, station
1.22 m for test #1.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.22 m- Step 25; 2/3 PMF - Low TW

station elev
Ym (M) Zn(m) |Comments

-0.98 13.05 [top of wall

-0.97 12.98

-0.91 12.96

-0.84 1293

-0.70 12.91

-0.56 12,88 |[Edge of Converging Jet
-0.48 12.87 [TW

-0.37 12.88 |TW

-0.06 12.87 |TW

0.24 1287 |TW

0.40 12.88 |TW

0.49 1286 |TW

0.55 12.87 |Edge of Converging Jet

0.64 12.90

0.73 12.92

0.85 12.94

0.93 12.97

0.98 12.98

0.98 13.05 |top of wall
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Table A20. Prototype centerline water surface profile for test #2.

Prototype Water Surface Profile

Centerline Profile, Y, = 0.0 m; PMF

station elev
X, (m) Z,(m) |Comments

-113.12 | 292.57

-99.71 292.57

-86.30 292.56

-72.89 292.65

-59.48 292.56

4607 | 292.55
3266 | 292.55
1925 | 292.53
-1254 | 292.48
-9.19 | 292.38
-5.83 | 292.26
2.48 | 292.22

-1.81 292.20 |Ogee Crest

-1.14 292.11 |Ogee Crest

-0.47 292.02 |Ogee Crest

0.20 291.86 |Ogee Crest

0.87 291.68 |Oqgee Crest

1.4 291.33 |Ogee Crest

221 | 291.07_|Ogee Crest

2.88 290.70 |Ogee Crest

3.55_ | 290.43_|Ogee Crest

4,22 290.08 |Steps Start

4.90 289.83
6.24 289.30
7.58 288.77

8.92 288.27

10.26 287.78

11.60 287.29
12.94 286.85
13.61 286.59
14.28 286.33

15.62 286.70 |Edge of TW

16.97 286.61 |TW

18.31 286.65 |TW

19.65 286.69 |TW

24.34 286.80 |TW

27.69 287.26 |Edge of Stilling Basin

31.05 287.72 _|Stilling Basin

34.40 287.80 _|Stilling Basin

41.11 287.57 |0ut of Stilling Basin

47.81 287.26

54.52 287.37
67.93 287.09
81.34 286.90

94.75 286.87

108.16 | 286.89
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Table A21. Model centerline water surface profile for test #2.

Model Water Surface Profile

Run# Run?2 Centerline prdfile, Y,, = 0.0 m; PMF
Date: 14 Oct 2004
station elev
Xm (m) | Zw(m) |Comments
-5.14 13.30
-4.53 13.30
-3.92 13.30
-3.31 13.30
-2.70 13.30
-2.09 13.30
-1.48 13.30
-0.87 13.30
-0.57 13.29
-0.42 1329
-0.27 13.28
-0.11 13.28

-0.08 13.28 [Ogee Crest

-0.05 1328 |Ogee Crest

-0.02 13.27 _|Ogee Crest

0.01 1327 |Ogee Crest

0.04 13.26 [Ogee Crest

0.07 13.24 |Ogee Crest

0.10 1323 [Ogee Crest

0.13 1321 |[Ogee Crest

0.16 13.20 |Ogee Crest

0.19 13.19 |Steps Start

0.22 1317
0.28 13.15
0.34 13.13
0.41 13.10
0.47 13.08
0.53 13.06
0.59 13.04
0.62 13.03
0.65 13.01

0.71 13.03 _|Edge of TW

0.77 13.03 _|TW

0.83 13.03 _|TW

0.89 13.03 |TW

1.11 13.04 |TW

1.26 13.06__|Edge of Stilling Basin
1.41 13.08 |Stilling Basin

1.56 13.08 |Stilling Basin

1.87 13.07 _[Out of Stilling Basin
217 13.06

2.48 13.06

3.09 13.05

3.70 13.04

4.31 13.04

4.92 13.04
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Table A22. Prototype water surface profile along the right wall looking
downstream for test #2.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. PMF

station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 -49.62 292.50

-9.19 -49.62 292.39

-7.85 -49.62 292.22

-6.50 -49.62 291.95

-5.50 -49.62 291.78

-2.48 -49.62 292.08

-1.14 -49.62 202.04

0.87 -49.62 291.74

1.54 -49.62 291.59

3.69 -49.62 292.08 joint - start converge

4.90 -48.28 291.91

7.58 -44.93 291.51

9.59 -42.25 291.11 Flow over Wall
10.93 -40.37 290.70

14.28 -36.55 289.89

17.64 -29.50 288.88

19.65 -20.77 288.35

21.32 -27.96 287.95 wall levels out
2434 -24.01 287.38

27.69 -19.71 286.87

30.38 -17.57 285.22 Basin wall -low point
34.40 -16,09 286.72

38.22 -14.75 288.20 Basin exit
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Table A23. Model water surface profile along the right wall looking

downstream for test #2.

Model Water Surface Profile
WS along Rt. Wall looking d.s. PMF

station | station elev

Xm (M) | Y (M) Z,(m) Comments
-0.57 -2.26 13.30
-0.42 226 13.29
-0.36 -2.26 13.28
-0.30 226 13.27
-0.25 -2.26 13.26
-0.11 -2.26 13.28
-0.05 -2.26 13.27
0.04 -2.26 13.26
0.07 -2.26 13.25
0.17 -2.26 13.28 joint - start converge
0.22 219 13.27
0.34 -2.04 13.25
0.44 -1.92 13.23 Flow overWall
0.50 -1.83 13.21
0.65 -1.66 13.18
0.80 -1.34 13.13
0.89 -1.35 13.11
0.97 -1.27 13.09 wall levels out
1.11 -1.09 13.06
1.26 -0.90 13.04
1.38 -0.80 12.96 Basin wall - low point
1.56 -0.73 13.03
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Table A24. Prototype water surface profile along the left waII looking
downstream for test #2.

Prototype Water Surface Profile

WS along Lt Wall looking d.s.PMF

station | station elev
Xp (m) Y, (m) Z,(m) Comments
-12.54 4962 292.49

-9.19 4962 292.38

-7.85 49.62 292.23

-6.50 4962 292.02

-5.50 4962 291.77

-2.48 4962 292.06

-1.14 49.62 292.06

0.87 49.62 291.73

2.21 49,62 291.47

3.69 4962 291.98

4.90 48.35 292.06

7.58 44.79 291.45

9.59 42 51 291.07

10.93 4097 290.79

14.28 36.88 289.90

17.64 3259 288.91 wall levels off
19.65 30.04 288.30

21.32 27.96 287.89

24.34 2394 287.34 joint
27.69 19.71 286.85

30.38 17.50 285.31

34.40 16.16 286.95 basin exit
38.22 15,09 288.23
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Table A25. Model water surface profile along the left wall looking
downstream for test #2.

Model Water Surface Profile

WS along Lt. Wall looking d.s. PMF

station station elev
X (M) Y (M) Z,(m) Comments
-0.57 2.26 13.30
-0.42 2.26 13.29
-0.36 2.26 13.28
-0.30 2.26 13.27
—-0.25 2.26 13.26
-0.11 2.26 13.28
~0.05 2.26 13.28
0.04 2.26 13.26
0.10 2.26 13.25
0.17 2.26 13.27
0.22 2.20 13.28
0.4 2.04 13.25
0.44 1.93 13.23
0.50 1.86 13.22
0.65 1.68 13.18
0.80 1.48 13.13 wall levels off
0.89 1.37 13.10
0.97 1.27 13.09
1.11 1.09 13.06 joint
1.26 0.90 13.04
1.38 0.80 12.97
1.56 0.73 13.04 basin exit
1,74 0.69 13.10
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Table A26. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #2.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =4.6 m - Step 1; PMF
station elev
Y, (m) Z,(m) [Comments
-49.08 292.89 |top of wall

-48 .95 292.18
-47 61 291.85
-45 .26 291.18
-42 .92 290.64
-40.77 290.13 |End of rough water
-38.89 289.97
-36.21 289.92
-34 .87 289.92
-28.16 289.92
-21 .46 289.92
-14.75 289.90
-8.05 289.91
-1.34 289.90
5.36 289.89
12.07 289.88
18.78 289.90
25.48 289.90

32.19 289.92
35.54 289.%4
38.89 289.97
40.03 290.05 |Start of rough water
41.57 290.41

43.59 290.96
44.86 291.33
46.27 291.65
47.54 291.86
49.02 292.24

49.29 292.89 |top of wall
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Table A27. Model cross-sectional water surface profile at step 1, station 0.21
m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, X, =021 m - Step 1; PMF
station elev
Ym (M) Z.,(m) [Comments
-2.23 13.31 |top of wall
-2.23 13.28
-2.16 13.27
-2.06 13.24
-1.95 13.21
-1.85 13.19 |End of rough water
-1.77 13.18
-1.65 13.18
-1.58 13.18
-1.28 13.18
-0.98 13.18
-0.67 13.18
-0.37 13.18
-0.06 13.18
0.24 13.18
0.55 13.18
0.85 13.18
1.16 13.18
1.46 13.18
1.62 13.18
1.77 13.18
1.82 13.18 |[Start of rough water
1.89 13.20
1.98 1323
2.04 13.24
2.10 13.26
2.16 1327
2.23 13.28
2.24 13.31 |top of wall
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Table A28. Prototype cross-sectional water surface profile at step 8, station
11 m for test #2.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m- Step 8; PMF
station elev
Yp (M) Zy,(m) |Comments
-41.17 290.80 ltop of wall
-40.97 290.78
-40.10 290.67
-38.22 290.11
-36.21 289.25
-32.86 288.64
-29.84 287.93 |End of rough water
-28.30 287.69
| -26.15 287.64
-24 .81 287.61
-21 .46 287.56
-18.11 287.53
-14.75 287.50
-8.05 287.51
-1.34 287.50
5.36 287.50
12.07 287.51
15.42 287.50
18.78 287.52
22.13 287.55
25.48 287.61
27.49 287.66
29.17 287.79 |Start of rough water
32.19 288.58
35.54 289.28
37.55 289.72
38.89 290.25
40.23 290.65
41.17 290.77
41.37 290.79 |top of wall
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Table A29. Model cross-sectional water surface profile at step 8, station 0.5
m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m - Step 8; PMF
station elev
Ym (M) Zn(m) [Comments
-1.87 1322 |top of wall
-1.86 13.22
-1.82 13.21
-1.74 13.19
-1.65 13.15
-1.49 1312
-1.36 13.09 |End of rough water
-1.29 13.08
-1.19 13.07
-1.13 13.07
-0.98 13.07
-0.82 13.07
-0.67 13.07
-0.37 13.07
-0.06 13.07
0.24 13.07
0.55 13.07
0.70 13.07
0.85 13.07
1.01 13.07
1.16 13.07
1.25 13.08
1.33 13.08 |Start of rough water
1.46 13.12
1.62 13.15
1.71 1317
1.77 1319
1.83 1321
1.87 13.22
1.88 1322 |top of wall
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Table A30. Prototype cross-sectional water surface profile at step 12, station
14.8 m for test #2.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m - Step 12; PMF
station elev
Ye (M) Zx{m) |Comments
-36.48 289.55 Itop of wall

-36.21 289.75
-34 .87 289.47
-33.53 288.99
-32.19 288.35
-29.50 288.07
-27 49 287.56
-24 .81 286.94
-23.47 286.46 |End of rough water
-21 .46 286.35
-18.11 286.26
-14.75 286.20
-11.40 286.17
-8.05 286.17
-1.34 286.17
5.36 286.18
12.07 286.17
15.42 286.21
18.78 286.27
22.13 286.39

23.13 286.42
24.14 286.65 [Start of rough water
26.15 287.30

28.83 287.83
31.52 288.21
32.86 288.54
34.20 289.23
35.54 289.64
36.48 289.73

36.75 289.54 |top of wall

123



Table A31. Model cross-sectional water surface profile at step 12, station
0.67 m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; PMF
station elev
Ym (M) Zn(m) |Comments
-1.66 13.16 _ |top of wall
-1.65 1317
-1.58 13.16
-1.52 13.14
-1.46 13.11
-1.34 13.09
-1.25 13.07
-1.13 13.04
-1.07 13.02 _[End of rough water
-0.98 13.02
-0.82 13.01
-0.67 13.01
-0.52 13.01
-0.37 13.01
-0.06 13.01
0.24 13.01
0.55 13.01
0.70 13.01
0.85 13.01
1.01 13.02
1.05 13.02
1.10 13.03 |Start of rough water
1.19 13.06
1.31 13.08
1.43 13.10
1.49 13.12
1.55 13.15
1.62 1317
1.66 1317
1.67 13.16 |top of wall
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Table A32. Prototype cross-sectional water surface profile at step 18, station
20.3 m for test #2.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m- Step 18; PMF
station elev
Ye (M) Zy(m) |[Comments
-29.71 287.70 ltop of wall

-29.50 288.07
-28.50 288.03
-26.82 287.40
-24 81 286.72
-22.80 286.52
-19.45 285.90

-18.11 285.50 |Point of Conv jet & Tailwater
-16.76 28591 I[Tailwater
-14.75 285.91 [Tailwater

-8.05 286.24 |Tailwater

-1.34 286.59 |Tailwater

5.36 286.42 |Tailwater

8.72 286.30 |Tailwater

12.07 286.10 [Tailwater

15.42 285.90 |Tailwater

17.77 285.46 |Point of Conv jet & Tailwater
19.45 285.87
22.80 286.48
25.48 286.81
26.82 287.23
28.16 287.84
29.17 288.13
29.71 288.15
29.84 287.70 |top of wall
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Table A33. Model cross-sectional water surface profile at step 18, station
0.92 m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.92 m - Step 18; PMF
station elev
Ym (M) Zm(m) |Comments
-1.35 13.08 |top of wall

-1.34 13.09
-1.30 13.09
-1.22 13.06
-1.13 13.03
-1.04 13.02
-0.88 13.00

-0.82 12.98 [Point of Conv jet & Tailwater
-0.76 13.00 I|Tailwater
-0.67 13.00 [Tailwater
-0.37 13.01 |Tailwater
-0.06 13.03 |Tailwater
0.24 13.02 |Tailwater
0.40 13.01 |Tailwater
0.55 13.00 |Tailwater
0.70 13.00 |Tailwater
0.81 12.98 |Point of Conv jet & Tailwater

0.88 12.99
1.04 13.02
1.16 13.04
1.22 13.06
1.28 13.08
1.33 13.10
1.35 13.10

1.36 13.08 [top of wall

126



Table A34. Prototype cross-sectional water surface profile at step 21, station
23.1 m for test #2.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; PMF -Low TW
station elev
Y (M) Z,(m) [Comments
-26.15 287.24 |top of wall
-25.95 287.57
-24.14 286.89
-22 46 285.95
-20.12 285.81
-16.76 285.10
-14.08 284.41
-12.74 283.82 |End of rough water
-10.73 283.65
-8.05 283.51
-4.69 283.42
-1.34 283.39
2.01 283.39
5.36 283.43
8.72 283.53
10.73 283.63
12.74 283.77
14.08 284.24 |Start of rough water
16.76 285.06
20.12 285.77
22.46 286.00
24.81 287.11
25.95 287.52
26.22 287.25 [top of wall
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Table A35. Model cross-sectional water surface profile at step 21, station
1.05 m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, X, =1.05 m- Step 21; PMF - Low TW
station elev
Ym (M) Z,(m) [Comments
-1.19 13.06 Jtop of wall
-1.18 13.07
-1.10 13.04
-1.02 13.00
-0.91 1299
-0.76 12.96
-0.64 12.93
-0.58 12.90 |End of rough water
-0.49 12.89
-0.37 12.89
-0.21 12.88
-0.06 12.88
0.09 12.88
0.24 12.88
0.40 12.89
0.49 12.89
0.58 12.90
0.64 1292 |Start of rough water
0.76 12.96
0.91 12.99
1.02 13.00
1.13 13.05
1.18 13.07
1.19 13.06 {top of wall
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Table A36. Prototype cross-sectional water surface profile at step 25, station

26.8 m for test #2.
Prototype Water Surface Profile

Cross-Sectional Profile, X, =26.8 m - Step 25; PMF -Low TW
station elev
Y, (M) Z,(m) |Comments
-21.66 287.20 ltop of wall

-21.39 286.83
-20.12 286.37
-17 43 284.96
-14.08 284.47

-10.73 283.77 |Point of Conv jet & Tailwater
-8.05 284.10 [TW

-1.34 283.95 |TW

5.36 283.82 |TW

9.05 283.80 |TW

10.39 283.45 |Point of Conv jet & Tailwater
12.07 283.96

1542 | 284.77
17.43 | 28507
19.45 | 285.88
21.39 | 286.60

21.73 287.19 [top of wall

Table A37. Model cross-sectional water surface profile at step 25, station
1.22 m for test #2.

Model Water Surface Profile
Cross-Sectional Profile, X, =1.22 m- Step 25; PMF - Low TW
station elev
Ym (M) Z.(m) |Comments
-0.98 13.05 |top of wall

-0.97 13.04
-0.91 13.02
-0.79 12.95
-0.64 1293

-0.49 12.90 |Point of Conv jet & Tailwater
-0.37 1291 [TW
-0.06 1291 |TW
0.24 1290 [TW

0.41 1290 |TW

0.47 12.88 |Point of Conv jet & Tailwater
0.55 12.91

0.70 12.94

0.79 12.96

0.88 12.99

0.97 13.03

0.99 13.05 |top of wall
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Table A38. Prototype centerline water surface profile for test #3.

Prototype Water Surface Prdfile

Centerline Profile, Y, = 0.0 m; 1/6 PMF

station elev
X; (m) Z,(m) |Comments

-113.12 | 290.86

9971 | 290.87
-86.30 | 290.86
-72.89 | 290.86
5948 | 290.87
4607 | 290.87
-32.66_| 290.86
1925 | 290.86
1254 | 290.85
29.19_| 290.84
-5.83_| 290.83
248 | 290.82

-1.81 290.82 |Ogee Crest

-1.14 290.82 |Ogee Crest

-0.47 290.77 |Ogee Crest

0.20 290.61 _|Ogee Crest

0.87 290.34 |0gee Crest

1.54 290.09 |0gee Crest

2.21 289.79 |Ogee Crest

2.88 289.53 |Ogee Crest

3.55 289.29 |Ogee Crest

4.22 289.07 |Steps Start

4.90 288.87

6: 24 288.44

7.58 287.91
8.92 287.48
10.26 287.02
11.60 286.59
12.94 286.16
14.28 285.73
15.62 285.28
16.97 284.84
18.31 284.36
19.65 283.96

20.99 283.51

22.33 283.59 |Tailwater

24.34 283.49 |Tailwater

27.69 283.80 [Tailwater

31.05 283.91 |Stiling Basin - Tailwater

34.40 283.90 _[Stilling Basin - Tailwater

37.75 283.91 |Stilling Basin - Tailwater

41.11 283.71__|Cut of Stilling Basin

47.81 283.63
61.22 283.63
74.63 283.61
88.04 283.61

10146 | 283.59

114.87 | 283.60

130



Table A39. Model centerline water surface profile for test #3.

Model Water Surface Profile

Run # Run3 Centerline prcfile, Y, =0.0 m; 1/6 PMF
Date: 19 Oct 2004

station elev
Xm (M) Zn (m) |Comments

-5.14 13.22
-4.53 13.22
-3.92 13.22
-3.31 13.22
-2.70 13.22
-2.09 13.22
-1.48 13.22
-0.87 1322
-0.57 1322
-0.42 13.22
-0.27 13.22
-0.11 13.22

-0.08 13.22  |Ogee Crest

-0.05 1322 |0gee Crest

-0.02 1322 |Ogee Crest

0.01 13.21 _|Ogee Crest

0.04 13.20 |Ogee Crest

0.07 13.19 [Ogee Crest

0.10 13.17_[Ogee Crest

0.13 13.16 _|Ogee Crest

0.16 13.15 |Ogee Crest

0.19 13.14 [Steps Start

0.22 13.13
0.28 13.11
0.34 13.09
0.41 13.07
0.47 13.05
0.53 13.03
0.59 13.01
0.65 12.99
0.71 12.97
0.77 12.95
0.83 12.93
0.89 12.91
0.95 12.89

1.01 12.89 [Tailwater

1.11 12.89 [(Tailwater

1.26 12.90 |Tailwater

1.41 12.90 |Stiling Basin - Tailwater

1.56 12.90 |Stifling Basin - Tailwater

1.72 12.90 [Stilling Basin - Tailwater
1.87 12.90 |Out of Stilling Basin
2.17 12.89

2.78 12.89

3.39 12.89

4.00 12.89

4.61 12.89

5.22 12.89
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Table A40. Prototype water surface profile along the right wall looking
downstream for test #3.

Prototype Water Surface Profile
WS along Rt. Walllooking d.s. 1/6 PMF

station | station elev
Xp (M) Y, (M) Zo(m) Comments
-12.54 -49.62 290.85

-9.19 -49.62 290.82

-7.85 -49.62 290.82

-6.50 -49.62 290.82

-3.15 -49.62 290.84

-0.47 -49.62 290.74

1.54 -49.62 290.03

2.88 -49.62 28953

3.69 -49.62 289.27 Joint - starts to conv

4.90 -48.35 28992

7.58 -44.79 289.03

10.93 -40.90 287 .98

14.28 -36.68 286.95

17.64 -32.46 285.96

21.32 -28.03 284 .91 Wall levels off
24.34 -24.14 283.94

26.82 -21.06 283.16 Edge of tw & conv jet
29.04 -18.11 283.89 Tailwater

30.38 -17.57 283.42 Tailwater - Basin
34.40 -16.23 283.80 Tailwater - Basin
38.22 -14.89 283.83 Basin ext
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Table A41. Model water surface profile along the right wall looking

downstream for test #3.

Model Water Surface Profile

WS along Bt. Walllooking d.s. 1/6 PMF

station | station elev
__X_m (m) Ym (M) Zn(m) Comments

-0.57 -2.26 13.22
-0.42 -2.26 13.22
-0.36 -2.26 13.22
-0.30 -2.26 13.22
-0.14 -2.26 13.22
-0.02 -2.26 13.22
0.07 226 13.18
0.13 -2.06 13.16
0.17 2.26 13.15 Joint - starts to conv
0.22 -2.20 13.18
0.34 -2.04 13.14
0.50 -1.86 13.09
0.65 -1.67 13.04
0.80 -1.48 13.00
0.97 -1.27 12.95 Wall levels off
1.11 -1.10 12.91
1,22 -0.96 12.87 Edge of tw & conv jet
1.32 -0.82 12.90 Tailwater
1.38 -0.80 12.88 Tailwater - Basin
1.56 -0.74 12.90 Tailwater - Basin
1.74 -0.68 12.90 Basin exit
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Table A42. Prototype water surface profile along the left wall looking
downstream for test #3.

Prototype Water Surface Profile
WS along Lt Wall looking d.s.1/6 PMF

station | station elev
X; (m) Y, (m) Z,(m) Comments
-12.54 49 62 290.84

-9.19 49 .62 290.82

-7.85 49 .62 290.82

-6.50 49.62 290.81

-3.15 49 .62 290.82

-0.47 49.62 290.74

1.54 4962 290.05

2.88 49 .62 289.55

3.69 4962 289.29 joint - starts to conv

4,90 48.55 289.94

7.58 4533 288.98

10.93 41.11 288.00

14.28 36.81 286.93

17.64 32.66 285.95

21.32 28.16 284 .91 wall levels off
24.34 24 .27 283.86

26.82 2112 283.14 edge of tw & conv jet
29.04 1790 283.80 TW

30.38 17 .84 283.16 TW-Basin
34.40 1643 283.77 TW-Basin
38.22 15.36 283.79 Basin ext
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Table A43. Model water surface profile along the left wall looking

downstream for test #3.

Model Water Surface Profile

WS along Lt. Wall looking d.s. 1/6 PMF

station | station elev

Xm (M) Y (M) Z, (m) Comments
-0.57 2.26 13.22
-0.42 2.26 13.22
-0.36 2.26 13.22
-0.30 2.26 13.22
-0.14 2.26 13.22
-0.02 2.26 13.22
0.07 2.26 13.18
0.13 2.26 13.16
0.17 2.26 13.15 joint - starts to conv
0.22 2.21 13.18
0.34 2.06 13.14
0.50 1.87 13.09
0.65 1.67 13.04
0.80 1.48 13.00
0.97 1.28 12.95 wall levels off
1.11 1.10 12.90
1.22 0.96 12.87 edge of tw & conv jet
1.32 0.81 12.90 TW
1.38 0.81 12.87 TW-Basin
1.56 0.75 12.90 TW-Basin
1.74 0.70 12.90 Basin exit
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Table A44. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #3.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =4.6 m - Step 1; 1/6 PMF
station elev
Yp (M) Zo(m) |Comments
=49 08 292.89 |Top of wall
-48.82 289.95
-48.35 289.77 |End of rough water
-47 .95 289.01 |Start of smooth water

-46 94 288.94
-44 93 288.93
-41.57 288.92
-34 .87 288.92
-28.16 288.92

-21.46 288.92
-14.75 288.92

-8.05 288.94
-1.34 288.93
5.36 288.92
12.07 288.92
18.78 288.99
25.48 288.94
32.19 288.95
38.89 288.96

44.26 288.94
46,94 288.95
48.08 288.99
48.48 289.81 ]Start of rough water
49.02 289.90
49.22 292.89 |Top of wall
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Table A45. Model cross-sectional water surface profile at step 1, station 0.21
m for test #3. '

Model Water Surface Profile
Cross-Sectional Profile, Xn =021 m - Step 1; 1/6 PMF
station elev
Ym (M) Zn(m) |Comments

-2.23 13.311Top of wall

-2.22 13.18

-2.20 13.17|End of rough water
-2.18 13.14|Start of smooth water
-2.13 13.13

-2.04 13.13

-1.89 13.13

-1.58 13.13

-1.28 13.13
-0.98 13.13

-0.67 13.13

-0.37 13.13

-0.06 13.13

0.24 13.13

0.55 13.13

0.85 13.13

1.16 13.13

1.46 13.13

1.77 13.13

2.01 13.13

2.13 13.13

2.19 13.14

2.20 13.17|Start of rough water
2.23 13.18

2.24 13.31|Top of wall
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Table A46. Prototype cross-sectional water surface profile at step 8, station
11 m for test #3.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m - Step 8; 1/6 PMF
station elev
Y (M) Zp(m) |Comments
-41 11 290.79 [top of wall

-40.84 287.96
-39.56 287.67
-38.42 287.36
-37 .82 287.07
-36.21 286.89
-34 .87 286.83 |End of rough water
-28.16 286.79

-21.46 286.79
-14.75 286.78

-8.05 286.81
-1.34 286.77
5.36 286.80
12.07 286.77
18.78 286.81
25.48 286.78
32.19 286.82
34.20 286.83
35.54 286.89
37.55 287.00

38.56 287.29
40.23 287.68
41.04 287.95 |Start of rough water
41.31 290.77
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Table A47. Model crdss-sectional water surface profile at step 8, station 0.5
m for test #3.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8;1/6 PMF
station elev
Ym (M) Zn(m) [Comments

-1.87 1322 |top of wall

-1.86 13.09

-1.80 13.08

-1.75 13.06

-1.72 13.05

-1.65 13.04

-1.58 13.04 |End of rough water
-1.28 13.04

-0.98 13.04

-0.67 13.04

-0.37 13.04

-0.06 13.04

0.24 13.04

0.55 13.04

0.85 13.04

1.16 13.04

1.46 13.04

1.55 13.04

1.62 13.04

1.71 13.05

1.75 13.06

1.83 13.08

1.87 13.09 |Start of rough water
1.88 13.22
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Table A48. Prototype cross-sectional water surface profile at step 12, station
14.8 m for test #3.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; PMF
station elev
Yr (M) Zy(m) |Comments
-36.61 289.57 |Top of wall
-36.28 286.82
-35.20 286.60

-34 .20 286.34 |End of rough water
-33.53 286.05 |Start of smooth water

-32.19 285.89
-30.85 285.70
-28.16 285.61
-21.46 285.55
-14.75 285.59
-8.05 285.53
-1.34 285.51
5.36 285.53
12.07 285.55
18.78 285.57
25.48 285.57
28.83 285.62

30.85 285.71
32.19 285.82
33.53 286.05
34.20 286.30 |Start of rough water
35.54 286.67
36.48 286.83
36.75 289.55 |Top of wall
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Table A49. Model cross-sectional water surface profile at step 12, station
0.67 m for test #3.

Model Water Surface Profile
Cross-Sectional Profile, Xn =0.67 m- Step 12; PMF
station elev
Ym(m) | Zm(m) |Comments
-1.66 13.16 |Top of wall
-1.65 13.04
-1.60 13.03
-1.55 13.02 |End of rough water
-1.52 13.00 |Start of smooth water
-1.46 12.99
-1.40 12.99
-1.28 12.98
-0.98 12.98
-0.67 12.98
-0.37 12.98
-0.06 12.98
0.24 12.98
0.55 12.98
0.85 12.98
1.16 12.98
1.31 12.98
1.40 12.99
1.46 12.99
1.52 13.00
1.65 13.01 |[Start of rough water
1.62 13.03
1.66 13.04
1.67 13.16 |Top of wall
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Table A50. Prototype cross-sectional water surface profile at step 18, station
20.3 m for test #3.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; 1/6 PMF
station elev
Yp (M) Zy(m) |Comments
-29.64 287.70 |[Top of wall
2937 | 28524
2850 | 285.06

-27.49 284.71 |End of rough water
-26.82 284.47 |Start of smooth water

-24 81 284.18
-22 .80 283.92
-21.46 283.86
-14.75 283.75
-8.05 283.73
-1.34 283.75
5.36 283.77

12.07 283.76
18.78 283.78
22.13 283.86

24.81 284.21
26.82 284.44 |Start of rough water
27.49 284.65
| 28.83 285.00
29.57 285.19

29.84 287.70 [Top of wall
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Table A51. Model cross-sectional water surface profile at step 18, station
0.92 m for test #3.

Model Water Surface Profile
Cross-Sectional Profile, Xn =0.92 m- Step 18;1/6 PMF

station elev
Ym (M) Zn(m) |Comments

-1.35 13.08 |Top of wall

-1.34 1297

-1.30 12.96

-1.25 1294 |End of rough water
-1.22 1293 |[Start of smooth water
-1.13 1292

-1.04 12.91

-0.98 1290

-0.67 1290

-0.37 1290

-0.06 12.90

0.24 1290

0.55 12.90

0.85 1290

1.01 1290

1.13 1292

1.22 12.93 |Start of rough water

1.25 1294

1.31 1295

1.34 1296

1.36 13.08 [Top of wall
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Table A52. Prototype cross-sectional water surface profile at step 21, station
23.1 m for test #3.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; 1/6 PMF -Low TW
station elev
Yp (M) Zo(m) |Comments
-26.15 287.25 [Top of wall

-25.88 284.40

-24 .81 284.12
-23.94 283.77 _|End of rough water
-23.13 283.51
-21.46 283.42
-18.11 282.95
-14.75 282.91
-14,08 283.37 |TW
-8.05 283.57 |[TW
-1.34 283.563 |TW
5.36 283.55 |TW
12.07 283.52 |TW

14.75 282.96 |[Out of Tailwater
17.43 282.89
20.79 283.16
23.13 283.50
24.14 283.66 |Start of rough water
25.15 284.04
25.95 284.28
26.29 287.25 [Top of wall
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Table A53. Model cross-sectional water surface profile at step 21, station
1.05 m for test #3.

Mode!l Water Surface Profile
Cross-Sectional Profile, Xm = 1.05 m- Step 21; 1/6 PMF - Low TW

station elev
Ym (M) Zn(m) |Comments

-1.19 13.06 |Top of wall

-1.18 12.93

-1.13 12.91

-1.09 12.90 IEnd of rough water
-1.05 12.89

-0.98 12.88

-0.82 12.86

-0.67 12.86

-0.64 12.88 |TW

-0.37 12.89 |TW

-0.06 12.89 |TW

0.24 12.89 |TW

0.55 12.89 |TW

0.67 12.86 |Out of Tailwater

0.79 12.86

0.94 1287

1.05 12.89

1.10 12.89 |Start of rough water

1.14 12.91

1.18 12.92

1.19 13.06 |Top of wall
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Table A54. Prototype cross-sectional water surface profile at step 25, station
26.8 m for test #3.

Prototype Water Surface Profile

Cross-Sectional Profile, X, =26.8 m - Step 25; 1/6 PMF - Low TW
station elev
Yp (M) Zo(m) |Comments
-21.59 287.21 |Top of wall
-21.32 283.16
-20.45 282.97
-19.45 28268 |End of rough water

-18.44 282.36

-16.09 282.15

-14.08 281.85

-11.40 281.70

-6.04 281.66

-4.69 281.92 |TW

-1.34 282.16 |TW

4,02 282.07 |TW

5.36 281.62 |Out of Tailwater
8.72 281.62

12.07 281.72
15.42 281.97
18.78 282.30
19.78 282.60 |Start of rough water
20.92 282.96
21.46 283.08
21.66 287.20 |Top of wall
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Table A55. Model cross-sectional water surface profile at step 25, station
1.22 m for test #3.

Model Water Surface Profile
Cross-Sectional Profile, Xn = 1.22 m- Step 25; 1/6 PMF - Low TW
station elev
Ym (M) Zm(m) |Comments
-0.98 13.05 |Top of wall
-0.97 1287
-0.93 12.86
-0.88 12.85 _IEnd of rough water
-0.84 12.83
-0.73 12.82
-0.64 12.81
-0.52 12.80
-0.27 12.80
-0.21 1281 |[TW
-0.06 1283 TW
0.18 1282 |TW
0.24 12.80 |Out of Tailwater
0.40 12.80
0.55 12.81
0.70 12.82
0.85 12.83
0.90 12.85 |Start of rough water
0.95 12.86
0.98 12.87
0.98 13.05 |Top of wall
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Table A56. Prototype centerline water surface profile for test #4.

Prototype Water Surface Profile

[Centerline Profile, Y, = 0.0 m; 1/3 PMF

station elev
Xp (m) Z,(m) [Comments

-113.12 | 291.28

-99.71 291.28

-86.30 291.28

-72.89 291.28

-59.48 291.29
-46.07 291.29
-32.66 291.28
-19.25 291.28
-12.54 291.27
-9.19 291.24
-5.83 291.21
-2.48 291.20

-1.81 291.19 Jogee crest

-1.14 291.16 |ogee crest

-0.47 291.10 logee crest

0.20 290.92 logee crest

0.87 290.65 |ogee crest

1.54 290.39 |ogee crest

2.21 290.06 logee crest

2.88 289.78 logee crest

3.55 289.54 Jogee crest

4,22 289.28 |steps start

4.90 280.06
6.24 288.62
7.58 288.12

8.92 287.69

10.26 287.23

11.60 286.74

12.94 286.27
14.28 2856.82
15.62 285.40
16.97 284.96
18.31 284.51
19.65 284.68
20.99 284.63

25.01 284.71

===

27.69 285.05

34.40 285.16 |TW-stilling basin

41.11 285.03 |out of stilling basin

47.81 284.96

61.20 | 284.93
74.63 | 284.83
88.04 | 284.82

10146 | 284.87

11487 | 284.84
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Table A57. Model centerline water surface profile for test #4.

Model Water Surface Profile

Run# Run4 Centerline profile, Ym =0.0 m; 1/3 PMF
Date: 19 Oct 2004
station elev

L___)_(_m {m) Z,, (m) |Comments

-5.14 13.24

-4.53 13.24

-3.92 13.24

-3.31 13.24

-2.70 13.24

-2.09 13.24

-1,48 13.24

-0.87 13.24

-0.57 13.24

-0.42 13.24

-0.27 13.24

-0.11 13.24

-0.08_| 1324 Jogee crest

-0.05 13.23 _Jogee crest
-0.02 13.23 _Jogee crest

0.01 13.22 |ogee crest

0.04 13.21 _Jogee crest

0.07 13.20 jogee crest

0.10 13.18 _jogee crest
0.13 13.17 jogee crest
0.16 13.16 _Jogee crest
0.19 13.15 [steps start
0.22 13.14
0.28 13.12
0.34 13.10
0.4 13.08
0.47 13.06
0.53 13.03
0.59 13.01
0.65 12.99
0.71 12.97
0.77 12.95
0.83 1293

0.89 1294 ITW

0.95 1294 [TW

1.14 1294 [TW

1.26 1296 JTW

1.56 12.96 | TW-stilling basin

1.87 12.96 lout of stilling basin

217 12.95
2.78 12.95
3.39 12.95
4.00 12.95
4.61 12.95
5.22 12.95
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Table A58. Prototype water surface profile along the right wall looking
downstream for test #4.

Prototype Water Surface Profile
WS along Rt. Walllooking d.s. 1/3 PMF
station | station elev
X; (m) Y, (m) Z,(m) Comments
-12.54 -49.62 291.27
-9.19 -49.62 20122
-7.85 -49.62 291.16
-6.50 -49.62 29120
-3.15 -49.62 291.18
-0.47 -49.62 291.08
1.54 -49.62 290.37
2.88 -49.62 289.80
3.69 -49.62 289.64 walljoint
4.90 -48.35 29059
7.58 -45.06 289.81
10.93 -40.77 288.69
14.28 -36.55 287.75
17.64 -32.32 286.73
21.32 -27.83 285.71 wall levels off
24.34 -24.01 284 .83
26.35 -21.46 284.37 TW edge
29.04 -17.97 285.75 TW
30.38 -17.70 - 28384 TW -basin
34.40 -16.29 28524 Basin
38.22 -14.95 285.38 Basin exit
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Table A59. Model water surface profile along the right wall looking
downstream for test #4.

Model Water Surface Profile
WS along Rt. Wall looking d.s. 1/3 PMF
station | station elev
Xn{m) | Yn(m) Zn(m) Comments
-0.57 -2.26 13.24
-0.42 -2.26 1324
-0.36 -2.26 13.23
-0.30 -2.26 13.24
-0.14 -2.26 13.24
-0.02 -2.26 13.23
0.07 -2.26 13.20
0.13 -2.26 1317
0.17 -2.26 13.17 wall joint
0.22 -2.20 13.21
0.34 -2.05 13.17
0.50 -1.85 13.12
0.65 -1.66 13.08
0.80 -1.47 13.03
0.97 -1.26 12.99 wall levels off
1.1 -1.09 12.95
1.20 -0.98 12.93 TW edge
1.32 -0.82 12.99 TW
1.38 -0.80 12.90 TW -basin
1.56 -0.74 1297 Basin
1.74 -0.68 12.97 Basin exit
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Table A60. Prototype water surface profile along the left wall looking
downstream for test #4.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s.1/3 PMF

station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 49.62 290125

-9.19 49.62 291.20

-7.85 49.62 29114

-6.50 49.62 2901.18

-3.15 49.62 201.18

-0.47 49.62 291.06

1.54 49.62 290.35

2.88 49.62 289.82

3.69 49.62 28960 wall joint

4.90 48 .41 290.59

7.58 4513 289.86

10.93 41.04 288.73

14.28 36.81 287.74

17.64 32.66 286.82

21.32 27.90 ' 285.69 wall levels off
24.34 24.14 284 .69

26.35 21.59 28417 TW edge
29.04 18.11 285.60 TW

30.38 17.77 283.81 TW-basin
34.40 16.36 285.12 basin
38.22 15.09 28522 basin exit
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Table A61. Model water surface profile along the left wall looking
downstream for test #4.

Model Water Surface Profile

WS along Lt. Wall looking d.s. 1/3PMF

station | station elev
[ Xn (M) | Yn(m) Z, (m) Comments
~0.57 2.26 13.24
-0.42 2.26 13.24
-0.36 2.26 13.23
-0.30 2.26 13.24
-0.14 2.26 13.24
-0.02 2.26 1323
0.07 2.26 13.20
0.13 2.26 13.17
0.17 2.26 13.16 wall joint
0.22 2.20 13.21
0.34 2.05 13.18
0.50 1.87 1312
0.65 1,67 13.08
0.80 1,48 13.04
0.97 1.27 12.99 wall levels off
1,11 1.10 12.94
1.20 0.98 12.92 TW edge
1.32 0.82 12.98 TW
1.38 0.81 12.90 TW-basin
1.56 0.74 12.96 basin
1.74 0.69 1296 basin exit
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Table A62. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #4.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =4.6 m - Step 1; 13 PMF
station elev
Yp (M) Zp(m) |Comments
-49.15 292.91 ltop of wall

-48.82 290.65
-48.28 290.51
-47 27 289.27
-45 .60 289.17

-41.57 289.11
-34.87 289.13
-28.16 289.13

-21.46 289.13
-8.05 289.13
5.36 289.12
18.78 289.12
25.48 289.15
32,19 289.16
38.89 289.16

42.25 289.13
44.93 289.15
46.94 289.17

48.28 290.47
48.95 290.63
49.22 292.89 |[top of wall
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Table A63. Model cross-sectional water surface profile at step 1, station 0.21
m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.21 m - Step 1; 1/3 PMF
station elev
Ym (M) Zn(m) |Comments
-2.23 13.31}top of wall
-2.22 13.21
-2.19 13.21
-2.15 13.15
-2.07 13.14
-1.89 13.14
-1.58 13.14
-1.28 13.14
-0.98 13.14
-0.37 13.14
0.24 13.14
0.85 13.14
1.16 13.14
1.46 13.14
1.77 13.14
1.92 13.14
2.04 13.14
2.13 13.14
2.19 13.20
223 13.21
2.24 13.31]top of wall
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Table A64. Prototype cross-sectional water surface profile at step 8, station
11 m for test #4.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m- Step 8; 1/3 PMF
station elev
Y, (m) Z,(m) |Comments

-41.17 290.80
-40.90 288.74
-39.56 288.36

-37.55 287.91
-35.87 287.47

-34.87 287.13 |smooth water

-31 .52 287.01
-28.16 286.97
-21.46 286.93
-14.75 286.91
-8.05 286.93
-1.34 286.91
5.36 286.93

12.07 286.94
18.78 286.94
25.48 286.97
28.83 287.00

32.19 287.04
35.20 287.14
35.87 287.42 |rough water
37.55 287.88
38.89 288.13

40.23 288.42
41.04 288.72
41.31 290.77 _|top of wall
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Table A65. Model cross-sectional water surface profile at step 8, station 0.5
m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8;1/3 PMF
station elev
Ym (M) Z,.(m) |Comments
-1.87 13.22
-1.86 13.12
-1.80 13.11
-1.71 13.09
-1.63 13.07
-1.58 13.05 _|smooth water
-1.43 13.05
-1.28 13.04
-0.98 13.04
-0.67 13.04
-0.37 13.04
-0.06 13.04
0.24 13.04
0.55 13.04
0.85 13.04
1.16 13.04
1.31 13.05
1.46 13.05
1.60 13.05
1.63 13.06 |rough water
1.71 13.09
1.77 13.10
1.83 13.11
1.87 13.12
1.88 13.22 jtop of wall
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Table A66. Prototype cross-sectional water surface profile at step 12, station
14.8 m for test #4.

Prototype Water Surface Profile
Cross-Sectional Profile, X; =14.8 m - Step 12; 1/3 PMF
station elev
Y (M) Zy(m) |Comments
-36 48 289.55 |top of wall

-36.21 287.90
-35.54 287.54
-34.87 287.22
-34.20 287.17
-33.53 287.13
-32.86 287.03
-32.19 286.81
-31.52 286.56
-30.38 285.98 |smooth water
-28.16 285.83
-21.46 285.70
-14.75 285.67
-8.05 285.67
-1.34 285.69
5.36 285.67

12.07 285.67
18.78 285.70
24.14 285.76

24.81 285.78
26.82 285.88
28.16 285.87
29.50 286.00

30.38 286.03_ |rough water
31.05 286.44
32.19 286.98
33.53 287.19
34.87 287.52
35.54 287.55
36.41 287.70
36.81 289.54 |top of wall
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Table A67. Model cross-sectional water surface profile at step 12, station
0.67 m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.67 m- Step 12; 1/3 PMF
station elev
Ym (M) Zn(m) |Comments
-1.66 13.16 _ {top of wall
-1.65 13.09
-1.62 13.07
-1.58 13.06
-1.55 13.05
-1.52 13.05
-1.49 13.05
-1.46 13.04
-1.43 13.03
-1.38 13.00 |smooth water
-1.28 12.99
-0.98 12.99
-0.67 12.98
-0.37 1299
-0.06 12.99
0.24 1299
0.55 12.99
0.85 12.99
1.10 12.99
1.13 12.99
1.22 12.99
1.28 12.99
1.34 13.00
1.38 13.00 |rough water
1.41 13.02
1.46 13.04
1.52 13.05
1.58 13.07
1.62 13.07
1.66 13.08
1.67 13.16 |top of wall
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Table A68. Prototype cross-sectional water surface profile at step 18, station
20.3 m for test #4.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m- Step 18; 1/3 PMF
station elev
Y, (M) Z,(m) |Comments
-29.77 287.73 [top of wall

-29.50 286.11
-28.83 286.00
-28.16 285.80
-26.82 285.67
-25.48 285.38

-24 54 285.14 |last of rough water
-23.74 284.63 |smooth water

-22.80 284.36
-21.46 284.24
-18.11 284.06
-16.76 284.43 |TW
-14.75 284.49

-8.05 284.77

-1.34 284.75

5.36 284.73

12.07 284.70

15.42 284.59
18.37 283.99 |outof TW
20.12 284.16
21.46 284.18
22.80 284.37 |last of smooth water
23.47 284.66 |rough water

25.48 285.43
26.82 285.81
28.16 285.94
28.83 285.97
29.64 286.14

29.91 287.72 |top of wall
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Table A69. Model cross-sectional water surface profile at step 18, station
0.92 m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, X, =0.92 m- Step 18; 1/3 PMF

station elev
Y (M) Z,(m) |Comments
-1.35 13.08 |top of wall

-1.34 13.00
-1.31 13.00
-1.28 12.99
-1.22 12.98
-1.16 12.97

-1.12 12.96 _|last of rough water
-1.08 12.94 |smooth water

-1.04 12.93
-0.98 12.92
-0.82 1291
-0.76 1293 |[TW
-0.67 12.93
-0.37 12.94
-0.06 12.94
0.24 12.94
0.55 12.94
0.70 12.94
0.84 1291 Joutof TW
0.91 1292
0.98 12.92

1.04 12.93  |last of smooth water
1.07 12.94 |rough water

1.16 12.97
1.22 12.99
1.28 13.00
1.31 13.00
1.35 13.01

1.36 13.08 |[top of wall
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Table A70. Prototype cross-sectional water surface profile at step 21, station
23.1 m for test #4.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; 1/3 PMF -Low TW
station elev
Y, (M) Z,(m) |Comments
-26.22 287.25 |top of wall

-256 .95 285.17
-24.48 284.89

-22 .80 284.54
-21.12 284.08
-20.12 283.67 |smooth water
-18.11 283.31
-14.75 283.05
-11.40 282.97
-8.05 282.92
-1.34 282.91
5.36 282.92

8.72 282.92
12.07 282.98
15.42 283.06
18.78 283.35

20.12 283.59
20.79 283.89 [rough water
22.80 284.56
24.81 284.78
26.02 285.12

26.35 287.25 |top of wall
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Table A71. Model cross-sectional water surface profile at step 21, station
1.05 m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, X, =1.05 m- Step 21; 13 PMF - Low TW
station elev
Y (M) Z,(m) |Comments
-1.19 13.06 |[top of wall
-1.18 12.96
-1.11 12.95
-1.04 12.93
-0.96 12.91
-0.91 12.89 [smooth water
-0.82 12.88
-0.67 12.87
-0.52 12.86
-0.37 12.86
-0.06 12.86
0.24 12.86
0.40 12.86
0.55 12.86
0.70 12.87
0.85 12.88
0.9 12.89
0.94 12.90 |rough water
1.04 12.93
1.13 1294
1.18 12.96
1.20 13.06 |top of wall
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Table A72. Prototype cross-sectional water surface profile at step 25, station
26.8 m for test #4.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m - Step 25; 1/3 PMF - Low TW
station elev
Yp (M) Zp(m) |Comments
-22.06 287.20 ltop of wall

-21.73 284.21
-20.12 283.88
-17.77 283.33

-16.09 282.72 |smooth water
-14.08 282.32

-11.40 282.02
-8.05 282.42 |tw
-1.34 | 282.49
5.36 282.39
8.72 282.38
10.06 281.98 |end tw/ smooth water begins
12.74 282.13
15.42 282.51

17.17 283.03 |rough water
18.78 283.66
20.79 283.86
21.79 284.07

22,13 287.21_|top of wall
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Table A73. Model cross-sectional water surface profile at step 25, station
1.22 m for test #4.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.22 m- Step 25; 13 PMF - Low
station elev
Ym (m) Zm(m) |Comments
-1.00 13.05 ltop of wall
-0.99 12.92
-0.91 12.90
-0.81 12.88
-0.73 12.85 |smooth water
-0.64 12.83
-0.52 12.82
-0.37 1284 |tw
-0.06 12.84
0.24 12.84
0.40 12.84
0.46 12.82 |end tw/ smooth water begins
0.58 12.82
0.70 12.84
0.78 12.87 [|rough water
0.85 12.89
0.94 12.90
0.99 12.91
1.01 13.05 |top of wall
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Table A74. Prototype centerline water surface profile for test #24.

Prototype Water Surface Profile
Centerline Profile, Y, = 0.0 m; PMF
station elev
X, (m) Z,(m) |Comments
-113.12 | 292.56 |centerline profile
-99.71 292.56
-86.30 292.56
-72.89 292.55
-59.48 292.55
-46.07 292.55
-32.66 292.53
-19.25 292.52
-12.54 292.47
-9.19 202.37
-5.83 292.24
-2.48 292.22
-1.81 292.18 |ogee crest
-1.14 292.12
-0.47 292.01
0.20 291.86
0.87 291.66
1.54 291.33
2.21 291.05
2.88 290.72
3.55 290.44
4.22 290.13
4.90 289.82
6.24 289.30
7.58 288.79
8.92 288.26
10.26 287.75
11.60 287.28
12.94 286.79
14.28 286.33
15.62 285.90
16.29 285.65 |edge of TW
16.97 285.91 ITW
18.31 285.93 |TW
20.99 286.16 |TW
24.34 286.18 |TW
27.69 286.20 |Edge of dtilling basin
31.05 | 286.45 |stilling basin
34.40 286.58 |stilling basin
41.11 286.98 Jout of stilling basin
47.81 286.88
61.22 286.87
74.63 286.89
88.04 286.93
10146 286.91
114.87 | 286.90
14169 | 286.88 [TW reading d.s.

166



Table A75. Model centerline water surface profile for test #24.

Model Water Surface Profile

Run# 24 Centerline profile, Ym = 0.0 m; PMF
Date: 4 Dec 2004

station elev

Xm(m) | Zm(m) {Comments
-5.14 13.30 _|centerline profile
-4.53 13.30

-3.92 13.30

-3.31 13.30

-2.70 13,30

-2.09 13.30

-1,48 13.30

-0.87 13.30

-0.57 13.29

-0.42 13.29

-0.27 13.28

-0.11 13.28

-0.08 13.28 logee crest
-0.05 13.28

-0.02 13.27
0.01 13.27
0.04 13.26
0.07 13.24
0.10 13.23
0.13 13.21
0.16 13.20
0.19 13.19
0.22 13.17
0.28 13.15
0.34 13.13
0.41 13.10
0.47 13.08
0.53 13.06
0.59 13.04
0.65 13.01
0.71 13.00
0.74 12.98 ledge of TW
0.77 13.00 |TW
0.83 13.00 |TW
0.95 13.01 |TW
1.11 13.01 |TW
1.26 13.01 _|Edge of dilling basin
1.41 13.02 [stilling basin
1.56 13.03 |stilling basin
1.87 13.04 lout of stilling basin
217 13.04
2.78 13.04
3.39 13.04
4.00 13.04
4.61 13.04
5.22 13.04
6.44 13.04 {TW reading d.s.
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Table A76. Prototype water surface profile along the right wall looking

downstream for test #24.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. PMF, 4=30o0nr, 15 on it
station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 -49.62 292.48 rt wall looking ds
-9.19 -49.62 292.38
-7.85 -49.62 292.22
-6.50 -49.62 291.96
-5.83 -49.62 291.78
-2.48 -49.62 292.10
-1.14 -49.62 292.03
0.87 -49.62 291.60
3.69 -49.62 290.65 joint start converge
4.90 -49.29 291.18
- 7.58 -47.61 290.42
10.93 -45.80 289.37
14.28 -43.85 288.25
17.64 -41.91 287.12
21.46 -39.63 285.87 wall starts to level of
24.34 -38.22 285.10
25.01 -37.75 285.64 tw
27.69 -36.21 286.32 tw
29.50 -35.14 286.53 start st basin
31.05 -35.14 286.65 stilling basin
34.40 -35.14 287.05 stilling basin
38.22 -35.14 287.17 end stilliing basin
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Table A77. Model water surface profile along the right wall looking

downstream for test #24.

Model Water Surface Profile
WS along Rt. Wall looking d.s. PMF, $=30o0on 1t 150n |t
station station elev
X, (M) Y (M) Zn(m) Comments
[ -0.57 2.26 13.29 rt wall looking ds

-0.42 -2.26 13.29
-0.36 -2.26 13.28
-0.30 -2.26 13.27
-0.27 -2.26 13.26
-0.11 -2.26 13.28
-0.05 -2.26 13.27
0.04 -2.26 13.25
0.17 -2.26 13.21 joint start converge
0.22 -2.24 13.24
0.34 -2.16 13.20
0.50 -2.08 13.15
0.65 -1.99 13.10
0.80 -1.91 13.05
0.98 -1.80 12.99 wall starts to level of
1.11 -1.74 12.96
1.14 -1,72 12.98 tw
1.26 -1.65 13.01 tw
1.34 -1.60 13.02 start st basin
1.41 -1.60 13.03 stilling basin
1.56 -1.60 13.05 stilling basin
1.74 -1.60 13.05 end stilling basin
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Table A78. Prototype water surface profile along the left wall looking

downstream for test #24.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s. PMF, ¢=30o0onr, 15 on It
station station elev
X, (m) Y, (M) Z,(m) Comments
-12.54 49.62 292.48 it wall looking ds
-9.19 49.62 292.36
-7.85 49.62 292.16
-6.50 49.62 292.00
-5.83 49.62 291.87
-2.48 49.62 292.08
-1.14 49.62 292.06
0.87 49.62 291.61
3.69 49.62 290.43 joint starts to conv
4.90 49.82 290.32
7.58 49.15 289.55
10.93 48.28 288.34
14.28 47.41 287.17
17.64 46.54 286.01 edge of TW
19.98 45.80 285.24 TW
20.65 45.73 285.74 TW
21.46 45.40 285.87 wall begin to level off
24.34 44.73 286.20 TW
27.69 43.79 286.36 TW
29.50 43.25 286.59 start basin
31.05 43.25 286.73 stilling basin
34.40 43.25 286.26 stilling basin
38.22 43.25 286.97 end of basin
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Table A79. Model water surface profile along the left wall looking

downstream for test #24.

Model Water Surface Profile
WS along Lt. Wall looking d.s. PMF, ¢=30onrt, 15 on It
station | station elev
| X (m) | Y, (m) Z,,(m) Comments
-0.57 2.26 13.29 It wall looking ds
-0.42 2.26 13.29
-0.36 2.26 13.28
-0.30 2.26 13.27
-0.27 2.26 13.27
-0.11 2.26 13.28
-0.05 2.26 13.28
0.04 2.26 13.26
0.17 2.26 13.20 joint starts to conv
0.22 2.26 13.20
0.34 2.23 13.16
0.50 2.19 13.11
0.65 2.15 13.05
0.80 212 13.00 edge of TW
0.91 2.08 12.97 T™W
0.94 2.08 12.99 TW
0.98 2.06 12.99 wall begin to level off
1.11 2.03 13.01 TW
1.26 1.99 13.02 T™W
1.34 1.97 13.03 start basin
1.41 1.97 13.03 stilling basin
1.56 1.97 13.01 stilling basin
1.74 1.97 13.04 end of basin
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Table A80. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #24.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =4.6 m - Step 1; PMF
station elev
Yp (M) Zp(m) |Comments
50.09 292.87 |top of wall - step 1
49.89 290.45
4922 | 290.03
47.95 289.84
46.94 289.82
45.60 289.84
44.26 289.86
42.25 289.92
38.89 289.94
32.19 289.96
25.48 289.95
18.78 289.93
12.07 289.92
5.36 289.93
0.00 289.92
-8.05 289.94
-14.75 289.93
-21.46 289.94
-28.16 289.94
-34 .87 289.94
-38.22 289.93
-41.57 289.91
-42 92 289.90
-44 .26 289.88
-45 .60 289.86
-46 .94 289.91
-48 .28 290.22
-48.95 290.49
~49 49 291.19
-49.76 292.89 ltop of wall
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Table A81. Model cross-sectional water surface profile at step 1, station 0.21
m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, Xn =021 m - Step 1; PMF
station elev
Ym (M) Zn(m) |Comments

2.28 13.31|top of wall - step 1
2.27 13.20

2.24 13.18

2.18 13.17

2.13 13.17

2.07 13,17

2.01 13,18

1.92 13.18

1.77 13.18

1.46 13.18

1.16 13.18

0.85 13.18

0.55 13.18

0.24 13.18

0.00 13.18

-0.37 13.18

-0.67 13.18

-0.98 13.18

-1.28 13.18

-1.58 13.18

-1.74 13,18

-1.89 13.18

-1.95 13.18

-2.01 13.18

-2.07 13,18

-2.13 13.18

-2.19 13.19

-2.23 13.20

-2.25 13.24

-2.26 13.31]top of wall
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Table A82. Prototype cross-sectional water surface profile at step 8, station
11 m for test #24.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m - Step 8; PMF
station elev
Yp (M) Zp(m) |Comments
48.48 290.70 |top of wall - step 8

48.28 288.40
47.61 288.19
46.94 288.24

46.27 287.97
45.93 287.67

44.93 | 287.54
4359 | 287.50
42.25 | 287.48
40.90 | 287.50
38.89 | 287.48
3219 | 287.50
25.48 287.50
18.78 | 287.51
12.07 287.48
5.36 287.49
0.00 287.48
-8.05 287.49
1475 | 287.49
2146 | 287.50
-2816_| 287.50
3487 | 28752
-36.88 | 287.54
3889 | 287.58
-40.23 287.62
4090 | 267.64

-41.57 287.93 |rough water
-42 25 288.27

-42 92 288.44
-43 .59 288.66
-44 26 288.99
-44.93 289.15
-45 67 289.31

-45.93 | 290.73 |top of wall
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Table A83. Model cross-sectional water surface profile at step 8, station 0.5
m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m - Step 8; PMF
station elev
Ym (M) Zm(m) |Comments
2.20 1321 |top of wall - step 8
2.19 13.11
2.16 13.10
2.13 13,10
2.10 13.09
2.09 13.08
2.04 13.07
1.98 13.07
1.92 13.07
1.86 13.07
1,77 13.07
1.46 13.07
1.16 13.07
0.85 13.07
0.55 13.07
0.24 13.07
0.00 13.07
-0.37 13.07
-0.67 13.07
-0.98 13.07
-1.28 13.07
-1.58 13.07
-1.68 13.07
-1.77 13.07
-1.83 13.07
-1.86 13.07
-1.89 13.09 Jrough water
-1.92 13.10
-1.95 13.11
-1.98 13.12
-2.01 13.14
-2.04 13.14
-2.08 13.15
-2.09 1321 [top of wall
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Table A84. Prototype cross-sectional water surface profile at step 12, station
14.8 m for test #24.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; PMF
station elev
Yr (M) Zp(m) [Comments
47.48 289.46 [top of wall -step 12

47.34 287.05
46.94 286.97
46.27 286.90

45.60 286.90
44.93 286.74
44.26 286.39 |smooth water
43.59 286.32
42.92 286.29
41.57 286.24

4023 | 28620
38.89 | 286.20
3554 | 286.21

32.19 286.22
25.48 286.21
18.78 286.18
12.07 286.18
5.36 286.20

0.00 286.18
-8.05 286.18
-14.75 286.18
-21.46 286.18
-28.16 286.20
-31.52 286.23
-34 87 286.29
-36.88 286.36
-38.22 286.47 lrough water
-38.89 286.70
-40.23 287.26

4157 | 287.37
4225 | 287.73
4292 | 287.91
4359 | 288.03
A419 | 289.47 |top of wall
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Table A85. Model cross-sectional water surface profile at step 12, station
0.67 m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.67 m- Step 12; PMF
station elev
Ym (M) Zn(m) |Comments
2.16 13.16 |top of wall - step 12
2.15 13.05
2.13 13.04
2.10 13.04
2.07 13.04
2.04 13.03
2.01 13.02 |smooth water
1.98 13.01 :
1.95 13.01
1.89 13.01
1.83 13.01
1.77 13.01
1.62 13.01
1.46 13.01
1.16 13.01
0.85 13.01
0.55 13.01
0.24 13.01
0.00 13.01
-0.37 13.01
-0.67 13.01
-0.98 13.01
-1.28 13.01
-1.43 13.01
-1.58 13.01
-1.68 13.02
-1.74 13.02
-1.77 13.03 lrough water
-1.83 13.06
-1.89 13.06
-1.92 13.08
-1.95 13.09
-1,98 13.09
-2.01 13.16 |top of wall
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Table A86. Prototype cross-sectional water surface profile at step 18, station
20.3 m for test #24.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; PMF
station elev
Yp (M) Zs(m) |Comments
46.07 287.60 [top of wall -step 18
45.87 285.21 [coreflow
44.93 285.05 Icoreflow
43.92 285.04 Icoreflow
42.92 285.56 |TW
32.19 285.83 |TW
18.78 285.99 |TW
5.36 285.99 |TW
-8.05 28599 |TW
-21.46 286.01 |TW
-31.52 285.49 |TW
-33.53 284.66 |coreflow
-35.20 284.94 |coreflow
-36.21 285.28 |coreflow
-37.55 285.70 |coreflow
-38.89 285.77 |coreflow
-39.90 286.14 |coreflow
-40.43 286.25 |coreflow
-40.64 287.62 |top of wall
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Table A87. Model cross-sectional water surface profile at step 18, station
0.92 m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, X = 0.92 m- Step 18; PMF

station elev
Ym (m) Zn(m) |Comments

2.09 13.07 |top of wall - step 18

2.08 1296 |coreflow

2.04 1296 |coreflow

2.00 12.96__|coreflow

1.95 12.98 |TW

1.46 1299 |TW
0.85 13.00 |[TW
0.24 13.00 |TW
-0.37 13.00 |TW
-0.98 13.00 {TW

-1.43 1298 1TW
-1.52 12.94 |coreflow

-1.60 12.95 |coreflow
-1.65 1297 Jcoreflow
-1.71 12.99 |coreflow
-1.77 1299 |coreflow
~-1.81 13.01 |coreflow
-1.84 13.01 |coreflow
-1.85 13.07 |top of wall
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Table A88. Prototype cross-sectional water surface profile at step 21, station
23.1 m for test #24.

Pratotype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; PMF -Low TW

station elev
Yp (M) Z,{m) |Comments
45.26 287.16 [top of wall - step 21
4513 284.18
44.26 284.09
43.59 284.02
42.92 283.96
42.25 283.90
41.57 283.68 |smooth water
40.23 283.56
38.89 283.47
35.54 283.40
32.19 283.35
25.48 283.35
18.78 283.35
12.07 283.34
5.36 283.35
0.00 283.34
-8.05 283.31
-14.75 283.33
-21.46 283.37
-24 .81 283.43
-28.16 283.50
-30.18 283.61
-32.86 283.84
-33.86 283.98 |smooth water
-34 .87 284.41
-36.21 284.92
-37 .55 285.04
-38.22 285.16
-38.89 285.30
-39.09 287.23 |[top of wall
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Table A89. Model cross-sectional water surface profile at step 21, station
1.05 m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, Xm =1.05 m- Step 21; PMF - Low TW
station elev
Ym (m) Zn(m) |Comments
2.06 13.05 |[top of wall - step 21
2.05 12.92
2.01 12.91
1.98 12.91
1,95 12.91
1.92 12.90
1.89 12.89 |smooth water
1.83 12.89
1.77 12.89
1.62 12.88
1.46 12.88
1.16 12.88
0.85 12.88
0.55 12.88
0.24 12.88
0.00 12.88
-0.37 12.88
-0.67 12.88
-0.98 12.88
-1.13 12.88
-1.28 12.89
-1.37 12.89
-1.49 12.90
-1.54 1291 |smooth water
-1.58 12.93
-1.65 12.95
-1.71 12.96
-1,74 12.96
-1.77 12.97
~1.78 13.06 (top of wall
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Table A90. Prototype cross-sectional water surface profile at step 25, station
26.8 m for test #24.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m - Step 25; PMF -Low TW

station elev

Yp (M) Zp(m) |Comments

44.39 287.15 |top of wall - step 25
44.06 282.98

42,92 282.86

4157 282.70

40.23 282.45

38.89 282.27

35.54 282.16 |smooth water
32.19 282.08
25.48 282.08
18.78 282.06
12.07 282.05

5.36 282.06

0.00 282.07
-8.05 282.06
-14.75 282.09
-21.46 28215
-24 .81 282.29
-28.16 282.46
-30.18 282.64

-31.92 282.84 |smooth water
-32 52 283.20

-33.53 283.50
-34.87 283.83
-35.87 283.95
-36.81 284.12

3701 | 287.17 |top of wall
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Table A91. Model cross-sectional water surface profile at step 25, station
1.22 m for test #24.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.22 m- Step 25; PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
2.02 13.05 |top of wall - step 25
2.00 12.86
1.95 12.86
1.89 12.85
1.83 12.84
1.77 1283
1.62 12.83 |smooth water
1.46 12.82
1.16 12.82
0.85 1282
0.55 12 .82
0.24 12.82
0.00 12.82
-0.37 12.82
-0.67 12.82
-0.98 12.82
-1.13 12.83
-1.28 12.84
-1.37 12.85
-1.45 12.86 |smooth water
-1.48 12.87
-1.52 12.89
-1.58 12.90
-1.63 12.91
-1.67 1291
-1.68 13.05 |top of wall
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Table A92. Prototype centerline water surface profile for test #25.

Prototype Water Surface Profile

Centerline Profile, Y, = 0.0 m; 2/3 PMF

station elev
X, (m) Z,(m) [Comments

-113.12 | 291.98

-99.71 291.99
-86.30 291.98
-72.89 291.98
-50.48 291.98
-46.07 291.98
-32.66 291.98
-19.25 291.96
-5.83 291.80 3
-4.49 291.79
-3.15 291.78
-1.81 291.75
-0.47 291.61
0.87 291.20
2.21 290.57
3.55 280.97
4.90 289.46
6.24 288.94
7.58 288.44

10.93 287.23

14.28 286.08

17.64 284.97 |edge of TW

18.98 285.35 [TW

20.99 285.38 |TW

24.34 28552 |TW

27.69 285.73 |TW

31.05 285.85 ({stilling basin

34.40 285.92 |stilling basin

41.11 286.03 |out of dilling basin

47.81 286.03

61.22 286.05

74.63 286.05

88.04 286.05

10146 | 286.04

114.87 | 286.03

141 .69 285.99 |TW reading d.s.
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Table A93. Model centerline water surface profile for test #25.

Model Water Surface Profile
Run# 25 Centerline profile, Ym = 0.0 m; 2/3 PMF
Date: 6 Dec 2004
station elev
Xm (M) Zn (m) [Comments
-5.14 1327
-4.53 13.27
-3.92 13.27
-3.31 13.27
-2.70 13.27
-2.09 1327
-1.48 13.27
-0.87 1327
-0.27 13.26
-0.20 13.26
-0.14 13.26
-0.08 13.26
-0.02 13.26
0.04 13.24
0.10 13.21
0.16 13.18
0.22 13.16
0.28 13.13
0.34 13.11
0.50 13.06
0.65 13.00
0.80 1295 |edge of TW
0.86 1297 |TW
0.95 1297 |TW
1.11 1298 |TW
1.26 1299 |TW
1.41 12.99 |stilling basin
1.66 13.00 _{stilling basin
1.87 13.00 jout of dtilling basin
2.17 13.00
2.78 13.00
3.39 13.00
4.00 13.00
4.61 13.00
5.22 13.00
_6.4 13.00 |TW reading d.s.
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Table A94. Prototype water surface profile along the right wall looking
downstream for test #25.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. 2/3 PMF, ¢=30onrt, 15on It
station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 -49.62 291.94 rt wall look ds
-9.19 -49.62 291.86
-7.85 -49.62 291.57
-6.50 -49.62 291.64
-5.83 -49.62 291.68
-2.48 -49.62 291.71
-1.14 -49.62 291.67
0.87 -49.62 291.16
3.69 -49.62 290.08 joint wall begins conv
4.90 -49.29 290.57
7.58 -47.61 289.92
10.93 -45.80 288.78
14.28 -43.85 287.61
17.64 ~41.91 286.37
21.46 -39.83 285.33 wall begins level off
24.34 -38.22 285.22 TW
27.69 -36.21 285.75 TW
29.50 -35.14 286.09 TW, stilling basin
31.05 -35.14 286.03 TW, stilling basin
34.40 -35.14 : 286.26
38.22 -35.14 286,30 end of basin
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Table A95. Model water surface profile along the right wall looking
downstream for test #25.

Model Water Surface Profile
WS along Rt. Wall looking d.s. 2/3 PMF, ¢ =30 on 1t, 15 on It

station station elev

X (M) Y (M) Z,(m) Comments
-0.57 -2.26 13.27 rt wall look ds
-0.42 -2.26 13.27
-0.36 -2.26 13.25
-0.30 -2.26 13.26
-0.27 -2.26 13.26
-0.11 -2.26 13.26
-0.05 -2.26 13.26
0.04 -2.26 13.23
0.17 -2.26 13.19 joint wall begins conv
0.22 -2.24 13.21
0.34 -2.16 13.18
0.50 -2.08 13.13
0.65 -1.99 13.07
0.80 -1.91 13.02
0.98 -1.81 12.97 wall begins level off
1.11 -1.74 12.96 W
1.26 -1.65 12.99 TW
1.34 -1.60 13.00 TW, stilling basin
1.41 -1.60 13.00 TW, stilling basin
1.56 -1.60 13.01
1.74 -1.60 13.01 end of basin
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Table A96. Prototype water surface profile along the left wall looking
downstream for test #25.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s. 2/ PMF, ¢=300onrt, 15 on t
station | station elev
X, (m) Yp (M) Z,(m) Comments
-12.54 49.62 291.94 It wall looking ds
-9.19 49.62 291.84
-7.85 49.62 291.57
-6.50 49,62 291.65
-5.83 49,62 291.69
-2.48 49,62 291.73
-1.14 49.62 291.65
0.87 49,62 291.18
3.69 49.62 289.96 joint starts to conv
4.90 49.82 289.88
7.58 49,15 289.15
10.93 48.28 287.94
14.28 47.41 286.75
17.64 46.54 285,65
19.98 45.80 285.18 TW
20.65 45.73 285.21 TW
21.46 45.40 285.19 wall begin to level off
24.34 44,73 285,50 TW
27.69 43.79 285,76 TW
29.50 43,25 285.94 start basin
31.05 43.25 285.93 stilling basin
34.40 43.25 286.10 stilling basin
38.22 43.25 286.15 stilling basin
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Table A97. Model water surface profile along the left wall looking
downstream for test #25.

Model Water Surface Profile
WS along Lt. Wall looking d.s. 2/3 PMF, ¢ =30 onrt, 15 on It
station | station elev
Xpm (M) Y (M) Z(m) Comments
-0.57 2.26 13.27 It wall looking ds
-0.42 2.26 13.27
-0.36 2.26 13.25
-0.30 2.26 13.26
-0.27 2.26 13.26
-0.11 2.26 13.26
-0.05 2.26 13.26
0.04 2.26 13.24
0.17 2.26 13.18 joint starts to conv
0.22 2.26 13.18
0.34 2.23 13.14
0.50 2.19 13.09
0.65 2.15 13.03
0.80 2.12 12.98
0.91 2.08 12.96 TW
0.94 2.08 12.96 TW
0.98 2.06 12.96 wall begin to level off
1.11 2.03 12.98 TW
1.26 1.99 12.99 TW
1.34 1.97 13.00 start basin
1.41 1.97 13.00 stilling basin
1.56 1.97 13.00 stilling basin
1.74 1.97 13.01 stilling basin
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Table A98. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #25.

Prototype Water Surface Profile

Cross-Sectional Profile, X, =4.6 m - Step 1;2/3 PMF

station elev
Yp (M) Zy(m) |Comments

50.09 292.87 |top of wall - step 1

49.89 289.92
49.62 289.70
48.95 289.62
48.28 289.54
46.4 289.53

45.60 289.53

42.25 280.56

38.89 289.60

32.19 289.60

25.48 289.58

18.78 289.56

12.07 289.54
5.36 289.56
0.00 289.56
-8.05 289.57
-14.75 289.56

-21.46 289.56

-28.16 289.57

-34 .87 289.57

-41 57 289.54

-44.93 289.51
-46.27 289.51
-47 61 289.60
-48.28 289.70
-48.95 289.92
-49.49 290.57

-49 82 292.89 |top of wall
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Table A99. Model cross-sectional water surface profile at step 1, station 0.21
m for test #25.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.21 m - Step 1; 2/3 PMF
station elev
Ym (M) Zm(m) |Comments
2.28 13.31top of wall - step 1
2.27 13.18
2.26 13.17
2.23 13.16
2.19 13.16
2.13 13.16
2.07 13.16
1.92 13.16
1.77 13.16
1.46 13.16
1.16 13.16
0.85 13.16
0.55 13.16
0.24 13.16
0.00 13.16
-0.37 13.16
-0.67 13.16
-0.98 13.16 -
-1.28 13.16
-1.58 13.16
-1.89 13.16
-2.04 13.16
-2.10 13.16
-2.16 13.16
-2.19 13.17
-2.23 13.18
-2.25 13.21
-2.26 13.31]top of wall
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Table A100. Prototype cross-sectional water surface profile at step 8, station
11 m for test #25.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m - Step 8; 2/3 PMF
station elev
Yp (M) Zp(m) |Comments
48.41 290.72 |top of wall - step 8

48.28 287.92
47.61 287.83
46.94 287.75

46.27 287.37
45.60 287.30
44.26 287.25
42.25 287.24
38.89 287.21
32.19 287.25

25.48 287.25
18.78 | 287.24
12.07 287.23
5.36 287.23
0.00 287.23
-8.05 287.22
-14.75 287.23
-21.46 287.24
-28.16 287.24
-34 .87 287.26
-38 22 287.30
-40.23 287.36
-41.84 287.42 |[smooth water
-42 58 287.77
-43.59 288.21
-44 .59 288.39
-45 .67 288.72

-45 .93 290.73 |top of wall
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Table A101. Model cross-sectional water surface profile at step 8, station 0.5
m for test #25.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8; 2/3 PMF
station elev
Ym (M) Zn(m) [Comments
2.20 1321 [top of wall -step 8
2.19 13.09
____2_.16 13.08
2.13 13.08
2.10 13.06
2.07 13.06
2.01 13.06
1.92 13.06
1.77 13.05
1.46 13.06
1.16 13.06
0.85 13.06
0.55 13.06
0.24 13.06
0.00 13.06
-0.37 13.06
-0.67 13.06
-0.98 13.06 |
-1.28 13.06
-1.58 13.06
-1.74 13.06
-1.83 13.06
-1.90 13.06 [smooth water
-1.94 13.08
-1.98 13.10
| -2.03 13.11
-2.08 13.12
-2.09 13.21 |top of wall
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Table A102. Prototype cross-sectional water surface profile at step 12,
station 14.8 m for test #25.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; 2/3 PMF
station elev
Yp (M) Z;(m) |Comments
47.48 289.46 |top of wall - step 12

4734 | 286.62
46.60 | 286.54
4560 | 286.44
44.93 | 286.18
4359 | 286.07
42.25 | 285.99

40.90 285.97
38.89 285.96
32.19 285.97
25.48 285.96
18.78 285.94
12.07 285.94

5.36 285.95

0.00 285.95
-8.05 285.93
-14.75 285.93
-21 46 285.94
-28.16 285.95
-31.52 285.97
-34.87 286.03
-36.88 286.07
-38.22 286.14

-39 .90 286.35 |smooth water
-4090 | 286.80 |rough water
-41.57 287.21

429 | 287.20
4359 | 287.43

-43.79 289.47 |top of wall
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Table A103. Model cross-sectional water surface profile at step 12, station
0.67 m for test #25.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; 2/3 PMF
station elev
Ym (M) Zn(m) [Comments
2.16 13.16 [top of wall - step 12
2.15 13.03
2.12 13.02
2.07 13.02
2.04 13.01
1.98 13.00
1.92 13.00
1.86 13.00
1.77 13.00
1.46 13.00
1.16 13.00
0.85 13.00
0.55 13.00
0.24 13.00
0.00 13.00
-0.37 13.00
-0.67 13.00
-0.98 13.00
-1.28 13.00
-1.43 13.00
-1.58 13.00
-1.68 13.00
-1,74 13.01
-1.81 13.02 |smooth water
-1.86 13.04 |rough water
-1.89 13.06
-1.95 13.05
-1.98 13.06
-1.99 13.16 |top of wall
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Table A104. Prototype cross-sectional water surface profile at step 18,

station 20.3 m for test #25.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; 2/3 PMF
station elev
Yp (M) Zp(m) |Comments
46.07 287.59 |top of wall - step 18
45.87 285.19 |tw
44.26 285.00 ltw
38.89 285.20 |iw
25.48 285.36 |tw
12.07 285.46 |tw
0.00 285.42 |tw
-14.75 285.46 |tw
-28.16 285.22 [tw
-34 20 284.35 Inotw

-35.87 28453 Inoitw
-37 22 284.77 inotw
-38.22 285.29 {notw
-39.56 285.50 [notw
-40.50 285.67 |notw
-40.70 287.62 |top of wall

Table A105. Model cross-sectional water surface profile at step 18, station
0.92 m for test #25.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.92 m - Step 18; 2/3 PMF

station elev
Ym (M) Zwn(m) |Comments

2.09 13.07 |top of wall - step 18

2.08 1296 ltw

2.01 1295 Jtw

1.77 1296 ftw

1.16 1297 [tw

0.55 1298 |tw

0.00 1297 |tw

-0.67 1298 |tw

-1.28 1296 |tw

-1.55 1293 [notw

-1.63 1293 |notw
-1.69 1294 |notw

-1.74 1297 |notw
-1.80 1298 |notw
-1.84 1299 |notw
-1.85 13.07 |top of wall
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Table A106. Prototype cross-sectional water surface profile at step 21,
station 23.1 m for test #25.
Prototype Water Surface Profile
Cross-Sectional Profile, X; =23.1 m- Step 21; 2/3 PMF - Low TW
station elev
Yp (M) Zy(m) |[Comments
45.33 287.15 |top of wall - step 21
45.13 283.82
4426 | 28373

42.92 283.59
41.57 283.35
40.23 283.29
38.89 283.23 |smooth water
36.88 283.16
35.54 283.16
32.19 283.11
25.48 283.13

18.78 283.10
12.07 283.10

536 | 283.10
0.00 | 283.10
-8.056_| 283.10
1475 | 283.11

2146 | 283.12
2816 | 283.23

3152 | 283.39

3353 | 283.55

3520 | 283.75

3621 | 284.20

3755 | 284.50

3822 | 284.69

3889 | 284.97

-39.16 287.22 |top of wall
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Table A107. Model cross-sectional water surface profile at step 21, station
1.05 m for test #25.

Model Water Surface Profile
Cross-Sectional Profile, Xm =1.05 m- Step 21; 2/3 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
2.06 13.05 [top of wall - step 21
2.05 1290
2.01 12.90
1.95 12.89
1.89 12.88
1.83 12.88
1.77 12.87
1.68 12.87
1.62 1287
1.46 1287
1.16 12.87
0.85 12.87
0.55 12.87
0.24 12.87
0.00 12.87
-0.37 12.87
-0.67 12.87
-0.98 12.87
-1.28 12.87
-1.43 12.88
-1.52 12.89
-1.60 12.90
-1.65 12.92
-1.71 12.93
-1.74 12.94
-1.77 12.95
-1.78 13.06 |top of wall
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Table A108. Prototype cross-sectional water surface profile at step 25,
station 26.8 m for test #25.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m - Step 25; 2/3 PMF - Low TW
station elev
Ye (M) Zpo(m) |Comments
44.32 287.14 |top of wall - step 25
4412 282.56

43.59 282.55
42.58 282.32
41.11 282.15
39.56 282.04
38.22 281.96
35.54 281.88

32.19 281.88
25.48 281.88

18.78 281.87
12.07 281.88

5.36 281.89
0.00 281.88
-8.05 281.87
-14.75 281.88
-21.46 281.91
-24 81 281.98
-28.16 282.13
-31.52 282.39
-32.86 282.51
-33.86 282.77
-35.20 283.27
-36.21 283.55
-36.81 283.71

-37.01 287.17 |top of wall
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Table A109. Model cross-sectional water surface profile at step 25, station
1.22 m for test #25. ‘

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.22 m- Step 25; 2/3 PMF - Low TW
station elev
Ym (M) Zn(m) |[Comments
2.01 13.05 |top of wall - step 25
2.01 12.84
1.98 1284
1.94 12.83
1.87 12.83
1.80 12.82
1.74 12.82
1.62 12.81
1.46 12.81
1.16 12.81
0.85 1281
0.55 12.81
0.24 12.81
0.00 12 .81
-0.37 12.81
-0.67 12.81
-0.98 12.81
-1.13 1282
-1.28 1282
-1.43 12.84
-1.49 12.84
-1.54 12.85
-1.60 12.88
-1.65 12.89
-1.67 12.90
-1.68 13.05 |top of wall
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Table A1110. Prototype centerline water surface profile for test #26.

Prototype Water Surface Profile

Centerline Profile, Y, = 0.0 m; 1/3 PMF

station elev
X, (m) Z,(m) |Comments

-113.12 | 291.28 |[centerline profile

-99.71 291.28
-86.30 291.28
-72.89 291.27
-50.48 291.27

-46.07 291.27

-32.66 291.27

-19.25 291.27

-5.83 291.20
-4.49 291.19
-3.15 291.20
-1.81 291.18
-0.47 291.06
0.87 290.63
2.21 290.04
3.55 289.51
4.90 280.05
6.24 288.58
7.58 288.11
9.25 287.53

10.93 286.96

12.61 286.36

14.28 286.82

17.64 284.71

18.84 284.30 ledge of TW

19.65 284.69 |TW

20.99 284.67 [TW

24.34 284.74 {TW

27.69 284.85 |TW

34.40 284.94 |[TW

41.11 284.94

47.81 284.95

5450 | 284.96
61.22 | 28495
74.63 | 284.96

10146 | 284.96

141.69 284.92 |TW reading ds.
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Table A111. Model centerline water surface profile for test #26.

Model Water Surface Profile

Run #: 26 Centerline profile, Ym = 0.0 m; 1/3 PMF
Date: 9 Dec 2004

station elev
Xm (m) Zn (m) |Comments

-5.14 13.24 |centerline profile

-4.53 13.24
-3.92 13.24
-3.31 13.24
-2.70 13.24
-2.09 13.24
-1.48 13.24
-0.87 13.24
-0.27 1324
-0.20 13.24
-0.14 13.24
-0.08 1324
-0.02 13.23
0.04 13.21
0.10 13.18
0.16 13.16
0.22 13.14
0.28 13.12
0.34 13.10
0.42 13.07
0.50 13.04
0.57 13.02
0.65 12.99
0.80 12.94

0.86 1292 ledge of TW.

0.89 1294 |TW

0.95 1294 |TW

1.11 1294 |TW

1.26 1295 ITW

1.56 1295 (TW

1.87 12.95
217 12.95
2.48 12.95
2.78 12.95
3.39 12.95
4.61 12.95

6.44 12.95 |TW reading d.s.
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Table A112. Prototype water surface profile along the right wall looking

downstream for test #26.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. 1/3PMF,$4=300onnr, 150n It
station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 -49.62 291.26
-9.19 -49.62 291.22
-7.85 -49.62 291.14
-6.50 -49.62 291.19
-5.83 -49.62 291.19
-2.48 -49.62 291.18
-1.14 -49.62 291.13
0.87 -49.62 | . 290.61
3.69 -49.62 289.47 joint wall begins conv
4,90 -49.62 289.77
7.58 -47.61 289.13
10.93 -45.80 287.87
14,28 -43.85 286.83
17.64 -41.91 285.86
21.46 -39.83 284.69 wall begins level off
24.34 -38.22 284.66 TW
27.69 -36.21 285.12 TW
31.05 -35.14 284.93 stilling basin
34.40 -35.14 285.02 stilling basin
38.22 -35.14 285.08 stilling basin end
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Table A113. Model water surface profile along the right wall looking
downstream for test #26.

Model Water Surface Profile
WS along Rt. Wall looking d.s. 1/3 PMF, ¢=30 onr, 15 on It
station | station elev
| Xm(m) | Yi(m) Z,(m) Comments
-0.57 -2.26 13.24
-0.42 -2.26 13.24
-0.36 -2.26 13.23
-0.30 -2.26 13.24
-0.27 -2.26 13.24
-0.11 -2.26 13.24
-0.05 -2.26 13.23
0.04 -2.26 13.21
0.17 -2.26 13.16 joint wall begins conv
0.22 -2.26 13.17
0.34 -2.16 13.14
0.50 -2.08 13.08
0.65 -1.99 13.04
0.80 -1.91 12.99
0.98 -1.81 12.94 wall begins level off
1.11 -1.74 12.94 TW
1.26 -1.65 12.96 TW
1.41 -1.60 12.95 stilling basin
1.56 -1.60 12.96 stilling basin
1.74 -1.60 12.96 stilling basin end
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Table A114. Prototype water surface profile along the left wall looking
downstream for test #26.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s. 1/3 PMF, ¢ =300on rt, 15 on It
station | station elev
X, (m) Y, (m) Z,(m) Comments
-12.54 49.62 291.24
-9.19 49.62 291.19
-7.85 49.62 291.14
-6.50 49.62 291.19
-5.83 49.62 291.20
-2.48 49.62 291.17
-1.14 49.62 291.13
0.87 49.62 290.65
3.69 49.62 289.54 joint wall begins conv
4.90 49.82 289.26 :
7.58 49.15 288.58
10.93 48.28 287.42
14.28 47 .41 286.27
17.64 46.54 285.22
20.32 45.80 284.28 TW edge
21.46 45.40 284.50 TW, wall levels off
24.34 44.73 284.69 TW
27.69 43.79 284.95 TW
29.50 43.25 284.96 stan of stilling basin
31.05 43.25 284.98 stilling basin
34.40 43.25 285.00 stilling basin
38.22 43.25 285.01 stilling basin end
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Table A115. Model water surface profile along the left wall looking
downstream for test #26.

Model Water Surface Profile
WS along Lt. Wall looking d.s. 1/3 PMF, ¢=300n1t, 15 on It
station | station elev
| X (M) Y (m) Zy(m) Comments
-0.57 2.26 13.24
-0.42 2.26 13.24
-0.36 2.26 13.23
-0.30 2.26 13.24
-0.27 2.26 13.24
-0.11 2.26 13.24
-0.05 2.26 13.23
0.04 2.26 13.21
0.17 2.26 13.16 joint wall begins conv
0.22 2.26 13.15
0.34 2.23 13.12
0.50 2.19 13.06
0.65 215 13.01
0.80 2.12 12.96
0.92 2.08 12.92 TW edge
0.98 2.06 12.93 TW, wall levels off
1.11 2.03 12.94 TW
1.26 1.99 12.95 TW
1.34 1.97 12.95 start of stilling basin
1.41 1.97 12.95 stilling basin
1.56 1.97 12.95 stilling basin
1.74 1.97 12.95 stilling basin end
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Table A116. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #26.

Prototype Water Surface Profile

Cross-Sectional Profile, X, =4.6 m - Step 1;1/3 PMF

station elev
Y, (m) Z,(m) [Comments

50.09 292.87 |[top of wall -step 1

49.89 289.33
49.62 289.21
48.95 289.16
48.28 289.14

46.94 289.13

45.60 289.14

38.89 289.18

32.19 280.18

25.48 289.16

18.78 289.15

12.07 289.14

5.36 289.14

0.00 289.15
-8.05 289.16
-14.75 289.15
-21.46 289.15
-28.16 289.15
-34.87 289.16
-41.57 289.14

-44 .93 289.13

-46.27 289.06

-47 .61 289.08
-48.28 289.19
-48.95 289.25
-49.55 289.86

-49 .69 292.88 Jtop of wall
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Table A117. Model cross-sectional water surface profile at step 1, station
0.21 m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, X, =021 m - Step 1; 13 PMF
station elev
Ym (M) Z,(m) |Comments
2.28 13.31 [top of wall - step 1
2.27 13.15
2.26 13.15
2.23 13.14
2.19 13.14
2.13 13.14
2.07 13.14
1.77 13.14
1.46 13.14
1.16 13.14
0.85 13.14
0.55 13.14
0.24 13.14
0.00 13.14
-0.37 13.14
-0.67 13.14
-0.98 13.14
-1.28 13.14
-1.58 13.14
-1.89 13.14
-2.04 13.14
-2.10 13.14
-2.16 13.14
-2.19 13.15
-2.23 13.15
-2.25 13.18
-2.26 13.31 |{top of wall
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Table A118. Prototype cross-sectional water surface profile at step 8, station
11 m for test #26.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m- Step 8; 1/3 PMF
station elev
Yp (M) Zy(m) Comments
48.41 290.71 |top of wall -step 8
48.28 287.34
47.61 287.32

46.94 287.11
46.27 287.00
45.60 286.98
44.93 286.98
43.59 286.95
42.25 286.93

38.89 286.91
32.19 286.92
25.48 286.93
18.78 286.94
12.07 286.93

5.36 286.93
0.00 286.92
-8.05 286.92
-14.75 286.93
-21.46 286.94
-28.16 286.95

-34 .87 286.95
-38.22 286.97
-40.23 287.00
-41.57 287.03
-42 92 287.10

-43.59 287.26
-44 26 287.58
-44 .93 287.79
-45 67 287.82

-45.93 290.72 |top of wall
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Table A119. Model cross-sectional water surface profile at step 8, station 0.5
m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8; 1/3 PMF
station elev
Ym (M) Zn(m) [Comments
2.20 1321 |top of wall -step 8
2.19 13.06
2.16 13.06
2.13 13.05
2.10 13.05
2.07 13.04
2.04 13.04
1.98 13.04
1.92 13.04
1.77 13.04
1.46 13.04
1.16 13.04
0.85 13.04
0.55 13.04
0.24 13.04
0.00 13.04
-0.37 13.04
-0.67 13.04
-0.98 13.04
-1.28 13.04
-1.58 13.04
-1.74 13.04
-1.83 13.05
-1.89 13.05
-1.95 13.05
-1.98 13.06
-2.01 1307
-2.04 13.08
-2.08 13.08
-2.09 1321 |top of wall
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Table A120. Prototype cross-sectional water surface profile at step 12,
station 14.8 m for test #26.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; 1/3 PMF
station elev
Ye (M) Zy(m) [Comments
47.48 289.46 [top of wall - step 12
47.34 286.15

46.94 286.05
46.27 286.03
45.60 285.86
44.93 285.77

44.26 | 285.76
42,92 285.71
40.90 | 285.69
38.89 | 285.66
3554 | 28567

38.89 285.69
25.48 285.67
18.78 285.65
12.07 285.67
5.36 285.68
0.00 285.68
-8.05 285.68

-14.75 285.67
-21.46 285.67
-28.16 285.67

-31.52 285.67
-28.16 285.72
-38.22 285.75
-39.56 285.81
-40.90 285.94
-41.57 286.05
-42 .25 286.39
-42.92 286.56
-43.59 286.64

-43.79 289.47 |top of wall
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Table A121. Model cross-sectional water surface profile at step 12, station
0.67 m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; 1/3 PMF
station elev
Ym (m) Zn(m) |Comments
2.16 13.16 |top of wall - step 12
2.15 13.01
2.13 13.00
2.10 13.00
2.07 12.99
2.04 12.99
2.01 12.99
1.95 12.99
1.86 12.99
1.77 1298
1.62 12.99
1.77 12.99
1.16 12.99
0.85 12.98
0.55 12.99
0.24 12.99
0.00 1299
-0.37 12.99
-0.67 12.98
-0.98 12.99
-1.28 12.99
-1.43 12.99
-1.28 12.99
-1.74 12.99
-1.80 12.99
-1.86 13.00
-1.89 13.00
-1.92 13.02
-1.95 13.03
-1.98 13.03
-1.99 13.16 [top of wall
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Table A122. Prototype cross-sectional water surface profile at step 18,
station 20.3 m for test #26.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m- Step 18; 1/3 PMF
station elev
Yp (M) Zp(m) |Comments
46.00 287.57 |top of wall - step 18
45.87 284.27
45.26 284.20
4426 | 28411
42.25 284.55 |TW
32.19 284.61 |TW
18.78 284.67 |TW
5.36 284.62 |TW
-8.05 284.63 |TW
-21 .46 284.62 |TW
-31.52 28448 |TW
-33.53 284.01 Jout of TW
-34.87 284.04
-36.21 284.07
-37 55 284.20
-38.22 284.36
-38.89 284.54
-39.56 284.81

-40.23 284.98
-40.64 287.62 [top of wall
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Table A123. Model cross-sectional water surface profile at step 18, station
0.92 m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.92 m- Step 18; 13 PMF
station elev
Ymn(m) | Zm(m) |Comments
2.09 13.07 |top of wall - step 18

2.08 12.92
2.06 12.92
2.01 1291
1.92 1293 |TW
1.46 1294 |TW

0.85 1294 |TW
0.24 1294 |TW
-0.37 1294 |TW
-0.98 1294 |TW
-1.43 1293 |TW
-1.52 12.91 Joutof TW

-1.58 12.91
-1.65 12.91
-1.71 1292
-1.74 12.93
-1.77 1293
-1.80 12.95
-1.83 12.95

-1.85 13.07 |top of wall
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Table A124. Prototype cross-sectional water surface profile at step 21,
station 23.1 m for test #26.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; 1/3 PMF -Low TW
station elev
Yp (M) Zp(m) |Comments
45.33 287.15 |top of wall - step 21

45.13 283.40
44.59 283.33
43.59 283.21

42,25 283.07
40.90 283.01
39.56 282.97
37.55 282.95
35.54 282.92
32.19 282.93

2548 | 2809
18.78 | 282.92
12.07 | 282.92
53 | 282.93
0.00 | 282.93
-8.05 | 282.92
475 | 28292

-21.46 282.93
-28.16 282.98

-31.52 283.06
-32.86 283.08
-34.20 283.16
-356.54 283.31
-36.88 283.50
-38.22 283.97
-38.89 284.16

-39.09 287.22 |top of wall
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Table A125. Model cross-sectional water surface profile at step 21, station
1.05 m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, Xm =1.05 m- Step 21; 13 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
2.06 13.05 [top of wall - step 21
2.05 12.88
2.03 12.88
1.98 I 1287
1.92 12.87
1.86 12.86
1.80 12.86
1.71 12.86
1.62 12.86
1.46 12.86
1.16 12.86
0.85 12.86
0.55 12.86
0.24 12.86
0.00 12.86
-0.37 12.86
-0.67 12.86
-0.98 12.86
-1.28 12.86
-1.43 12.87
-1.49 12.87
-1.55 12.87
-1.62 12.88
-1.68 "~ 12.89
-1.74 12.91
-1.77 1292
-1.78 13.06 |top of wall

216



Table A126. Prototype cross-sectional water surface profile at step 25,
station 26.8 m for test #26.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m- Step 25; 1/3 PMF -Low TW
station elev
Yp (M) Zp(m) [Comments
44.32 287.14 |top of wall - step 25

44.12 | 282.15
4359 | 282.06
42.92 | 281.9%

41.57 281.88
40.23 281.78
38.89 281.75
36.88 281.69
34.87 281.68
32.19 281.67
25.48 281.68

18.78 281.68
12.07 281.69

5.36 281.68

0.00 281.68
-8.05 281.68
-14.75 281.67
-21.46 281.69
-24.81 281.74
-28.16 281.80
-31.52 281.92
-32.86 282.08
-34 20 282.29
-35.54 282.49
-36.21 282.77
-36.75 282.94

-36.95 287.17 |top of wall
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Table A127. Model cross-sectional water surface profile at step 25, station
1.22 m for test #26.

Model Water Surface Profile
Cross-Sectional Profile, X = 1.22 m- Step 25; 1/3 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments

2.01 13.05 |top of wall -step 25
2.01 12.82

1.98 12.82

1.95 12.82

1.89 12.81

1.83 12.81

1.77 12 .81

1.68 12.80

1.58 12.80

1.46 12.80

1.16 12.80

0.85 12.80

0.55 12.80

0.24 12.80

0.00 12.80

-0.37 12.80

-0.67 12.80

-0.98 12.80

-1.13 12.81

-1.28 12.81

-1.43 12.81

-1.49 12.82

-1.55 12.83

-1.62 12.84

-1.65 12.85

-1.67 12.86

-1.68 13.05 |top of wall
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Table A128. Prototype centerline water surface profile for test #27.

Prototype Water Surface Profile
Centerline Protile, Y, =0.0 m; 1/6 PMF

station elev
X, (M) Z,(m) |Comments

-113.12 | 290.86 |centerline profile

-99.71 290.86

-86.30 290.86
-72.89 290.86
-50.48 290.86
-46.07 290.86
-32.66 290.86
-19.25 290.86
-5.83 290.82
-4.49 290.82
-3.15 290.82
-1.81 290.81
-0.47 290.74
0.20 290.61
0.87 290.33
1.54 290.06
2.21 289.80
2.88 289.54
3.55 289.23
4.22 289.07
5.90 288.54
7.58 287.91
9.25 287.38
10.93 286.87

12.61 286.25

14.28 285.73

15.96 285.17

17.64 284.62

18.84 284.20

20.99 283.55

21.93 283.23 ledge TW

23.00 283.52 ITW

24.34 283.51 |TW

27.69 28359 |TW

31.05 283.65

34.40 283.65

47.81 283.64

61.22 283.64

74.63 283.65

88.04 283.65

10146 | 283.66

141.69 283.65 |TW reading d.s.

219



Table A129. Model centerline water surface profile for test #27.

Model Water Surface Profile
Run# 27 Centerline profile, Ym = 0.0 m; 1/6 PMF
Date: 10 Dec 2004
station elev
Xm (M) Zs (m) JComments
-5.14 1322 |centerline profile
-4.53 13.22
-3.92 13.22
-3.31 13.22
-2.70 13.22
-2.09 13.22
-1.48 13.22
-0.87 13.22
-0.27 13.22
-0.20 1322
-0.14 1322
-0.08 13.22
-0.02 13.22
0.01 1321
0.04 13.20
0.07 13.18
0.10 13.17
0.13 13.16
0.16 13.15
0.19 13.14
0.27 13.12
0.34 13.09
0.42 13.06
0.50 13.04
0.57 13.01
0.65 12.99
0.73 12.96
0.80 12.94
0.86 12.92
0.95 12.89
1.00 1287 ledge TW
1.05 12.89 JTW
1.11 12.89 |TW
1.26 12.89 (TW
1.41 12.89
1.56 12.89
2.17 12.89
2.78 12.89
3.39 1289
4.00 12.89
4.61 12.89
6.44 12.89 |TW reading d.s.
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Table A130. Prototype water surface profile along right wall looking
downstream for test #27.

Prototype Water Surface Profile
WS along Rt. Wall Iooking d.s. 1/6 PMF,9=300ont, 150onlt
station | station elev
X, (M) Y, (m) Z,(m) Comments
-12.54 -49.62 290.85 rt wall look ds
-9.19 -49.62 290.82
-7.85 -49.62 290.82
-6.50 -49.62 290.83
-5.83 -49.62 290.83
-2.48 -49.62 290.82
-1.14 -49.62 290.80
0.87 -49.62 290.31
3.69 -49.62 289.27 joint wall begins conv
4.90 -49.29 289.36
7.58 -47.61 288.60
10.93 -45.80 287.44
14.28 -43.85 286.45
17.64 -41.91 285.40
21.48 -39.83 284.07 wall begins level off
24.21 -38.29 283.17 edge of TW
25.68 -37.35 283.55 TW
27.69 -36.21 283.69 TW
31.05 -35.14 283.71 stilling basin
34.40 -35.14 283.75 stilling basin
38.22 -35.14 283.79 stilling basin end
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Table A131. Model water surface profile along right wall looking downstream

for test #27.
Model Water Surface Profile
__WS along Rt. Wall looking d.s. 1/6 PMF, =30 on 1t, 15 on It
station | station elev

| X (m) | Yn(m) Z,(m) Comments
-0.57 -2.26 13.22 rt wall look ds
-0.42 -2.26 13.22
-0.36 -2.26 13.22
-0.30 -2.26 13.22
-0.27 -2.26 13.22
-0.11 -2.26 13.22
-0.05 -2.26 13.22
0.04 -2.26 13.20
0.17 -2.26 13.15 joint wall begins conv
0.22 -2.24 13.15
0.34 -2.16 13.12
0.50 -2.08 13.07
0.65 -1.99 13.02
0.80 -1.91 12.97
0.98 -1.81 12.91 wall begins level off
1.10 -1.74 12.87 edge of TW
1.17 -1.70 12.89 TW
1.26 -1.65 12.89 TW
1.41 -1.60 12.90 stilling basin
1.56 -1.60 12.90 stilling basin
1.74 -1.60 12.90 stilling basin end
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Table A132. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #27.

Prototype Water Surface Profile

Cross-Sectional Profile, Xp =4.6 m - Step 1;1/6 PMF

station elev
Yp (M) Zy(m) |Comments

50.09 292.86 |top of wall - step 1

49.80 | 289.11
49.62 | 288.94
4895 | 288.94
48.28 | 288.93
46.94 | 288.94
45.60 | 288.94
38.80 | 288.98

32.19 288.98

25.48 288.96

18.78 288.94

12.07 288.93

5.36 288.93

0.00 288.94
-8.05 288.95
-14.75 288.94
-21.46 288.94
-28.16 288.M4
-34.87 288.95
-41.57 288.4
-44 .93 288.92
-46.27 288.92
-47 61 288.94
-48.28 288.94

-48.95 288.98

-49.42 289.42

-49.69 292.88 |top of wall
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Table A133. Model cross-sectional water sutface profile at step 1, station
0.21 m looking downstream for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xn =021 m - Step 1; 1/6 PMF
station elev
Ym (M) Zm(m) [Comments

2.28 13.31[top of wall -step 1
227 13.14

2.26 13.13

2.23 13.13

219 13.13

2.13 13.13

2.07 13.13

1.77 13.14

1.46 13.14

1.16 13.13

0.85 13.13

0.55 13.13

0.24 13.13

0.00 13.13

-0.37 13.13

-0.67 13.13
-0.98 13.13
-1.28 13.13
-1.58 13.13

-1.89 13.13

-2.04 13.13

-2.10 13.13

-2.16 13.13

-2.19 13.13

-2.23 13.14

-2.25 13.16

-2.26 13.31]top of wall
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Table A134. Prototype cross-sectional water surface profile at step 8, station
11 m for test #27.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m - Step 8; 1/6 PMF
station elev
Yp (M) Zy,(m) |[Comments
48.41 290.70 [top of wall -step 8

48.28 287.05
47.61 286.99
46.94 286.87
46.27 286.80

45.60 286.78
44.26 286.83
42.25 286.82
38.89 286.80
32.19 286.82

2548 | 286.79
18.78 | 286.79
12.07 | 286.81
5.36_ | 286.83
0.00 | 286.82
-8.05_ | 286.83
1475 | 286.81
2146 | 266.82
-2816_| 286.82
3487 | 286.82
3822 | 286.79
4023 | 286.77
-4157 | 286.83
4290 | 286.85
4426 | 287.01

4493 287.26
-45 67 287.40
-45.93 290.74 Jtop of wall
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Table A135. Model cross-sectional water surface profile at step 8, station 0.5
m for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8; 1/6 PMF
station elev
Ym (M) Zn(m) JComments
2.20 1321 |top of wall -step 8
2.19 13.05
2.16 13.04
2,13 13.04
2.10 13.04
2.07 13.04
2.01 13.04
1.92 13.04
1.77 13.04
1.46 13.04
1,16 13.04
0.85 13.04
0.55 13.04
0.24 13.04
0.00 13.04
-0.37 13.04
-0.67 13.04
-0.98 13.04
-1.28 13.04
-1.58 13.04
-1.74 13.04
-1.83 13.04
-1.89 13.04
-1.95 13.04
-2.01 13.05
-2.04 13.06
-2.08 13.06
-2.09 1322 |top of wall
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Table A136. Prototype cross-sectional water surface profile at step 12,
station 14.8 m for test #27.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m - Step 12; 1/6 PMF
station elev
Yr (M) Zo(m) [Comments
47.48 289.45 |top of wall - step 12
47.27 285.84
46.60 285.71
4560 | 28563
44.93 285.58
44.26 285.58
42.92 285.59

41.57 285.58
38.89 285.55
32.19 285.56
25.48 285.54
18.78 285.57
12.07 285.59

5.36 285.59

0.00 285.59
-8.05 285.59
-14.75 285.61
-21.46 285.56
-28.16 285.56
-34 .87 285.56
-38.22 285.58
-40.23 285.63
-41.57 285.73
-42 25 285.92

42.92 286.10

-43.65 286.37
-43.79 289.48 |top of wall
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Table A137. Model cross-sectional water surface profile at step 12, station
0.67 m for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; 1/6 PMF
station elev
Ym (M) Zn(m) [Comments

2.16 13.16 |top of wall - step 12

2.15 12.99
| 2.12 12.99
| 207 1298

2.04 12.98

2.01 12.98

1.95 12.98

1.89 12.98

1.77 12.98

1.46 12.98

1.16 12.98

0.85 12.98

0.55 12.98

0.24 12.98

0.00 12.98

-0.37 12.98

-0.67 12.98

-0.98 12.98

-1.28 12.98

-1.58 12.98

-1.74 1298

-1.83 1298

-1.89 12.99

-1.92 13.00

-1.95 13.00

-1.98 13.02

-1.99 1316 |[top of wall
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Table A138. Prototype cross-sectional water surface profile at step 18,
station 20.3 m for test #27.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; 1/6 PMF
station elev
Yp (M) Zpy(m) [Comments
46.07 287.60 |top of wall - step 18
45.87 | 284.03

45.26 283.92
44.59 283.88
43.59 283.80
42.25 283.72
40.23 283.75

38.89 283.73
32.19 283.75
25.48 283.75
18.78 283.77
12.07 283.78

5.36 283.78
0.00 283.77
-8.05 283.80
-14.75 283.77
-21.46 283.76
-28.16 283.73
-31.52 283.71
-34 87 283.80
-36.21 283.82
-37 55 283.89
-38.89 284.20
-39.56 284.20
-40.43 284.42

-40.64 287.62 |top of wall
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Table A139. Model cross-sectional water surface profile at step 18, station
0.92 m for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xn =0.92 m- Step 18; 1/6 PMF

station elev
Ym (M) Zn(m) |Comments

2.09 13.07 |top of wall - step 18

2.08 1291

2.06 12 91

2.03 12.90

1.98 12.90

1.92 1290

1.83 12.90

1.77 12 .90

1.46 12.90

1.16 1290

0.85 12.90

0.55 12.90

0.24 12.90

0.00 12.90

-0.37 12.90

-0.67 12 .90

-0.98 12.90

-1.28 1290

-1.43 12.90

-1.58 12.90

-1.65 12.90

-1.71 12.90

-1.77 12.92

-1.80 1292

-1.84 1293

-1.85 13.07 |top of wall
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Table A140. Prototype cross-sectional water surface profile at step 21,
station 23.1 m for test #27.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; 1/6 PMF -Low TW
station elev
Y (M) Zo(m) [Comments
45.33 287.16 |top of wall - step 21

45.13 283.08
44.59 283.00
43.59 282.94

42.25 282.86
40.90 282.82
38.89 282.82
32.19 282.82
25.48 282.84

18.78_| 282.82
12.07_| 28284
536 | 282.85
0.00 | 282.83
-8.06 | 282.84
9475 | 282.81
2146 | 280.82
2816 | 280.82
3152 | 282.84
3487 | 28293
3621 | 283.02
-36.88 | 283.05
3755 | 283.33
3822 | 283.37
-38.80 | 283.52

-39.09 287.23 |top of wall
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Table A141. Model cross-sectional water surface profile at step 21, station
1.05 m for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.05 m- Step 21; 1/6 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
2.06 13.05 |{top of wall - step 21
2.05 1287
2.03 12.86
1.98 12.86
1.92 12.86
1.86 12.86
1.77 12.86
1.46 12.86
1.16 12.86
0.85 12.86
0.55 12.86
0.24 12.86
0.00 12.86
-0.37 12.86
-0.67 12.85
-0.98 12.86
-1.28 12.86
-1.43 12.86
-1.58 12.86
-1.65 12.86
-1.68 12.87
-1.71 12.88
-1.74 12.88
-1.77 12.89
-1.78 13.06 |[top of wall
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Table A142. Prototype cross-sectional water surface profile at step 25,
station 26.8 m for test #27.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m - Step 25; 1/6 PMF - Low TW
station elev
Yp (M) Zo(m) Comments
45.33 287.16 |top of wall - step 25

45.13 | 283.08
4459 | 283.00
4359 | 28004
42.25 | 282.86
40.90 | 282.82
38.80 | 282.82
32.19 | 282.82

25.48 282.84
18.78 282.82
12.07 282.84

5.36 282.85
0.00 282.83
-8.05 282.84
-14.75 282.81
-21.46 282.82
-28.16 282.82
-31.52 282.84
-34 87 282.93
-36.21 283.02
-36.88 283.25
-37.55 283.33
-38.22 283.37
-38.89 283.52

-39.09 287.23 |jtop of wall
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Table A143. Model cross-sectional water surface profile at step 25, station
1.22 m for test #27.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 1.22 m- Step 25; 1/6 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
2.06 13.05 |top of wall - step 25
2.05 1287
2.03 12.86
1.98 12.86
1.92 12.86
1.86 12.86
1.77 12.86
1.46 12.86
1.16 12.86
0.85 12.86
0.55 12.86
0.24 12.86
0.00 12.86
-0.37 12.86
-0.67 12.85
-0.98 12.86
-1.28 12.86
-1.43 12.86
-1.58 12.86
-1.65 12.86
-1.68 12.87
-1.71 12.88
-1.74 12.88
-1.77 12.89
-1.78 13.06 |top of wall
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Table A144. Prototype centerline water surface profile for test #32.

Prototype Water Surface Profile
Centerline Profile, Yp = 0.0 m; 1/6 PMF
station elev
X, (m) Z,(m) [Comments
0.00 290.66 |Centerline profile with respect
0.87 290.37 lto dilling basin
4.22 289.12
7.58 287.97
10.93 286.86
14.28 285.71
17.64 284.59
20.99 283.49
21.66 283.76 |TW edge
24.34 283.73 |TW
27.69 283.81 |TW
31.05 283.80 |TW - dtilling basin
34.40 283.82 [TW - stilling basin
37.75 283.90 |edge of dilling basin
41.11 283.70
47.81 283.55
61.22 283.55
74.63 283.56
88.04 283.55
10146 | 283.55
14169 | 283.55
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Table A145. Model centerline water surface profile for test #32.

Model Water Surface Profile
Run # Run 32 Cenferline prdfile, Y, =0.0m; 1/6 PMF
Date: 3 Feb 2005

station elev

Xm(m) | Zm(m) |Comments
0.00 13.21 [Centerline profile with respect
0.04 13.20 [to stilling basin
0.19 13.14
0.34 13.09
0.50 13.04
0.65 12.99
0.80 12.94
0.95 12.89
0.98 1290 |TW edge
1.11 1290 |TW
1.26 1290 |[TW
1.41 1290 |TW - stilling basin
1.56 1290 [TW - dilling basin
1.72 12.90 Jedge of dilling basin
1.87 1290
2.17 12.89
2.78 12.89
3.39 12.89
4.00 12.89
4.61 12.89
6.44 12.89
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Table A146. Prototype centerline water surface profile along right wall
looking downstream for test #32.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. 1/6 PMF; ¢ = 70 deg rt; O deg It
station | station elev
X; (m) Y, (m) Z,(m) Comments
-12.54 -49.62 290.86
-9.19 -49.62 290.83
-7.85 -49.62 290.83
-6.50 -49.62 290.84
-5.83 -49.62 290.84
-2.48 -49.62 290.82
-0.80 -49.62 290.78
0.87 -49.62 290.33
1.81 -49.62 289.94 edge of smooth water
3.08 -49.62 290.34
3.72 -49.62 290.62 pt of conv wall jnt
4.90 -46.27 290.37
6.84 -40.97 289.92
8.99 -34.87 289.36
11.33 -28.16 288.76
13.95 -21.46 288.00
16.40 -14.75 287.26
18.81 -8.05 286.45
21.19 -1.34 285.80
23.67 5.36 285.04
26.15 12.07 284.32
28.63 18.78 ‘ 283.67
29.10 19.98 283.58 wall jnt @ basin
29.81 20.12 283.41 basin
34.53 20.32 283.46 basin
38.59 20.32 283.47 basin end
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Table A147. Model centerline water surface profile along right wall looking

downstream for test #32.

Model Water Surface Profile
WS along Rt. Wall looking d.s. 1/6 PMF; ¢ = 70 deg rt; 0 deg It
station | station elev
| X (M) Y {(m) Z(m) Comments

-0.57 -2.26 13.22
-0.42 -2.26 13.22
-0.36 -2.26 13.22
-0.30 -2.26 13.22
-0.27 -2.26 13.22
-0.11 -2.26 13.22
-0.04 -2.26 13.22
0.04 -2.26 13.20
0.08 -2.26 13.18 edge of smooth water
0.14 -2.26 13.20
0.17 -2.26 13.21 pt of conv wall jnt
0.22 -2.10 13.20
0.31 -1.86 13.18
0.41 -1.58 13.15
0.52 -1.28 13.13
0.63 -0.98 13.09
0.75 -0.67 13.06
0.85 -0.37 13.02
0.96 -0.06 12.99
1.08 0.24 12.96
1.19 0.55 12.92
1.30 0.85 12.89
1.32 0.91 12.89 wall jnt @ basin
1.35 0.91 12.88 basin
1.57 0.92 12.88 basin
1.75 0.92 12.88 basin end
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Table A148. Prototype centerline water surface profile along left wall looking
downstream for test #32.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s. 1/6 PMF; ¢ = 70 deg r; 0 deg It

station | station elev

X, (m) Y, (m) Z,(m) Comments
-12.54 49.62 290.84

-9.19 49.62 290.82

-7.85 49.62 290.82

-6.50 49.62 290.83

-5.83 49.62 290.82

-2.48 49,62 290.82

-0.80 49.62 290.78

0.00 49.62 290.66

0.87 49.62 290.35

2.21 49.62 289.80

3.55 49.62 289.31

4.90 49.62 288.88

6.24 49.62 288.44

7.58 49.62 288.00

10.93 49.62 286.92

14.28 49.62 285.75

17.64 49.62 284.63

20.99 49.62 283.51

21.59 49.62 283.70 TW
22.33 49.62 283.67 TW
24.34 49.62 283.71 TW
27.69 49.62 283.97 TW
29.10 49.62 283.99 TW, wall joint @ basin
31.05 49.62 284.04 basin
34.40 49.62 284.22 basin
38.59 49.62 284.00 basin end
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Table A149. Model centerline water surface profile along left wall looking
downstream for test #32.

Model Water Surface Profile
WS along Lt. Wall looking d.s. 1/6 PMF; ¢ = 70 deg rt; 0 deg It
" station station elev
| Xm (m) Y (M) Z,(m) Comments

-0.57 2.26 13.22
-0.42 2.26 13.22
-0.36 2.26 13.22
-0.30 2.26 13.22
-0.27 2.26 13.22
-0.11 2.26 13.22
-0.04 2.26 13.22
0.00 2.26 13.21
0.04 2.26 13.20
0.10 2.26 13.17
0.16 2.26 13.15
0.22 2.26 13.13
0.28 2.26 13.11
0.34 2.26 13.09
0.50 2.26 13.04
0.65 2.26 12.99
0.80 2.26 12.94
0.95 2.26 12.89
0.98 2.26 12.90 TW
1.01 2.26 12.89 TW
1.11 2.26 12.90 TW
1.26 2.26 12.91 TW
1.32 2.26 12.91 TW, wall joint @ basin
1.41 2.26 12.91 basin
1.56 2.26 12.92 basin
1.75 2.26 12.91 basin end
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Table A150. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #32.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =4.6 m - Step 1; 1/6 PMF
station elev
Y, (M) Z,(m) |Comments
-47 61 295.38 |top of wall - step 1
-47 61 290.49

-45.60 290.19
4392 289.86
-42.58 2890.88
-40.23 289.57

-35.41 289.10 |end of rough water
-34.53 288.98 |smooth

-31.52 288.96
-28.16 288.95
-24 81 288.96
-21.46 288.94
-14.75 288.94
-8.05 288.96
-1.34 288.93
5.36 288.94

12.07 288.94
18.78 288.94
25.48 288.96
32.19 288.98
38.89 288.99
45.60 288.93

48.28 288.92
49.62 288.94
50.22 288.96

50.43 292.89 |top of wall
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Table A151. Model cross-sectional water surface profile at step 1, station
0.21 m for test #32.

Model Water Surface Profile
Cross-Sectional Profile, X, =0.21 m - Step 1; 1/6 PMF
station elev
Yn(m) | Z,(m) [Comments
-2.16 13.43 {top of wall - step 1
-2.16 13.20
-2.07 13.19
-2.00 13.18
-1.94 13.18
-1.83 13.16
-1.61 13.14 |end of rough water
-1.57 13.14 |smooth
-1.43 13.13
-1.28 13.13
-1.13 13.13
-0.98 13.13
-0.67 13.13
-0.37 13.13
-0.06 13.13
0.24 13.13
0.55 13.13
0.85 13.13
1.16 13.13
1.46 13.14
1.77 13.14
2.07 13.13
2.19 13.13
2.26 13.13
2.28 13.13
2.29 13.31 |top of wall
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Table A152. Prototype cross-sectional water surface profile at step 8, station
11 m for test #32.
Prototype Water Surface Profile

Cross-Sectional Profile, X, =11 m - Step 8; 1/6 PMF
station elev
Yp (M) Zp(m) |Comments
-30.18 293.21 |top of wall - step 8
-29.84 288.97
-28.16 288.70
-25.48 288.27
-23.47 288.13
-20.79 287.83
-1743 287.44
-15.36 | 287.15 |end of rough water
-14 42 286.91 |smooth water

-12.07 286.83
-8.05 286.79
-4.69 286.80
-1.34 286.80
5.36 286.78
12.07 286.78
18.78 286.81

25.48 286.77
32.19 286.80

38.89 286.83
45.60 286.76
47.61 286.79
48.95 286.77
50.09 286.75

50.43 290.74 |top of wall
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Table A153. Model cross-sectional water surface profile at step 8, station 0.5
m for test #32.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.5 m- Step 8;1/6 PMF
station elev
Ym (M) Zn(m) [Comments
-1.37 13.33 |top of wall - step 8

-1.36 1313
-1.28 13.12
-1.16 13.10
-1.07 13.10
-0.94 13.08
-0.79 13.07

-0.70 13.05 |end of rough water
-0.66 13.04 |smooth water

-0.55 13.04
-0.37 13.04
-0.21 13.04
-0.06 13.04
0.24 13.04
0.55 13.04
0.85 13.04
1.16 13.04
1.46 13.04
1.77 13.04
2.07 13.03
2.16 13.04
2.23 13.03
2.28 13.03

2.29 13.22 |top of wall
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Table A154. Prototype cross-sectional water surface profile at step 12,
station 14.8 m for test #32.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; 1/6 PMF
station elev
Yp (M) Zp(m) ]Comments
-20.25 293.09 |top of wall - step 12

-19.78 | 287.84
1743 | 287.52
1542 | 287.30
274 | 287.04
-8.05_|_286.50

-4.02 286.00_lend of rough water
-2.68 285.63 |smooth water

-1.34 285.61
2.01 285.55
5.36 285.55
12.07 285.56
18.78 285.59
25.48 285.56
32.19 285.56

38.89 285.55
45.60 285.53
48.28 285.55
50.16 285.54
50.49 289.50 |top of wall
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Table A155. Model cross-sectional water surface profile at step 12, station
0.67 m for test #32.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; 1/6 PMF
station elev
Ym(m) | Zwm(m) |Comments
-0.92 13.32 |top of wall -step 12

-0.90 13.08
-0.79 1307
-0.70 13.06
-0.58 13.05
-0.37 13.02

-0.18 13.00 [end of rough water
-0.12 1298 |smooth water

-0.06 | 1298
0.09 1298
0.24 1298
0.55 12.98
0.85 12.98
1.16 1298
1.46 1298
1.77 1298
2.07 1298
2.19 1298
228 12,98

2.30 13.16 |top of wall
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Table A156. Prototype cross-sectional water surface profile at step 18,
station 20.3 m for test #32.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; 1/6 PMF
station elev
Ye (M) Z;(m) |Comments
-5.08 | 291.26 |top of wall - step 18

-4.36 286.12
-2.01 285.83
1.34 285.56
5.36 285.16
9.05 284.63

12.07 284.28 lend of rough water
14.08 | 28382 |smooth

16.76 | 285.29
18.78_| 285.22
2213 | 28502

25.48 283.82
32.19 283.75
38.89 283.75
45.60 283.65
48.95 283.70
50.29 283.69
50.43 287.62 |[top of wall
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Table A157. Model cross-sectional water surface profile at step 18, station
0.92 m for test #32.

Model Water Surface Profile
Cross-Sectional Profile, Xn =0.92 m- Step 18; 1/6 PMF
station elev
Ym (M) Zn(m) |Comments
-0.23 1324 |top of wall - step 18
-0.20 13.01
-0.09 12.99
0.06 1298
0.24 12.96
0.41 12.94
0.55 12.92 lend of rough water
0.64 1290 |smooth
0.76 1297
0.85 12.96
1.01 1296
1.16 12.90
1.46 12.90
1.77 12.90
2.07 12.89
2.23 1290
2.29 1290
2.29 13.07 |top of wall

Table A158. Prototype cross-sectional water surface profile at step 21,
station 23.1 m for test #32.

Prototype Water Surface Profile
Cross-Sectional Profile, Xp =23.1 m- Step 21; 1/6 PMF -Low TW
station elev
Yp (M) Zy(m) [Comments
2.48 290.33 |top of wall - step 21
3.35 285.32
5.36 285.10
8.72 284.76
12,07 284.43
15.42 284.07
18.78 283.63 |edge of rough water
20.79 283.08 |smooth water
22.80 282.90
25.48 282.81
28.83 282.74
32,19 282.78
38.89 282.77
45.60 282.80
48.95 282.78
50.22 282.81
50.56 287.11 |top of wall - step 21
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Table A159. Model cross-sectional water surface profile at step 21, station
1.05 m for test #32.

Model Water Surface Profile
Cross-Sectional Profile, Xn =1.05 m- Step 21; 1/6 PMF - Low TW
station elev
Ym (M) Zn(m) |Comments
0.11 1320 |(top of wall - step 21
0.15 12.97
0.24 1296
0.40 12.94
0.55 12.93
0.70 1291
0.85 12.89 [edge of rough water
0.94 1287 |smooth water
1.04 12.86
1.16 12.85
1.31 12.85
1.46 12.85
1.77 12.85
2.07 12.85
2.23 12.85
2.28 1285
2.30 13.05  |top of wall - step 21

Table A160. Prototype cross-sectional water surface profile at step 25,
station 23.1 m for test #32.
Prototype Water Surface Profile
Cross-Sectional Profile, X =26.8 m- Step 25; 1/6 PMF - Low TW
station elev
Yp (M) Zy(m) |Comments
12.74 289.07 |[top of wall - step 25
13.55 284.14
15.42 284.00

18.78 283.69
22.13 283.22

25.48 282.88
28.83 282.24 |edge of rough water
32.19 281.68 |smooth water

35.54 281.56
38.89 281.53
42.25 281.54

45.60 281.57
50.09 281.57
50.49 287.11 [top of wall - step 25
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Table A161. Prototype cross-sectional water surface profile at step 25,
station 1.22 m for test #32.

Model Water Surface Profile

Cross-Sectional Profile, Xm =1.22 m- Step 25; 1/6 PMF - Low TW

Table A162.

station elev
Ym (M) Zm(m) |Comments
0.58 13.14 |top of wall - step 25
0.62 1292
0.70 1291
0.85 12.89
1,01 12.87
1.16 12.86
1.31 12.83 |edge of rough water
1.46 12.80 |smooth water
1.62 12.80
1.77 12.80
1.92 12.80
2.07 12.80
2.28 12.80
2.30 13.05 ltop of wall - step 25
Prototype centerline water surface profile for test #33.
Prototype Water Surface Profile
Centerline Profile, Yp = 0.0 m; 1/3 PMF
station elev
X, (m) Z,(m) |Comments
0.00 290.98
0.87 290.61
4,22 289.35
7.58 288,14
10.93 286.97
14.28 285.83
17.17 284.87 |edge of TW
18.31 285.24 |TW
20.99 285.16 |TW
24.34 285.22 |TW
27.69 285.24 |TW
31.05 285.24 |TW - us. edge of stilling basin
34.40 285.28 |TW - dtilling basin
37.75 285.30 |TW - d.s. edge of stilling basin
41.11 285.20
47.81 285.06
61,22 284.98
74.63 284.98
88.04 284.98
10146 | 285.00
14169 | 284.98
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Table A163. Model centerline water surface profile for test #33.

Model Water Surface Profile
Run # Run 32 Centerline profile, Y, =0.0 m; 1/3 PMF
Date: 4 Feb 2005

station elev

Xn (M) | Zm (m) |Comments
0.00 13.23
0.04 13.21
0.19 13.15
0.34 13.10
0.50 13.04
0.65 12.99
0.78 12.95 |edge of TW
0.83 1297 |TW
0.95 1296 |TW
1.11 12.96 |TW
1.26 1297 |TW
1.41 1297 |TW - us. edge of stilling basin
1.56 12.97 |TW - stilling basin
1.72 1297 |TW - d.s. edge of stilling basin
1.87 12.96
217 12.96
2.78 12.95
3.39 12.95
4.00 12.95
4.61 12.95
6.44 12.95
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Table A164. Prototype water surface profile along the right wall looking
downstream for test #33.

Prototype Water Surface Profile
WS along Rt. Wall looking d.s. 1/3 PMF; ¢ =70 deg rt; 0 deg ft
station | station elev
X, (m) Y, (m) Z(m) Comments
-12.54 -49.62 291.27 Rt wall looking d.s.
-9.19 -49.62 291.22
-7.85 -49.62 291.16
-6.50 -49.62 291.22
-5.83 -49.62 291.22
-2.48 -49.62 291.20
-0.80 -49.62 291.14
0.00 -49.62 291.06
0.67 -49.62 290.97 edge of rough water
4.22 -49.62 291.11 elevated water
2.62 -49.62 291.10
3.76 -49.62 291.21 pt of conv wall - joint
4.90 -46.60 291.15
6.84 -40.97 290.86
8.99 -34.87 290.41
11.33 -28.16 289.84
13.95 -21.46 289.18
16.40 -14.75 288.51
18.81 -8.05 287.80
21.19 -1.34 287.03
23.67 5.36 286.49
26.15 12.07 285.78
28.63 18.78 285.26
29.10 19.98 285.14 wall - joint @ basin
29.81 20.12 284.87 stilling basin
34.53 20.32 284.84 stilling basin
38.59 20.32 284.89 stilling basin end
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Table A165. Model water surface profile along the right wall looking
downstream for test #33.

Model Water Surface Profile
WS along Rt. Wall looking d.s. 1/3 PMF; ¢ = 70 deg rt; 0 deg It
station station elev
__2_(,_,, (m) Y (m) Zm(m) Comments
-0.57 -2.26 13.24 Rt wall looking d.s.
-0.42 -2.26 13.24
-0.36 -2.26 13.23
-0.30 -2.26 13.24
-0.27 -2.26 13.24
-0.11 -2.26 13.24
-0.04 -2.26 13.23
0.00 -2.26 13.23
0.03 -2.26 13.23 edge of rough water
0.19 -2.26 13.23 elevated water
0.12 -2.26 13.23
0.17 -2.26 13.24 pt of conv wall - joint
0.22 -2.12 13.23
0.31 -1.86 13.22
0.41 -1.58 13.20
0.52 -1.28 13.17
0.63 -0.98 13.14
0.75 -0.67 13.11
0.85 -0.37 13.08
0.96 -0.06 13.05
1.08 0.24 13.02
1.19 0.55 12.99
1.30 0.85 12.97
1.32 0.91 12.96 wall - joint @ basin
1.35 0.91 12.95 stilling basin
1.57 0.92 12.95 stilling basin
1.75 0.92 12.95 stilling basin end
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Table A166. Prototype water surface profile along the left wall looking

downstream for test #33.

Prototype Water Surface Profile
WS along Lt. Wall looking d.s. 1/3 PMF; ¢ = 70 deg rt; 0 deg It
station station elev
X, (m) Yy (m) Z,(m) Comments
-12.54 49.62 291.26 Lt wall looking d.s.
-9.19 49.62 291.17
-7.85 49.62 291.15
-6.50 49.62 291.18
-5.83 49.62 291.19
-2.48 49.62 291.18
-0.80 49.62 291.10
0.00 49.62 290.96
0.87 49.62 290.66
2.21 49.62 290.07
3.55 49.62 289.57
4.90 49.62 289.07
6.24 49.62 288.63
7.58 49.62 288.15
10.93 49.62 287.00
14.28 49.62 285.87
17.64 49.62 284.74 edge of TW
18.31 49.62 285.09 TW
20.99 49.62 284.96 T™W
24.34 49.62 285.61 TW
27.69 49.62 285.79 TW
29.10 49.62 285.91 TW - wall joint - basin
31.05 49.62 286.25 stilling basin
34.40 49.62 286.33 stilling basin
38.59 49.62 286.26 stilling basin end
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Table A167. Model water surface profile along the left wall looking

downstream for test #33.

Model Water Surface Profile
WS along Lt. Wall looking d.s. 1/3 PMF; ¢ = 70 deg rt; 0 deg It
station | station elev
X (M) Y (M) Z,(m) Comments
057 2.26 13.24 Lt wall looking d.s.
-0.42 2.26 13.24
-0.36 2.26 13.23
-0.30 2.26 13.24
-0.27 2.26 13.24
-0.11 2.26 13.24
-0.04 2.26 13.23
0.00 2.26 13.23
0.04 2.26 13.21
0.10 2.26 13.19
0.16 2.26 13.16
0.22 2.26 13.14
0.28 2.26 13.12
0.34 2.26 13.10
0.50 2.26 13.05
0.65 2.26 12.99
0.80 2.26 12.94 edge of TW
0.83 2.26 12.96 TW
0.95 2.26 12.95 TW
1.11 2.26 12.98 TW
1.26 2.26 12,99 TW
1.32 2.26 13.00 TW - wall joint - basin
1.41 2,26 13.01 stilling basin
1.56 2.26 13.01 stilling basin
1.75 2.26 13.01 stilling basin end
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Table A168. Prototype cross-sectional water surface profile at step 1, station
4.6 m for test #33.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =46 m - Step 1; 1/3 PMF
station elev
Yp (M) Zy(m) |Comments
-47 61 295.38 [top of wall -step 1
-47 61 291.18

-45.60 291.04
-42.92 290.97
-39.56 290.22
-37.55 290.19
-34 20 289.88
-30.18 289.55

-27 49 289.21 |edge of rough water
-26.82 289.18 |smooth water

-24 81 289.17
-21.46 289.16
-18.11 289.15
-14.75 289.15

-8.05 289.15
-1.34 289.15
5.36 289.14
12.07 289.14
18.78 289.14
25.48 289.15

32.19 289.17
38.89 289.17
45.60 289.13
48.95 289.13
| _50.16 289.15

50.36 292.90 jtop of wall
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Table A169. Model cross-sectional water surface profile at step 1, station

0.21 m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, X, =0.21 m - Step 1; 1/3 PMF
station elev
Yo (M) Z,(m) {Comments
-2.16 13.43 |[top of wall - step 1
-2.16 13.24
-2.07 13.23
-1.95 13.23
-1.80 13.19
-1.71 13.19
-1.55 13.18
-1.37 13.16
-1.25 13.15 |edge of rough water
-1.22 13.14 |smooth water
-1.13 13.14
-0.98 13.14
-0.82 13.14
-0.67 13.14
-0.37 13.14
-0.06 13.14
0.24 13.14
0.55 13.14
0.85 13.14
1.16 13.14
1.46 13.14
1.77 13.14
2.07 13.14
2.23 13.14
2.28 13.14
2.29 13.31 |[top of wall
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Table A170. Prototype cross-sectional water surface profile at step 8, station
11 m for test #33.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =11 m - Step 8; 1/3 PMF
station elev
Yp (M) Zy,(m) [Comments
-30.18 293.20 ltop of wall -step 8

-30.18 290.06
-28.16 289.82
-24 81 289.38

-21.46 289.00
-18.11 288.53
-14.75 288.15
-11.40 287.75
-8.72 287.39 ledge of rough water
-7.38 286.95 [smooth water

-5.36 286.93
-3.35 286.93
-1.34 286.93
2.01 286.92
5.36 286.93
12.07 286.91

18.78 | 286.94
25.48 286.94
32.19 286.93
38.89 286.91
45.60 286.91
48.28 286.94
50.16 286.93
50.36 290.74 |top of wall
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Table A171. Model cross-sectional water surface profile at step 8, station 0.5
m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, X =05 m- Step 8; 1/3 PMF
station elev
Ym (M) Zn(m) [Comments
-1.37 13.33  |top of wall -step 8

-1.37 13.18
-1.28 13.17
-1.13 13.15
-0.98 13.14
-0.82 13.11
-0.67 13.10
-0.52 13.08

-0.40 13.06 ledge of rough water
-0.34 13.04 |smooth water

-0.24 13.04
-0.15 13.04
-0.06 13.04
0.09 13.04
0.24 13.04
0.55 13.04
0.85 13.04
1.16 13.04
1.46 13.04
1.77 13.04
2.07 13.04
2.19 13.04
2.28 13.04

2.29 1322 |Jtop of wall
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Table A172. Prototype cross-sectional water surface profile at step 12,
station 14.8 m for test #33.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =14.8 m- Step 12; 1/3 PMF
station elev
Yp (M) Zs(m) [Comments

-20.25 293.10 Itop of wall - step 12
-20.25 289.03

-18.11 288.83
-14.75 288.48
-11.40 288.04
-8.05 287.68
-4.69 287.20
-1.34 286.77

2.68 286.26 |edge of rough water
4,02 285.78 |smooth water

5.36 285.73
7.38 285.71
9.39 285.68

12.07 285.67
15.42 285.67
18.78 285.65
25.48 285.67

32.19 285.69
38.89 285.66
45.60 285.67
48.95 285.68
50.16 285.67

50.43 280.50 jtop of wall

260



Table A173. Model cross-sectional water surface profile at step 12, station
0.67 m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, Xm = 0.67 m- Step 12; 1/3 PMF
station elev
Ym (M) Zn(m) [Comments
-0.92 13.32  {top of wall -step 12
-0.92 13.14
-0.82 13.13
-0.67 13.11
-0.52 13.09
-0.37 13.08
-0.21 13.05
-0.06 13.03
0.12 1301 |edae of rough water
0.18 12.99 |Ismooth water
0.24 12.99
0.34 12.99
0.43 12.99
0.55 12.98
0.70 12.99
0.85 12.98
1.16 12.98
1.46 12.99
1.77 12.98
2.07 12.99
2.23 12.99
2.28 12.98
2.29 13.16 |top of wall
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Table A174. Prototype cross-sectional water surface profile at step 18,
station 20.3 m for test #33.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =20.3 m - Step 18; 1/3 PMF; Low TW
station elev
Yp (M) Z,(m) |Comments
-5.03 291.27 |top of wall - step 18

-5.03 287.40
-1.34 287.00
2.01 286.69
5.36 286.33

8.72 285.91
12.07 285.54
15.42 284.94
18.78 284.49
20.79 284.30 ledge of rough water
21.46 283.96 [smooth water

23.47 283.88
25.48 283.86
28.83 283.83
32.19 283.82
38.89 283.82
45.60 283.82
48.95 283.83

50.16 283.84
50.43 287.64 [top of wall
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Table A175. Model cross-sectional water surface profile at step 18, station
0.92 m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, Xm =0.92 m - Step 18; 1/3 PMF; Low TW
station elev
Ym (M) Zn(m) |Comments

-0.23 13.24 Jtop of wall -step 18
-0.23 13.06

-0.06 13.05

0.09 13.03

0.24 13.01

0.40 13.00

0.55 12.98

0.70 12.95

0.85 12.93

0.94 12.92 ledge of rough water
0.98 12.91  |smooth water

1.07 12.90

1.16 12.90

1.31 12.90

1.46 12.90

1.77 12.90

2.07 12.90

2.23 12.90

2.28 12.90

2.29 13.07 |top of wall
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Table A176. Prototype cross-sectional water surface'profile at step 21,
station 23.1 m for test #383.

Prototype Water Surface Profile
Cross-Sectional Profile, X, =23.1 m- Step 21; 1/3 PMF -Low TW

station elev

Yp (M) Zp(m) [Comments

2.62 290.33 |top of wall - step 21

2.62 286.69

5.36 286.38

8.72 286.08

12.07 285.69

15.42 285.27

18.78 284.82

22.13 284.22

25.48 283.73 jedge of rough water
28.83 283.18 Ismooth water

32.19 282.96
35.54 282.92

38.89 282.90
42.25 282.89
45.60 282.91
48.95 282.92
|_50.16 282.85
50.43 287.11 |top of wall

Table A177. Model cross-sectional water surface profile at step 21, station
1.05 m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, Xn = 1.05 m - Step 21; 1/3 PMF - Low
station elev
Ym (M) Zn(m) |Comments
0.12 1320 |top of wall - step 21
0.12 13.03
0.24 13.02
0.40 13.00
0.55 12.99
0.70 1297
0.85 12.95
1.01 12 .92
1.16 12.90 ledge of rough water
1.31 12.87 |smooth water
1.46 12.86
1.62 12.86
1.77 12.86
1.92 12.86
2.07 12.86
2.23 12.86
2.28 12.86
2.29 13.05 |[top of wall
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Table A178. Prototype cross-sectional water surface profile at step 25,

station 26.8 m for test #33.
Prototype Water Surface Profile
Cross-Sectional Profile, X, =26.8 m- Step 25; 1/3 PMF -Low TW
station elev
Y, (m) Z,(m) |Comments
12.74 289.07 |top of wall - step 25
12.74 285.53
15.42 285.37

18.78 284.87
22.13 284.23
25.48 283.90
28.83 283.80

32.19 282.96 |edge of rough water
35.54 282.09 |smooth water

38.89 281.82

4225 282.34 ITwW

45.60 282.43 |TwW

48.95 282.66 |TwW

50.16 282.58 |Tw

50.43 287.12 |[top of wall

Table A179. Prototype cross-sectional water surface profile at step 25,
station 1.22 m for test #33.

Model Water Surface Profile
Cross-Sectional Profile, X, = 1.22 m - Step 25; 1/3 PMF - Low

station elev
Y (M) Z.(m) |Comments

0.58 13.14 [top of wall - step 25
0.58 12.98
0.70 1297
0.85 12.95
1.01 12.92
1.16 12.90
1.31 12.90

1.46 12.86 _ ledge of rough water
1.62 12.82 |smooth water

1.77 1281
1.92 12.83 |[TW
2.07 12.84 |TW
2.23 12.85 |TW

2.28 1284 |TW
2.29 13.05 |jtop of wall
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Table A180. Prototype centerline bed surface profile.

Prototype Bed Surface Profile
Centerline Profile, Y, =0.0 m
station elev
X, (m) Z,(m) |Comments
-116.48 | 282.96
-113.12 282.96
-106.42 | 282.94
-99.71 282.93
-93.01 28291
-86.30 | 282.90
-79.60 282.93
-76.24 282.78 ledge of rock
-72.89 283.85
-66.18 | 284.62
-59.48 284.67
-52.77 28438
4607 284.38
-39.36 284.35
-32.66 284.44
-25.95 284.33
-21.93 284.32 Ibreak in dope
-19.25 284.87
-12.54 287.19
-7.17 288.87 of rock
6,97 2&&1&@&&@9&1}&@__
-5.83 289.00
-2.48 288.94
-0.60 289.78 {us edge of ogee
-0.47 280.93
-0.34 290.01
-0.13 290.06
0.00 290.08 {centerpoint of ogee
0.20 290.08
0.54 290.03
0.87 289.90
1.54 280.68
2.21 289.47
2.88 289.26
3.55 289.09
3.76 280.00 Ids edqe of ogee
4.63 288.70 Istep 1
5.63 288.40 [step 2
6.50 288.09 |step 3
7.38 287.79 lstep4
8.31 287.48 lstep5
9.25 287.20 |step6
10.19 286.87 lstep7
11.06 286.56 p8
12.00 286.26 |step 9
12.87 285.95 |step 10
13.81 285.65 |step 11
14.75 28533 |step 12
15.62 | 285.03 Ftep 13
16.56 284.71 Istep 14
17.50 284.41 Jstep 15
1844 284.11 FL‘HS
19.38 283.82 [step 17
20.32 283.52 lIstep 18
21.26 283.19 IE@MQ
22.13 282.90 |[step 20
23.07 282.50 [step 21
23.94 282.29 |step 22
24.88 281.97 Istep 23
25.75 281.66 24
26.76 281.35 |Istep 25
27.63 281.07 Istep 26
28.63 280.70_|step 27
28.50 280.40 Ifloor (us edge of basin)
31.05 280.40 [basin
34.40 280.39
37.95 280.42 Ibasinfloor ds edge
37.95 281.04 ltop of end sill (us)
38.56 281.04 [top of endsillds
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Table A181. Model centerline bed surface profile.

Model Bed Surface Profile

Run #: Pre-Test Centetline bed surface profile
Date: 13 Oct 2004 BM-0 rd. x=7.52 y=19.82 z=0.875
Time X (m) Y (m) Z(m) Comments
9:44 am. 2.29 22.92 031 centettineprofile |
2.44 22.92 0.31
2,74 22.92 0.31
3.05 22,92 0.31
335 2292 Q.31
3.66 22.92 0.31
3.96 22.92 0.31
4.11 22.92 0.30 Edge of rock
4.27 22.92 0.35
4.57 22.92 0.38
4.88 22,92 0.39
5.18 22.92 0.37
5,49 22,92 0.37
5.79 22,92 0.37
6.10 22.92 0.37
6.40 22.92 0.37
6.58 22.92 0.37 Breaking Slope
6.71 22.92 0.39
7.01 22.92 0.50
7.25 2292 Q.58 Edge of rock
7.26 22.92 059 _ IEdge ofaporoach(wood) |
7.32 22.92 0.58
7.47 22.92 0.58
7.55 22.92 0.62 Upstream edge of ogee
7.56 22.92 0.62
7.57 22.92 0.63
7.57 22.92 0.63
7.58 22.92 0.63 Coterngitonogee |
7.59 22.92 0.63
7.60 22.92 0.63
7.62 22.92 0.62
7.65 22.92 0.61
7.68 22.92 0.60
7.7 22.92 0.59
7.74 22.92 0.59
775 2292 058 ds
7.79 22.92 0.57 centerline profile D.S. of step 1
7.84 22.92 0.55 DS.ofstep 2
7.88 22.92 0.54 step 3
7.9 22.92 0.53 step 4
7.96 22.92 0.51 step 5
8.00 22.92 0.50 slep6
8.04 22.92 0.49 step 7
8.08 22.92 Q.47 slep 8
8.13 22.92 0.46 step 9
8.17 22.92 0.44 step 10
8.21 22.92 0.43 step 11
8.25 22.92 0.42 step 12
8.29 22.92 0.40 step 13
8.3 22.92 0.39 step 14
8.38 22.92 0.37 step 15
8.42 22,92 0.36 step 16
8.46 22.92 0.35 step 17
8.50 22.92 0.33 step 18
8.55 22.92 0.32 step 19
8.59 22.92 0.30 step 20
8.63 22.92 0.29 step 21
8.67 22.92 0.28 step 22
8.71 22.92 0.26 step 23
875 2292 0.25 step 24
8.80 22.92 0.23 step 25
8.84 22.92 0.22 slep 26
8.88 22.92 0.21 step 27
8.88 22.92 0.19 Floor (upstream edge of basin
8.99 22.92 0.19 Basin
914 22.92 0.19
2.31 22,92 Q.19 BasinFloor(DS.edae)
9.31 22,92 Q.22 top of endsill (unstreamedge) |
9.33 22.92 0.22 top of endsill (D.S. edge)
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Table A182. Prototype bed surface profile along the right wall looking
downstream.

Table A183.
downstream.

Pre-Test Runs 1-4

Bed Surface

Profile along right walil

station | station Top of Wall elev Bed elev
xp Yp Zp Zp
m m m m

-9.72 -50.36 290.76
-9.72 -50.36 289.02
-2.68 -50.33 293.15
-2.68 -50.33 288.94
0.00 -50.26 293.16
0.00 -50.26 290.08
3.69 -50.16 293.19
3.69 -50.16 288.99
21.52 -28.06 287.28
21.52 -28.06 282.89
29.37 -18.24 287.15
29.37 -18.24 280.42
38.56 -15.15 287.16
38.56 -15.15 281.03
Model bed surface profile along the right wall looking

Pre-Test Runs 1-4
Model Bed Surface
Profile along right wall

station | station Top of Wall elev Bed elev
m m m m
-0.44 -2.29 1322
-0.44 -2.29 13.14
-0.12 -2.29 13.32
-0.12 -229 13.13
0.00 -2.28 13.33
0.00 -2.28 13.19
0.17 -2.28 13.33
0.17 -2.28 13.14
0.98 -1.28 13.06
0.98 -1.28 12.86
1.34 -0.83 13.05
1.34 -0.83 12.75
1.75 -0.69 13.05
1.75 -0.69 1277
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Table A184. Prototype bed surface profile along the left wall looking
downstream.

Table A185.
downstream.

Pre-Test Runs 1-4
Bed Surface
Profile along left wall _ _ _
station | station Top of Wall elev Bed elev
X, Y, z, z,
m m m m
-9.72 50.19 290.77
-9.72 50.19 288.97
-2.48 50.19 203.14
-2.48 50.19 288.93
0.00 5022 293.16
0.00 5022 290.08
3.69 5022 293.18
3.69 5022 289.01
21.52 2820 287.28
21.52 2820 282.92
29.30 18.31 287.15
29.30 18.31 280.40
38.49 1546 287.17
38.49 1546 281.04
Model bed surface profile along the left wall looking

Pre-Test Runs 1-4
Model Bed Surface
Profile along left wall

station | station Top of Wall elev Bed elev

X Yo Z, Z,
m m m m

-0.44 2.28 1322

-0.44 2.28 13.13

-0.11 2.28 13.32

-0.11 2.28 13.13

0.00 2.28 13.33

0.00 2.28 13.19

0.17 2.28 13.33

0.17 2.28 13.14

0.98 1.28 13.06

0.98 1.28 12.86
1.33 0.83 13.05

1.33 0.83 12.75
1.75 0.70 13.05

1.75 0.70 1277
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APPENDIX B



Example Design

To reinforce the application of this design information, example designs
are presented for both the empirical and theoretical approaches. In most
cases, the design discharge is known. In this scenario, the expected
probable maximum unit discharge is 7.6 m*/(s'm) (81.8 cfs/ft) that results in
an expected centerline water surface profile presented in Table B1. The
expected tailwater elevation is 286.2 m (939 ft). The design engineer has
chosen a stepped spillway chute slope of 3(H):1(V) and step height of 0.3 m
(1 ft) step height. The bed profile of the stepped spillway chute is provided in
Table B2. The spillway entrance is an ogee crested weir set at an elevation
of 290.1 m (951.8 ft) and has a width of approximately 100 m (330 ft). The
stilling basin elevation is set at an elevation of 280.4 m (919.9 ft). To fit the
topography downstream, the spillway chute must converge 25°. With the
given information, the design engineer is to find the training wall height
necessary to contain the expected flood event.

Table B1. Centerine water surface profile.

station elev
Xp(m) | Zy(m)

-9.19 | 292.38
-5.83_ | 299.06
248 | 292.22
1.81_| 292.20
-1.14_| 292.11
“0.47 | 292.02
0.20 | 291.86
0.87__| 291.68
154__| 291.33
221 | 291.07
2.88__| 290.70
355 | 290.43
422 | 290.08
4.90 | 289.83
6.24 | 289.30
7.58_ | 288.77
8.2 | 288.27

10.26 287.78
11.60 287.29
12.94 286.85
13.61 286.59
14.28 286.33
15.62 286.70

16.97 286.61
18.31 286.65
19.65 286.69
24.34 286.80
27.69 287.26

31.05 287.72
34.40 287.80
41.11 287.57
47.81 287.26
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Table B2. Stepped spillway chute bed surface profile.

station elev
Xp(m) | Z (m)
-0.69 | 288.95
-0.69 | 289.74
-0.61 289.86
-043 | 289.99
-0.21 290,05 |
0.00 290.08
0.15 290.07
0.30 590.05
0.46 590.02
0.61 289.98
0.76 289.93
3.72 288.95
372 288.65
4.63 288.65
4,63 288.34
5.54 288.34
5.54 288.04
6.46 288.04
6.46 287.73
7.37 587.73
7.37 2874
8.20 287.43
8.20 287.12
9.20 287.12
9.20 286.82
10.12_ | 286.62
10.12_| 286.51
11,03 | 28651
11.03 | 286.21
11,95 | 286.21
11,95 | 28590
12.86 | 285.90
12.86 | 285.60
13.77 | 285.60
13.77 | 285.29
14.69 285 99
14.69
1560 | 284.99
1560 | 084.68
1652 | 28468
652 | 284.38
17.43 | 284.38
1743_| 284.07
1835 | 284.07
18.35 | 28377
1926 | 28377
19.26 | 28346
20.17 | 283.46
2017 | 283.16
21.09 | 28316
21.09 | 282.85
2200 | 28285
2200 | 282.55
22.92 282, 5¢
22.02 | 262.24
23.83 | 282.24
23.83_ | 281.94
24.75_| 281.94
2475 | 261.64
25, 281.64
2566 | 281.33
26.58 | 261.33
2658 | 281.03
27.49 | 281.03
27.49 | 280.72
2840 | 280.72
2840 | 280.42
293 [ 28042 |
37.85 | 280.42
37.85 | 281.03
3846 | 281.03
38.46 | 280.42




Solution 1:
Empirical design aid approach.
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Figure 6.18. Flow depth at the training walil normalized by critical
depth at the spillway crest divided by sin(¢) for all tested flows versus
the normalized downstream distance (dsc) from the spillway crest.

This approach will yield the training wall height for the full length of the
spillway chute, but in this example, the training wall height for a
specific location was determined. For station, 15.6 m (51.2 ft), the flow
depth is approximately 2.02 m (6.6 ft). Using Figure 6.18, the
normalized distance down stream is approximately 7.7, which yields a
normalized flow depth per sin (¢) of 2.9. With a convergence of 25°
and a critical depth of 1.8 m (5.9 m), the flow depth is then calculated
as

FlowDepth =2.9d, *sing =2.2m

Therefore, the approximate training wall height at station 15.6 m (51.2
ft) should be 2.2 m (7.2 ft).

Solution 2:
Theoretical approach.

Using the same station and flow depth 15.6 m (51.2 ft) and 2.02 m (6.6
ft), respectively, the training wall height was estimated using the
theoretical relationship presented in Equation 6.5.
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L ooy into) snle)sn(e) |+2
o (1+0.2*sin*(g))* y cos(y, )eos(y)
W COS(WQ)

(6.5)

where the y=specific weight of water, d = the flow depth in the center of
spillway, 6 = chute slope, p = the density of water, v = velocity of the spillway
flow as it descends the chute, y = tan™' (sin(¢) tan(8)), ¢ = convergence angle,

and v, = tan™' (cos(¢) tan(9)) .
The following parameters are required to apply Equation 6.5:

0 =25° v=9.8 kN/m® (64.4 Ib/ft®) , d = 2.02 m (6.63 ft), 6 = 18.4° (3H:1V), p =
999 kg/m?® (1.94 slugs/ft®), v = g/d = (7.6 m*/(s'm))/2.02 m = 3.76 m/s (12.3
ft/s), y = 8°, and y, = 16.8°.

With the above known parameters, the approximate training wall height
necessary to retain the design flow is 2.6 m (8.6 ft).

As shown using both the empirical and theoretical methods, the training wall
height necessary to retain the design flow at station 15.6 m (51.2 ft) is 2.2 m
(7.2 ft) and 2.6 m (8.6 ft), respectively. Both the empirical and theoretical
methods provide conservatism in the approaches because of the probable
maximum flood used to design the training wall. Additionally, for this spillway
chute design, aerated flow is not expected to fully develop in the spillway
chute, so no additional conservatism should be required in the design of the
training walls for this given example.
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