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ABSTRACT 

HYDRAULIC DESIGN OF STEPPED SPILL WAYS 

Overflow conditions occur on spillways during regular periods of release or 

during emergency flood events. During extreme events, overtopping of the entire crest of 

the dam may occur and the downstream face is exposed to erosive flow conditions 

compromising the integrity of the dam or leading to catastrophic failure. In recent years, 

there has been an increased interest in the use of stepped overlays on dams and spillways 

to dissipate the erosive energy from overtopping flows. 

Roller Compacted Concrete (RCC) is becoming an increasingly popular method 

of constructing and protecting dam embankments. RCC naturally lends itself to a stepped 

configuration by the construction technique of roller compacting successive horizontal 

concrete lifts. To date, there have been numerous RCC stepped spillways constructed 

worldwide, yet there is the lack of a general design that quantifies the hydraulics 

characteristics of the overtopping flow for a given step height, dam height, and slope. 

The present study is the continuation of a research program conducted at 

Colorado State University in cooperation with the United States Bureau of Reclamation 

(Bureau) concerning overtopping spillway flows. Tests were conducted at near prototype 

conditions on an existing outdoor flume located at Colorado State University's 

Engineering Research Center. Horizontal steps fabricated from lumber and plywood 

were placed in the flume providing a simulated stepped spillway with step heights of h = 
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1.0 ft and h = 2.0 ft. Additional testing of the smooth surface chute with the steps 

removed was conducted for comparison purposes. 

Specialized instrumentation, provided by Colorado State University and the 

Bureau, was used to collect air concentration and velocity data within the stepped 

spillway flow. The data were analyzed to quantify flow depth, energy dissipation, and an 

estimate of flow resistance in the form of the Darcy friction factor f Results of the 

analysis were then used to propose a design procedure for estimating the hydraulic 

characteristics of stepped spillway flow using typical required information. 
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CHAPTERl 

INTRODUCTION 

1.1 Background 

Use of a stepped slope to slow the movement of water overflowing a dam or weir 

dates to antiquity. Earliest documented overflow weirs using stepped downstream faces 

date to 700 BC Iraqi water supply dams built under the Assyrian king Sennacherib for the 

capital city of Nineveh (Schnitter, 1994). Most of these dams were low diversion weirs 

of rubble masonry with upstream vertical faces, broad overflow crests, and stepped 

downstream faces. China's Tianping weir, built in 219 BC, was a structure where 

notable use of a stepped slope was incorporated. The rubble filled downstream side was 

covered with tightly packed vertical slabs creating a gently sloping stepped face. This 

orientation dissipated much more of the energy of the overflowing water than ordinary 

horizontal slabs at the same time being more stable (Schnitter, 1994). In the 7th and 8th 

centuries, several early Moslem dams and overflow weirs using steps were built in central 

Arabia near the cities of Mecca and Medina. During the 10th century, early Spanish 

settlers built stepped overflow weirs for irrigation near the city of Valencia, Spain. 

Dams and weirs similar to those mentioned have been built worldwide throughout 

the centuries and are fairly well documented (Chanson, 1994; Schnitter, 1994; and 

Schuyler, 1912). More recent, in the past century, there has been an increased interest in 
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the use of stepped spillways to dissipate energy from dam spillway flows. The fairly new 

construction technique using Roller Compacted Concrete (RCC) ideally suites a stepped 

configuration. Construction of new dams and the rehabilitation or replacement of aging 

dams c;i.re applications where RCC is rapidly becoming a popular choice. For spillway 

and embankment overtopping protection, RCC naturally lends itself to a stepped 

configuration by the construction technique of roller compacting concrete in successive 

horizontal lifts. To date, there have been numerous RCC and conventional concrete 

stepped spillways constructed worldwide (Frizell, 1992), however, there is the lack of a 

general design criteria that quantifies hydraulic characteristics of the overtopping flow for 

a given step height, dam height and slope. 

The main advantages of selecting RCC over conventional concrete as a 

construction material are reduced construction time and reduced material quantities. 

Both of these advantages, can result in significant cost savings, especially for the 

construction, rehabilitation or upgrading of overflow spillways. Approximate costs of 

RCC constructed dams have been shown to range from 25 to 50% less than 

conventionally placed concrete (ASCE, 1994). Figure 1.1 shows a cost comparison of 

RCC and conventional concrete used in dam construction. 
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Figure 1.1 - Cost comparison ofRCC and conventional concrete (ASCE, 1994). 

Stepped spillways have been shown to significantly reduce velocities at the toe of 

the spillway (Diez-Cascon et. al. 1991; Frizell, 1992; Rice et. al.1996; Robinson et. al. 

1998; Johnson et. al. 1997). Toe velocities are used to size the required downstream 

stilling basin and lowering these velocities allows for design of a smaller basin 

representing a significant savings in construction time and costs. In addition, design of 

the stilling basin requires an accurate estimation of the hydraulic performance of the 

stepped spillway including knowledge of important flow characteristics such as velocity, 

flow depth, and air entrainment. 

The present study is the continuation of a research program conducted at 

Colorado State University in cooperation with the United States Bureau of Reclamation 

(Bureau) concerning overtopping spillway flows. Tests were conducted at near prototype 
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flow conditions on an existing outdoor flume located at Colorado State University's 

Engineering Research Center. Horizontal steps fabricated from lumber and plywood 

were placed in the flume providing a simulated stepped spillway with step heights of h = 

1.0 ft and h = 2.0 ft. 

1.2 Purpose of the Present Study 

The purpose of the present study was to collect near-prototype scale data on the 

hydraulic characteristics of stepped spillway flow including air concentration, bulked 

flow depth, clear water depth, and flow velocity. The collected data were analyzed to 

quantify energy dissipation and estimate flow resistance in the form of the Darcy friction 

factor. Results of the analysis were then used to propose a design procedure for 

estimating the hydraulic characteristics of stepped spillway flow using typical required 

information. An additional objective was to gain knowledge on the application and 

limitations of the specialized instruments used in the study. 

The findings of this study will contribute to the existing body of experimental 

data from previous investigations on stepped spillway flow. The proposed design 

procedure was developed around the physical constraints of the present study. However, 

it is anticipated that the results will be of tremendous value in future investigations 

lending to a greater understanding of stepped spillway flow over a broad range of 

conditions. 

4 



1.3 Limitations of the Present Study 

The present study was conducted within a fixed budget and schedule over an 

approximately three-year period consisting of design, construction, and testing of the 

physical model, data collection and analysis, and preparation of this dissertation. 

Throughout the research project, certain assumptions and theories generally accepted in 

both hydraulic engineering and the recent history of stepped spillway research were 

adopted. The instrumentation used in this study to collect air concentration and velocity 

were considered experimental and resulted in a significant portion of the research. Data 

collection and analysis progressed in a logical manner limited to the available resources 

including time, funding, instrumentation, and technical references. 

Throughout this study, numerous difficulties that included instrument damage and 

destruction occurred during both calibration and data collection. In later stages of the 

project, many of these difficulties were resolved while some were found to be inherent 

and unavoidable characteristics of the instruments themselves. As with any data 

collection, the quality of the results and conclusions are directly related to interpretation 

of the instrument output. All of the data and results produced in this study were 

evaluated and analyzed for reasonableness and compared to theoretical results and 

published stepped spillway data from similar studies. In addition, statistical analysis was 

implemented where necessary to eliminate data outside of set parameters. In general, 

much of the data generated in this study fell within a reasonable range of theoretical 

values and the majority of published data. 

The outcome of this research is a design procedure for determining the hydraulic 

characteristics of stepped spillway flow. The conclusions of this study are based on 
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instrumentation that may not be as precise as instrumentation used to collect data in 

smaller scale models and the data demonstrate considerable scatter. Due to the 

importance of this research with regard to the safety and structural integrity of dams and 

spillways, the individual designer of a stepped spillway should scrutinize results 

produced by the design procedure. As with all design procedures based on empirical 

data, sound engineering judgment should be the ultimate basis of the accuracy of a 

design. 
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CHAPTER2 

REVIEW OF LITERATURE 

Stepped overflow weirs and spillways have been used for hundreds of years. 

Design of these structures naturally paralleled dam-building which, in ancient times, 

lacked the presence of a rational approach (Smith, 1972). With advancement of 

technology and the ever-increasing need for safety, the knowledge and design of dams 

broadened into the current design methods of today. However, advancement in design of 

appurtenant structures, such as stepped spillways, appears to have lagged dam design, 

and only in recent years has it become an important topic of research. 

The difficulty in studying hydraulically rough surfaces like stepped spillways is 

the presence of highly turbulent, air entrained flow. Classic hydraulics theory and 

instrumentation can only approximate characteristics such as air entrainment, depth, and 

velocity of the two-phase flow. In recent years, significant amounts of time and money 

have been devoted to laboratory model studies in order to study these characteristics. 

Following is a review of selected articles on research of stepped spillway flow. 

Selection of the articles was based on research conducted with physical scale models or 

of literature that has significantly contributed to the knowledge of stepped spillway flow. 

The articles are categorized into sections depending upon the main theme presented. 

Section 2.1 defines flow regimes generally accepted in stepped spillway flow research, 

Section 2.2 contains hydraulic studies, and Section 2.3 reviews studies on self-aerated 
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flow. The articles are presented chronologically for each section, and each review is 

"independent" from the others in that variable symbols refer to that review only and do 

not reflect variable notation in the remainder of this dissertation. All dimensions are 

prototype scale and in English units unless otherwise specified. Table 2.1 at the end of 

this chapter includes a comprehensive list of physical model tests known to date. 

2.1 Flow Regimes Defined 

Research literature generally recognizes two types of flow behavior on a stepped 

slope: nappe flow regime and skimming flow regime. Research on the hydraulics of 

stepped spillway flow usually concentrates on one regime or the other with the type of 

regime dictated by a combination of step geometry and flow discharge. Nappe flow 

normally occurs for low discharges and small flow depths while skimming flow occurs. 

for high discharges and large flow depths. 

Nappe flow regime is distinguished by a series of plunges from one step to 

another with the formation of a nappe at each drop. This type of flow can be 

approximated by a series of single-step drop structures (Chamani and Rajaratnam 1994; 

Chanson 1993). The flow leaves the step as a free-falling jet and impinges on the tread of 

the next step. Energy dissipation occurs by jet breakup, jet mixing on the step, and the 

formation of a partially or fully developed hydraulic jump on the step (Chanson 1994; 

Rajaratnam 1990). In the case of a fully developed hydraulic jump (Figure 2.1 a), referred 

to as isolated nappe flow (Essery and Homer 1978; Peyras et. al. 1992), the flow passes 

through critical depth at the brink of the step forming a supercritical free-falling jet and 

returns to subcritical flow downstream of the jump. Flow with a partially developed 
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hydraulic jump, referred to as nappe interference (Essery and Homer 1978) or partial 

nappe flow (Peyras 1992 et. al.), overshoots the next step and does not fully impinge on 

the step tread. For nappe flow to occur, the step horizontal tread needs to be greater than 

the water depth (Stephenson 1991; Lejeune et. al. 1994). In dam design, this would 

normally result in a relatively flat slope. 

In skimming flow regime (Figure 2.1 b ), water flows down the stepped face as a 

coherent stream, skimming over the steps and cushioned by the recirculating fluid 

trapped between them (Rajaratnam 1990). The skimming stream is supported by a 

psuedo-bottom formed by the external edges of the steps and horizontal-axis recirculating 

vortices. Energy dissipation occurs by momentum transfer, or the transmission of 

turbulent shear stress, between the skimming stream and the vortices (Chanson 1994). 

Skimming flow is characterized by complete submergence of the steps with the 

development of fully aerated uniform flow in the downstream region (Figure 2.2). Along 

the upstream steps, a non-aerated flow region exists within which a turbulent boundary 

layer develops. Air entrainment in the flow begins where the boundary layer intersects 

the free surface, referred to as the point of inception. Downstream from the point of 

inception, the flow continues aerate and varies gradually in depth. The flow eventually 

becomes fully aerated, uniform flow in which the water depth, velocity, and air 

concentration are constant (Bindo et. al. 1993). 
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Figure 2.1 - Nappe and Skimming Flow Regimes. 
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Figure 2.2 - Flow regions of skimming flow regime (after Bindo et. al., 1993). 

Much of the research on stepped spillway skimming flow has concentrated on 

determining the profile of the turbulent boundary layer, the location of the point of 

inception, and the concentration of air in the flow. All of these factors influence the 

design of stepped spillways. Specifically, the knowledge of the concentration and 

distribution of aeration become important in determining the water depth, velocity and 

hence the amount of energy dissipation along the slope. Obtaining physical 

measurements of the air-water flow are difficult due to the "bulking" of the flow from air 

entrainment. 
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2.2 Hydraulic Studies 

2.2.1 Essery and Horner (1978) 

Essery and Homer (1978), of the Construction Industry Research Information 

Association of the U.K., appear to be the earliest researchers to thoroughly investigate the 

hydraulics of stepped spillways. The research was conducted by means of model studies 

covering a wide range of step configurations and slopes. Numerous tests were carried out 

varying the parameters of step height-to-length ratio (slope) JUL, step length L, 

inclination of the step tread B, and the number of steps N. Model parameters spanned a 

wide range with overall slopes from 0.421 to 1.0, step length from 0.22 ft to 0.82 ft, step 

inclination from 0° to 20°, and the number of steps from 10 to 30. 

For each test, velocity measurements were taken using Pitot tubes placed in the 

:flow at a horizontal section downstream of the last step. Distance from the last step 

varied accordingly such that the :flow was free of air entrainment. The most important 

characteristics of the :flow at the horizontal section were described by specific energy Es, 

and sp_~cific force Fs, given by: 

where: y = mean depth; 

v = mean velocity; 

v2 
E =y+-

s 2g 

2 2 

F = v y +L 
s g 2 

g = acceleration due to gravity. 
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Attempts were made to classify flows into type and category. Flow type consisted 

of visual observations between isolated nappe, interference nappe, and skimming flow. 

Flow categories consisted of classification between subcritical, mixed, and supercritical 

flow regimes. To assist in quantifying the results, the dimensionless parameters of 

energy number EN, force number F N, and flow number QN, were defined by dimensional 

analysis: 

E _Es 
N-

L 

Q _Ye 
N-

L 

( 
2 Jl/3 

where: Ye= the critical depth of flow given by ~ ; 

q = discharge per unit width. 

(2-3) 

(2-4) 

(2-5) 

Numerous plots were developed combining the model parameters, dimensionless 

correlations, and visual observations. Most notably, the plots incorporate the breakpoints 

for flow type and category as a :function of discharge and spillway configuration. The 

authors go on to apply the results to the design of stilling basins at the base of a stepped 

spillway. 
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2.2.2 Sorensen (1985) 

Sorensen (1985) conducted a model study to evaluate the proposed design of a 

stepped spillway for the new Monksville Dam in New Jersey. The profile of the spillway 

was a modification of the Waterways Experiment Station (WES) ogee crest profile. 

From the crest to the point of tangency, the spillway face followed the WES profile. 

Below the point of tangency, the spillway had a constant slope of0.78H:lV. Steps were 

fit into the spillway in such a manner that the envelope of their tips followed the WES 

profile and the downstream slope. The prototype concrete dam and spillway were 

designed for 2.00 ft vertical by 1.56 ft horizontal steps below the point of tangency. 

Above the point of tangency, step sizes decreased in transition to the standard nonstepped 

ogee profile. 

Three scale models of the Monksville Dam spillway were tested. Model A 

consisted of a 1 : 10 scale model of the upper 22. 7 5 ft of the spillway tested to evaluate the 

flow transition over the spillway crest and the first several steps. The model extended 

down to seven steps below the point of tangency. Model B was a 1 :25 scale model of the 

entire, standard, nonstepped WES profile spillway. This model was tested to provide 

comparison data. Model C was a 1 :25 scale model of the entire stepped spillway profile. 

All model tests were conducted in a 1.0 ft wide flume with a maximum discharge of just 

under 3.0 cfs. Measurements of flow depth were made at several locations along the 

spillway for each model test over a range of discharges. When air entrainment was 

present, the flow depths were estimated taking into account the bulk of the flow. 

Spillway discharges ranged from a minimum of 0.056 cfs/ft to a maximum of 

2.53 cfs/ft with corresponding upstream head measurements of 0.063 ft and 0.710 ft, 
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respectively. Average flow velocities were calculated from continuity. It was noted that 

some of the velocities were checked with a stagnation tube and measurements were 

reported to yield results within 10-15% of the values calculated from continuity. In 

addition, scaled velocities from model B were 15-20% higher than the prototype data. 

Proposed reasoning was that air entrainment was not present in the flow during the 

testing of model B and in the prototype, air entrainment would be expected. This scaling 

effect was described to be the primary cause for the velocity differences. 

It was found that the kinetic energy of the flow at the stepped spillway toe varied 

from about 6 - 12% of the energy at the standard spillway toe for the range of model 

discharges. For the prototype design, toe velocities were scaled up using Froude scaling 

ratios and velocities for model B were compared with prototype velocities found on 

similar spillways using "experience" data from Bradley and Peterka (1957). It was 

estimated that the stepped spillway for the Monksville dam may provide up to 84% 

kinetic energy dissipation at design discharges. 

Sorensen also recorded the step number, from the top, at which air entrainment 

commenced for each run. It was noted that typically, the depth decreased as the flow 

descended from the crest to the point at which air entrainment commenced. Beyond that 

point, the depth continually increased due to bulking of the flow by air entrainment. 

2.2.3 Houston (1987) 

The U.S. Bureau of Reclamation conducted hydraulic model studies for design of 

the spillway for the Upper Stillwater dam in Utah. The dam incorporates Roller 

Compacted Concrete (RCC) construction techniques used for the dam into construction 

of the stepped spillway. The principle objective of the study was to design and analyze 
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the configuration of the stepped spillway to provide information on sizing the stilling 

basin. Providing increased energy dissipation using steps resulted in reduction in size 

and cost of the stilling basin. Several sectional models of the spillway were tested 

ranging in scale from 1 :5 to 1: 10. 

The final spillway design follows the theoretical nappe shape for an ogee crest. 

Several small steps began at the crest and gradually protruded into the profile 

downstream. The profile intersected a point of tangency where the slope became 

constant at 0.32H:lV. Following the shape of the dam, the slope changed to 0.6H:1V 

approximately one-third of the full distance down the face. The beginning steps varied in 

size and were determined based on model results. Step size was selected to prevent the 

jet produced from a protruding step from springing free of the spillway. The final design 

maintained a uniform flow against the spillway face. The stilling basin was designed 

using the model of the final spillway design. Based on stilling basin velocities at the 

design discharge, it was estimated that 72% energy dissipation was provided by the 

spillway. 

2.2.4 Rajaratnam (1990) 

Rajaratnam (1990) presented a method for predicting shear stress and :frictional 

energy loss for a skimming flow regime. It was proposed that the average Reynolds 

shear stress between the skimming stream and the recirculating fluid underneath can be 

estimated by finding the coefficient of fluid friction for a given set of flow conditions. 

For a stepped spillway of constant slope, So = sina, and fully developed flow with a 

constant mean velocity Vo, and normal depth yo, the shear stress may given by: 
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r = y 0 y sin a (2-6) 

where: y= weight per unit volume of water; 

r = average Reynolds shear stress between the skimming flow and the 
recirculating fluid. 

It was also assumed that the turbulent shear stress could be approximated by: 

(2-7) 

where: c1= coefficient of fluid friction; 

p= mass density of water. 

Equations (2-6) and (2-7) are combined and solved for the fluid friction coefficient to 

obtain: 

(2-8) 

where: g = acceleration due to gravity; 

q =discharge per unit width of the spillway. 

Rajaratnam evaluated values of CJ for skimming flow using experimental data 

from Sorensen (1985) on a 1:25 scale model of Monksville dam. Using the experimental 

data from Sorensen's model test, Cl-C8, Rajaratnam found CjtO vary from 0.11 to 0.20 

with an average value of 0.18. He states that this is an estimate due to the aeration 

occurring in the flow and that flow depths measured by Sorensen are approximate. 

An estimate of the energy loss for skimming flow on a stepped spillway was 

found by comparing energy loss caused by the steps E, to that caused by a smooth 

spillway E ~ given by: 
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Lill=E'-E (2-9) 

Relative energy loss was defined as LIBIE 'and is given by the expression: 

(1-A)+ F;2 (A2 -1) 
iJE _ 2 A2 

(2-10) 

E' F'2 

1+-0-
2 

where: A= (c/c//13
; 

c/ = coefficient of skin friction for a smooth spillway; 

F0 ' = Froude number at the toe of a smooth spillway. 

Taking, c1 = 0.18, c/ = 0.0065, A = 3, and for a relatively large value of F0 ~ LIBIE' is 

approximately equal to (A 2 
- l)/A2

, which further reduces to a value of8/9 or 89%. It was 

concluded from this that a considerable energy loss could be produced by the steps. 

Rajaratnam also performed an analysis with data from Essery and Homer (1978). 

He found that the type of flow regime existing on a stepped spillway depends on the ratio 

y/h, where Ye is critical depth and his the vertical height of the step. For a ratio of y!h 

greater than 0.8, skimming flow occurs and for a ratio less than 0.8, nappe flow exists. 

2.2.5 Stephenson (1991) 

Stephenson (1991) examined the data of White (1943), Rand (1955), and 

Stephenson (1988) for a single straight drop in an attempt to extrapolate the results to 

stepped spillways. He developed curves, that for uniform flow, showed that " ..... the 

energy dissipation increases up to a certain limit as the step sizes are increased, beyond 

which there is limited advantage in increasing the step height" (Figure 2.3 and 2.4). It 

was also noted that " ..... energy dissipation can be increased until the stage when the water 

depth is approximately one third of the critical depth." 
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Figure 2.4-Depth ratio for uniform flow over steps, Stephenson (1991). 

Stephenson proposed that energy dissipation down a stepped spillway face, for uniform 

flow, could be calculated using the Darcy equation: 

(2-11) 

where: S1= slope of the energy-grade line; 

f = Darcy-Weisbach :friction factor; 

y = flow depth; 

v = average velocity; 

g = acceleration due to gravity. 
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An energy loss ratio was then derived as: 

(2-12) 

where: L1E = energy loss down the face entire face of the dam; 

H = dam height; 

Ye= critical flow depth. 

The Darcy-Weisbach friction factor was obtained from the turbulent rough boundary 

layer equation: 

(2-13) 

where: k = roughness height. 

Conclusions were drawn from a plot of L1EIH versus Hlye (Figure 2.5) using data 

from Rand (1955) and from a model study of Kennedy's Vale dam by Stephenson (1988). 

A theoretical line was plotted using equations (2-12) and (2-13) for different values of H. 

Stephenson concluded that the energy loss ratio increases as the ratio of H to Ye increase 

to a point where the 11 
••••• incremental energy loss is equal to the increase in dam height. 11 

It was noted that because of these results it might be more appropriate to examine the 

residual specific energy rather than the energy loss ratio. The experimental data points 

indicated a higher energy loss ratio than did the theoretical line for the same Hlye values. 

Stephenson commented that this is because scale model tests over predict the energy loss 

due to a lower Reynolds number and the presence of air entrainment. 
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Figure 2.5 -Energy loss ratio down a stepped slope, Stephenson (1991). 

2.2.6 Christodoulou (1993) 

Christodoulou (1993), conducted model studies on a stepped spillway with a crest 

conforming to the standard WES profile. The crest profile was followed by a series of 

steps on a constant slope of 0.7H:lV. Seven transition steps of variable length-to-height 

ratios preceded eight steps on the constant slope. Model dimensions of the lower steps 

were 0.057 ft horizontal length by 0.082 ft vertical height. It was pointed out that this is 

considered a moderately sized stepped spillway. 

The vertical water depth at steps 10 and 13 were measured using a point gage. 

Water depth was recorded at three equally spaced points across the width of the step. The 

arithmetic mean of the three values was considered as the vertical depth. Using the 

measured water depth, the head loss .Ah, was calculated at each step as: 

(2-14) 

where: Ho = head upstream of spillway; 

H = head on step under consideration. 
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Experimental data was applied to an equation for the coefficient of skin friction, 

cr, defined by Rajaratnam (1990) as: 

(2-15) 

where: Yo = uniform flow depth; 

a= slope; 

q = unit discharge. 

An average CJ value 0.089 and 0.076 was found at step 13 and 10, respectively, which 

was lower than expected. 

A plot of relative head loss HIH0 versus the ratio of critical depth to step height, 

yclh (Figure 2.6a), was presented with the experimental data and data from Sorensen 

(1985). The experimental data, obtained for fewer numbers of steps than Sorensen, 

indicated significantly less energy loss. Another plot was developed collapsing all of the 

data into a single experimental curve expressing HIH0 toy~ (Figure 2.6b). It was 

found that the number of steps N, appreciably contributes to the energy dissipation, 

especially for low values of y~. 
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2.2. 7 Tozzi (1994) 

Tozzi (1994) performed model studies on a 1:15 scale, 1V:0.75H slope, stepped 

spillway chute. Five step heights were tested in the model: 0.016, 0.033, 0.066, 0.098, 

and 0.197 ft. A method was proposed for determining the non-aerated flow depth, h, 

along the chute. This depth could then be used to find the residual energy at the spillway 
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toe. It was proposed to find the depth through computation of the gradually varied flow 

profile using the Standard Step Method. 

Determining the flow depth analytically requires determination of the Darcy-

Weisbach friction factor f In order to apply the friction factor concept to steps, the 

roughness height k was defined as the step height from the spillway chute to the step tip, 

perpendicular to the flow. The friction factor was first investigated using air flow in a 

closed conduit. For h/k < 1.80,/became constant at 0.163, for h/k >1.80, the following 

relationship was found: 

(2-16) 

Similar relationships were found for slopes 1 V :2H and 1 V :6.69H. 

Analytically determined depths were compared with experimentally determined 

depths and were found to differ by around 7% regardless of step height. The friction 

factor relationship appeared to adequately represent water flow. For water, the depth of 

flow was defined as the normal depth from the step tip to the point of maximum velocity 

(using a Pitot-static tube) above which the velocity was essentially constant. 

The analytically computed non-aerated flow depth was found for the toe of the 

spillway for different flowrates and step heights (roughness). The residual energy was 

then calculated by: 

q2 
E =h+--

1 2gh2 

(2-17) 

Results from the stepped test found the residual energy to be 25-50% of the total head for 

unit discharges varying between 53.8 and 129.2 cfs/ft. For comparison, the model tests 
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were run with a hydraulically smooth chute. Results showed that the stepped spillway 

was able to dissipate three to four times more energy than the smooth chute. 

Further investigations were carried out to define the development of the turbulent 

boundary layer. The thickness of the layer was considered the flow depth at the point of 

inception of aeration, as computed by the Standard Step Method. The data was shown to 

fit well to an equation developed by Campbell (1963): 

_!!__ = o.oso(LA )-0.233 
LA k 

(2-18) 

where: LA= the total length of the spillway. 

The steps at which inception of air entrainment took place, found by the analytical 

method, were compared to the model data from Sorensen ( 1985) and were found to check 

very closely. 

2.2.8 Matos and Quintela (1995) 

Matos and Quintela (1995) presented a reanalysis of data from Tozzi (1992, 

1994), Lejeune et. al. (1994), Houston and Richardson (1988) and Diez-Cascon et. al. 

(1992). The first point of interest was a plot of friction factor f, versus k/Dh for the 

reported experimental data, where ks = hcos a, h is the step height, a the spillway slope, 

and Dh the hydraulic diameter. A similar plot was presented by Chanson (1995) where 

the friction factor was computed as: 

(2-19) 

where: J = sina; 

25 



qw = water discharge per unit width. 

The f values for the reported data were recalculated by Matos and Quintela using 

Chanson's formula and four different methods of estimating flow depth. The selection of 

method appeared to be determined by the type of data obtained by the researcher. Where 

appropriate, the flow depth was recalculated either by estimating a characteristic flow 

depth as defined by Tozzi (1994), by an equivalent water depth as defined by the authors, 

by computing the conjugate flow depth upstream of the hydraulic jump at the toe, or by 

velocity data obtained at the toe by Pitot tube measurements. The resulting plot showed a 

large amount of scatter and a lack of correlation between f versus ks !Dh. 

A plot was then constructed of Cmean versus Helde, where Cmean is the equilibrium 

mean air concentration, Hd is the dam crest height above the spillway toe, and de is the 

critical depth (Figure 2. 7). The values of Cmean were directly given for the experiments of 

Lejeune et al (1994) and were calculated by Cmean = I - dly1for the remaining data sets, 

where Y1is the normal depth of flow. The results of this plot suggested that not all of the 

researchers reported data for fully aerated uniform flow. This was thought to explain the 

scatter and lack of correlation between f versus ks !Dh. Another result noted from this plot 

was that for high values of Helde, Cmean approaches an equilibrium value for unstepped 

slopes, suggesting that ks /Dh might not have significant influence over Cmean· 
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Figure 2.7 -Mean air cone. at the toe of stepped spillways, Matos and Quintela (1995). 

26 



The authors go on to compare the energy dissipation and optimal step height 

suggested by the referenced researchers. It was noted that various predicted values off 

have a great influence on estimating energy dissipation. Similarly, suggested values of 

the optimum step height vary in the literature. However, it was noted that the current 

accepted step height is one that satisfies the criteria of h = 0. 3 de. 

Conclusions were made that evaluating residual energy at the toe of a stepped 

spillway can be considerably underestimated if air entrainment is not taken into account, 

which can lead to unsafe designs. Suggestions for further research were made concerning 

collection and analysis of experimental data, specifically, air concentrations and 

velocities along the stepped chute. 

2. 2. 9a Rice and Kadavy (I 996) 

The U.S. Department of Agriculture Soil Conservation Service, Temple, Texas, 

performed a model study of the proposed spillway for the Salado Creek Site 10, · San 

Antonio, Texas. The 1 :20 scale model was intended to represent a 50 ft width section of 

the 240 ft wide spillway. The proposed step dimensions were 2.0 ft high and 5.0 ft long, 

resulting in a spillway slope of 2.5H:1V. An anticipated maximum prototype discharge 

of 156 ft3/s/ft was tested to simulate the probable maximum flood event. Water-surface 

elevations were measured with both a manually operated point gauge and with 

piezometers located at several locations along the slope. Pitot-static tubes were used to 

measure velocities. It was noted that air entrainment did not exist in the flow at the 

design discharge. Therefore, the use of a Pitot-static tube was acceptable. Tests were 

first conducted on a smooth surface spillway to compare results with the stepped surface. 
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Energy dissipation by momentum transfer with the steps was determined by the 

total energy loss between the spillway crest and a given step: 

L1h = H 0 -H 

where: H0 = head upstream of spillway; 

H = head on the step under consideration. 

(2-20) 

Energy loss from crest to toe of the spillway, for the design discharge, varied from 48% 

with the stepped surface to 20% for the smooth surface. For a lower discharge of 62.5 

:fl:3 /sift, the energy loss was even greater, varying from 71 % for the stepped surface to 

25% for the smooth surface. It was determined that the energy loss permitted a stilling 

basin approximately 70% as long as that required for a conventional smooth spillway. 

Results from the Salado Creek model were compared to the results presented by 

Christodoulou (1993). The comparison showed the Salado Creek results followed very 

closely. This was not expected because of the steeper slope (0. 7H: IV) used by 

Christodoulou. The comparison results were plotted in the form L1h!H0 versus yclh and 

L1h!H0 versus yc/Nh. It was suggested that the similarity in results was due the longer 

slope length of a flatter slope. " ..... For a given spillway height, step height, and 

discharge, a steep spillway slope will have a larger friction coefficient and thus a larger 

energy loss per unit of slope length compared with a flatter spillway slope. However, the 

flatter slope will have a longer slope length so the total energy loss for the flatter slope 

may approximate the energy loss for the steeper slope." 

2. 2. 9b Rice and Kadavy (1997) 

The U.S. Department of Agriculture Hydraulic Engineering Research Unit, 

Stillwater, Oklahoma was contracted to conduct a physical model study of the proposed 
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emergency spillway and stilling basin for Cedar Run Site 6, Fauquier County, Virginia. 

The spillway chute had a slope of 0.7H:l.OV and the model scale was 1:24. Three 

spillway configurations were tested: (1) ogee (WES) crest with a smooth chute; (2) ogee 

crest to point of tangency (P.T.) with 3 ft high by 2.10 ft long steps below P.T. (standard 

step); (3) ogee crest with variable height by 2.13 ft long steps to P.T. and 3 ft high by 2 ft 

long steps below P.T. (modified step). The standard and modified step configurations 

were tested with a U.S. Bureau of Reclamation Type III stilling basin and with a flip 

bucket and plunge pool for comparison. A stilling basin was not used with the smooth 

chute and was tested only to permit comparison of the energy dissipation between 

stepped and conventional concrete spillway surfaces. 

Based on the design specifications, prototype discharges of 30,000, 50,000, 

68,506, and 103,000 cfs were selected for detailed observations and analysis. Velocities 

were measured using a Pitot-static tube, differential pressure transducer and a digital 

voltmeter. Velocity measurements were taken along the centerline at depths normal to 

the plane of the chute to identify velocity profiles. The profiles were then numerically 

integrated to give a mean velocity. Due to air entrainment observed at 30,000 cfs, Pitot­

static tube measurements were not taken at this or discharges lower than this and air 

entrainment was not observed at higher discharges. Tests were run at lower discharges 

only for the purpose of observing and recording the location at which air entrainment 

began. It was also observed that the flow transitioned from nappe to skimming flow 

regime at a flow less than 5000 cfs. 

The mean velocity data were used to determine energy loss for the smooth, 

standard step, and modified step surfaces. Energy dissipation HL, in percent, is given by: 
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(2-21) 

H, ~[(H,;,H,)]xJOO 

where: He = total energy head; 

H; = energy head at ith location. 

Results indicated that the steps were very effective in dissipating energy compared to the 

smooth chute surface. At Q = 69,000 cfs , energy dissipation with the steps was 

approximately 4.5 times greater than the energy dissipation with the smooth chute. It was 

noted that there was no significant difference between the two step surfaces. Energy loss 

for the stepped surfaces were 28.4% and 37.6% for the lowest and highest discharges, 

respectively. At the design discharge, Q = 69,000 cfs, the Type III stilling basin length 

was predicted to be reduced by 20 to 25% without negatively affecting the energy 

dissipation in the basin. 

An article later written by Johnson et. al. (1997), indicated that the stepped chute 

with a flip bucket was chosen for the design. Johnson et. al. concluded that 11 
••• 

conducting the hydraulic model study for the Cedar Run 6 project proved to be a cost­

effective endeavor. Had it not been performed, the designers may have been compelled 

to recommend a much longer Type II stilling basin. Not only did the model justify the 

design of the Type III basin, it enabled designers to further reduce the length of the Type 

III basin, as well as evaluate the performance of other alternatives, including the flip 

bucket. The total cost for performing the hydraulic study was about $30,000 which, 

when compared to estimated savings in construction cost of over $700,000 for the flip 

bucket versus the Type II basin, was money well spent. 11 
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2.2.10 Chamani and Rajaratnam (1999) 

Chamani and Rajaratnam (1999) performed laboratory experiments on a relatively 

large stepped spillway model of width 1.0 ft and overall height 8.20 ft. Two series oftest 

were carried out, one with slope 0.6 and the other with slope 0.8, defined as l/h, where, l 

is the horizontal length and h is the height of a step. For the 0.6 slope, tests were 

performed on steps with h equal to 0.41, 0.21, and 0.10 ft, and for the 0.8 slope, steps 

with h equal to 0.41 and 0.10 ft were used. 

Experiments were conducted in the skimming flow regime to determine several 

hydraulic characteristics of the flow such as air concentration and velocity profiles, skin 

friction resistance, and energy dissipation. Air concentration, C, was measured using a 

probe developed by Lamb and Killen (1950). Stagnation pressure in the air-water flow 

was determined using a Prandtl tube connected to a water manometer with a flushing 

system used to remove air bubbles from the system. A relationship was then developed 

to determine velocity from pressure and air concentration. In addition, a high-speed 

video camera system was used for visual observations of the flow. 

An analysis of the air concentration and velocity profiles showed that the flow 

could be divided into lower and upper regions. The depth at which the air concentration 

is 90% was defined as Yo.9- Another depth used to describe the aerated flow was the 

transition depth yr, where the rate of increase of C with depth y is a maximum and 

defined the upper level of the lower region. The results were found to agree with 

equatioi:is developed by Straub and Anderson (1958) to describe the air concentration 

distribution in the upper and lower regions. An equation for the mean air concentration, 

C ,presented in the same form as ASCE (1961), was fit to the experimental data: 
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( . B)O.l - sm 
C = 0.93log_,__q....,,...037---+1.05 

(2-22) 

where: B= inclination of spillway slope to horizontal; 

q = unit discharge 

A general relation for the skin friction coefficient was found using the additional 

data and known relationships from other researchers. A mean curve drawn through the 

data resulted in the following equation for the skin friction coefficient: 

(2-23) 

Jc; ~3.85/og(~)+3.53 
where: CJ= skin friction coefficient; 

Y = depth of flow; 

k = roughness height given as k = .J hi 
h2 +z2 

Energy dissipation was determined using the total upstream head and determining 

mean velocity and depth at a downstream location. It was observed that overall relative 

energy loss varied 48-63% for the range of discharges, 0. 78 to 2.21 cfs/ft. 

2.3 Self-Aerated Flow Studies 

2.3.l Ehrenberger (1926) 

The work ofEhrenberger (1926) is frequently cited as the first research conducted 

on self-aerated open channel flow. Laboratory experiments were undertaken to increase 

the knowledge of velocity and air distribution in the flow on a steep chute. The research 

was prompted by the construction of a steep chute used to divert excess high-head flows 

at the Rutz Works hydropower facility in Austria. Laboratory studies were conducted in 
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a 0.82 ft wide, 11.5 ft high, variable slope, rectangular chute. Experiments were carried 

out for five different slopes of 15.5, 20.6, 32.0, 49.5 and 76.2 with four different 

discharges of0.353, 0.706, 1.09, and 1.57 cfs for each slope. 

Several different measurement methods were attempted to determine velocity and 

air distribution in the flow. High speed photography and a method of splitting the flow to 

measure cross-sectional area and water volume were two of the methods, both of which 

had difficulties. The final method used Pitot tubes to measure velocity in the lower 

unaerated portion of the flow and the photographic method in the upper aerated portion. 

Using these methods, an average normal velocity curve (" ..... the average velocity over the 

whole width of the chute at various depths normal to the bottom") was obtained. Next, 

the amount of aeration, Pw, in a single horizontal layer of flow was assumed to be found 

by the following equation: 

2gh 
Pw=-2-

v 

where: h = water velocity head measured with the Pitot tube; 

g = acceleration due to gravity; 

v =average normal velocity. 

(2-24) 

Therefore, the average aeration in an entire cross section was computed as the average of 

the values found in each horizontal layer. 

From visual observations of the flow, Ehrenberger theorized that air entrained 

flow was made of up four separate layers. His observations were that " ..... At the top, 

droplets of water interspersed through the air are first noticed. Below this layer, there is a 

layer consisting of a mixture of air and water, which in turn covers a layer of water 
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containing individual air bubbles, and finally there is a layer of unaerated water adjacent 

to the bottom.". 

Results of the experiments yielded a set of data and curves of velocity and 

aeration in the flow for different values of slope and discharge. Given the technological 

abilities and limited knowledge of spillway flows at that time, the results were ground 

breaking. However, research conducted since that time has shown the experimental 

methods to be questionable. Notably, the most significant results of Ehrenberger's work 

are the visual observations made in the experiments. 

2.3.2 Straub and Anderson (1958) 

Straub and Anderson are also classified as being among the earliest researchers to 

extensively investigate air-entrained flow. Model studies were performed with a variable 

slope, 50 ft long, 1.5 ft wide, and 1 ft deep flume at the St. Anthony Falls Hydraulics 

Laboratory. The test flume is considered a smooth spillway with regards to a stepped 

versus smooth configuration. However, an artificial roughness was applied to the floor of 

the :flwne to intensify the air-entrainment process. Multiple tests were performed in 

attempt to determine distribution of air throughout the flow depth for various slopes and 

discharges. 

Measurement of air concentration and velocity were obtained using instruments 

developed in earlier laboratory test. Air concentration measurements were made using an 

electrical probe developed by Lamb and Killen (1954). The probe consisted of 

measuring the difference between the conductivity of an air-water mixture and the 

conductivity of ambient water alone. An analytical correlation between conductivity and 

air concentration was derived for the probe. A salt-water injection instrument was used 
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to measure velocities in the air-water mixture by injecting a salt solution tracer into the 

flow and measuring the time for the ionized tracer to pass two fixed electrodes. 

Observations from the test concluded that there are two regions of self-aerated 

flow separated by a transition zone. The upper region of the flow consists of 

" ..... heterogeneous clumps, globules, and droplets of water ejected from the flowing 

liquid stream into the atmosphere at more or less arbitrary velocities". The lower region 

was described as " ..... consisting of air bubbles distributed through the flow by turbulent 

transport fluctuations." Between the two regions is a transition zone whose depth is 

located at the mean of the :fluctuating transition surface. 

Using theory from probability distributions, separate equations were developed to 

determine the air-concentration in the upper and lower regions. It was assumed that the 

distance water particles leaving the surface traveled above the surface could be 

represented by one half of a Gaussian distribution. Incorporating this theory with the 

concept of air concentration, or the number of water particles per unit area, yielded the 

following equation for air concentration in the upper region above the transition depth, 

dr: 

(y')2 
1-C 2 "'I - -,; d, =-- e y 
1-Cr h./i y' 

(2-25) 

where: C = air concentration at any distance y' above the transition depth; 

Cr= air concentration at the transition depth; 

h = measure of the mean distance the particles are projected above dr . 

Air concentration in the lower region was determined to follow a parabolic distribution. 

The following equation was developed for the lower region: 
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(2-26) 

where: C1 =air concentration aty = dTI 2; 

z = a constant determined by the flow parameters. 

The experimental data was plotted against the theoretical equations and was shown to 

match extremely well. 

Further analysis of the results yielded several important conclusions about self-

aerated flow. The flow depth of aerated flow was shown to increase rapidly with mean 

air concentration. This concludes that the depth of aerated flow is greater than that for 

nonaerated flow due to the bulking effect of the entrained air. Furthermore, it was shown 

that the velocity in aerated flow is greater than that of a corresponding nonaerated flow. 

The results from the experimental tests of Straub and Anderson have proven to 

lay the groundwork for future research in self-aerated flows. The data set from these 

experiments has come to be known as the "classic data set" for self-aerated flow. 

2.3.3 Falvey (1979) 

Falvey (1979) used dimensional analysis to determine an expression for the mean 

air concentration Cmean in fully aerated spillway flow. His conclusion was that mean air 

concentration is primarily a function of the Froude number F and the turbulent-interfacial 

tension force ratio W. The latter term was not well defined nor was there mention of how 

it is measured. 
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Falvey used laboratory and field data. from several other researchers, including 

Straub and Anderson (1960), to correlate the functional expression. The resulting mean 

concentration correlation is given approximately by: 

( . )112w 
C = 0.05 F - ~s_m_a~--

mean 6JF 

(2-27) 

where: =a slope angle. 

It was noted that this equation is deemed valid for values of Cmean between 0.00 and 0.60. 

2.3.4 Cain and Wood (1981) 

Cain and Wood ( 1981) produced a two-part paper on instrumentation (part one) 

developed to measure air concentration and velocities (part two) within self-aerated flows 

on the spillway of Aviemore Dam in New Zealand. Two probes were developed, one for 

air concentration and one for velocity measurement. 

An initial probe, shown in Figure 2.8, was constructed based on a principle 

developed by Keller (1972) that predicted velocities from measurements of air 

concentration and stagnation pressure. Air concentration was measured between the two 

electrodes by an electrical resistance method first adapted for self-aerated flows by Lamb 

and Killen (1950). Stagnation pressure was measured by a pressure transducer connected 

to the stagnation point and a fluid filled pressure inlet tube. Cain and Wood verified use 

of the conductivity portion of the probe to determine air concentrations, however, due to 

difficulties in determining stagnation pressure, a separate probe was developed to 

determine velocities. 
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Figure 2.8 - Combined pressure air concentration probe, Cain and Wood (1981). 
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Figure 2.9- Velocity Probe, Cain and Wood (1981). 

38 



The second probe for measuring velocities incorporated two resistivity probes 

aligned in the flow direction and utilized a cross-correlation technique to calculate 

velocity (Figure 2.9). Water velocity was essentially calculated from the time of travel of 

an air-water interface between the probe tips. " .... .Ideally the two signals would be 

identical but separated by a time delay. In practice, they will differ because the upstream 

probe will disturb the flow. In this case, the probable time delay can be found by cross­

correlating the two signals." 

The second of the two papers presents the results of measurements taken in the 

developing region of self-aerated flow on the spillway of Aviemore Dam. From 

observations of the spillway flow, three regions were defined: 1) A non-aerated flow 

region from the spillway gate to the point of inception of air entrainment; 2) The final 

uniform flow region in which the air concentration and velocity profile do not change 

with distance down the spillway; and 3) The gradually varied flow region connecting 

regions 1 and 2. 

Air concentration profiles were measured at five stations along the spillway and 

smooth curves were drawn through the data for use in further calculations. Velocity 

measurements were also taken at the same locations using the cross-correlation method 

outlined in the first paper. As a check of the accuracy of the data, the water discharge 

was calculated at each station by integrating over the depth, the product of velocity and 

(1-c) up to the limit of c = 0.95, where, c is air concentration. The choice of c = 0.95 was 

dictated by the maximum air concentration measured at the most downstream station. A 

comparison of discharge at all stations yielded errors of only 4 to 5%. 
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Conclusions were drawn from exannmng the distribution of velocity and air 

concentration at nondimensional distances down the spillway. It was determined that the 

distributions of c, u I Uc = 90 , and y I Ye = 90 were :functions of x I YI , where: c = air 

concentration; x = the distance measured downstream from the point of inception; YI = 

depth normal to the spillway at the point of inception; y = depth normal to the spillway; Ye 

= 90 = a characteristic depth where the air concentration is 90%; u = velocity; and uc=90 

= velocity at the characteristic depth. The results were presented and reported for the 

Aviemore Dam for a 45° slope. 

2.3.5 Chanson (1993) 

In recent years, several publications pertaining to self-aerated spillway flow have 

come from Hubert Chanson of the University of Queensland. Chanson is one of few 

researchers specifically addressing air entrainment in stepped spillway flows. However, 

in contrast to other researchers, Chanson does not use original data and the majority of 

his research comes from the re-analysis of data from other researchers. Nonetheless, it is 

of value to review a portion of his work. 

The majority of Chanson's results are a refinement of previous research in the 

literature and he appears in agreement with most researchers on the mechanics of flow, 

energy dissipation and regimes on stepped spillways. Of particular interest are the results 

and conclusions on the effects of air entrainment in the uniform flow region along the 

spillway. Chanson stated that " ..... the rate of energy dissipation on smooth spillways is 

affected much more by air entrainment than on stepped spillways. On stepped spillways, 

air entrainment seems to have little effect on the energy dissipation." However, an 

analysis of the residual energy showed that " ..... residual energy is strongly 
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underestimated if the effect of air entrainment is neglected." It was suggested that 

" .... aeration of the flow decreases the friction factor and increases kinetic energy of the 

flow. As a result, residual energy increases with air concentration." 

Chanson's conclusions were mainly derived from a combination of friction factor 

and energy dissipation equations developed by previous researchers. However, he does 

present the notion of a separate set of equations for the case of air entrained flow. 

Specifically, these equations differ by an aerated flow versus a non-aerated flow friction 

factor. This separate friction factor is a function of average air concentration, Reynolds 

number, the non-aerated flow friction factor, and relative roughness (step geometry). It 

would appear that the lack of available data to determine these parameters would make 

the friction factor( s) difficult to calculate. Chanson makes several assumptions in his 

analysis to arrive at his conclusions. In his defense, Chanson presents several interesting 

theories and recognizes the requirements for further measurements of air concentration 

and velocity in aerated flows on stepped spillways. 

2.4 Recommendations From Literature 

Review of stepped spillway literature recognizes the need for future research in 

the field of stepped spillway design. In determining those needs, it is of value to review 

specific suggestions made by several authors: 

Sorensen (1985) suggested that there is a need " ..... to provide additional 

information necessary to optimize the step geometry for a given spillway discharge, face 

slope, and crest elevation." This design information will " ..... optimize response to 

construction and energy dissipation requirements." 
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Houston (1987) emphasized the need to " ..... determine the practical maximum 

unit discharge for stepped spillways based upon generalized design data that relates flow 

depths to energy dissipation." 

Chanson (1994) identified flow characteristics of the skimming flow regime and 

air entrainment as two areas where future research is necessary. Additional information 

on the mechanisms of flow recirculation in the cavities produced by skimming flow will 

provide further insight pertaining into energy dissipation along the spillway. In addition, 

measurement of air entrainment presently remains an area that lacks experimental data 

and accurate instrumentation. 

Rajaratnam (1990) made no direct suggestions for future research, however, his 

prediction as to the onset of skimming flow as a function of yJh is frequently tested. 

Additional experimental data of this phenomenon may provide conclusions on the 

transition of flow regimes from nappe to skimming flow. 

Diez-Cascon et. al. ( 1991) expressed the need for additional research 

concerning air entrainment in stepped spillway flow. 

Bindo et. al. ( 1993) and Zhou ( 1997) both indicated the need for further 

research into air entrainment. Both authors also noted the need for prototypical 

observations and data. 

Matos et. al. (1995) commented upon the need for accurate measurement of 

water velocities and air concentration. Suggestions for further areas of research included 

flow recirculation mechanics and the gradually varied flow region between the point of 

inception and the uniform flow region. 
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Suggestions from the literature clearly indicate the need for continued research in 

the field of stepped spillways. Of greatest importance is accurately quantifying energy 

dissipation provided by the steps. Energy dissipation is dependent on many factors such 

as step geometry, embankment slope, flow regime, and the number of steps. Determining 

the kinetic energy of the flow requires accurate measurement the velocity distribution in 

the flow. As stated by most, if not all, researchers, this is difficult because of "bulking" 

of the flow due to air entrainment. Conventional means of measuring velocities with a 

Pitot-static tube underestimate velocities and, therefore, underestimate residual energy at 

the spillway toe. 

Data presented in the reviewed literature were obtained from scale models 

ranging from 1:5 to 1:60 (Table 2.1). Presently, two references, Ruff and Frizell (1994) 

and Hewlett et. al. (1997), appear to be the only ones to evaluate and document 

prototypical scale stepped spillways. In both cases, pre-formed overlapping concrete 

blocks were used with step heights generally less than 1.64 ft. To date, there is no 

knowledge of existing data for step heights greater than 1.64.ft, where most applications 

are for step heights of up to 2.0 ft. Gathering prototype scale data would have a two-fold 

effect by verifying scale model results and adding to the existing body of experimental 

data. Both of these effects are seen as beneficial in any research field and can be 

especially beneficial in the area of stepped spillway design. Suggestions from the 

literature for continued stepped spillway flow research therefore include: 

i) measurement of air concentration, depth of flow, and velocity; 

ii) energy dissipation; 

iv) prototype scale data. 

43 



Table 2.1 -Summary of model tests. 
Prototype Model Number Prototype Model 

Slope Slope, H:V Model Step Height Step Height of Unit Discharge Unit Discharge 
Reference (deg) H:1.0 Scale (ft) (ft) Steps (cfs/ft) (cfslft) 
Essery and Homer (1978) 11.31 5.00 0.16 12 

21.80 2.50 0.03 20 
22.83 2.38 0.09 30 
22.83 2.38 0.17 20 
22.83 2.38 0.33 10 
22.83 2.38 1.48 8 
27.74 1.90 0.12 30 
27.74 1.90 0.42 10 
32.25 1.58 0.50 10 
36.35 1.36 0.16 30 
36.35 1.36 0.58 10 
40.10 1.19 0.19 30 
40.10 1.19 0.67 10 
45.00 1.00 0.03 20 

Sorensen (1985) 52.05 0.78 1110 2.00 0.20 11 17.0 to 793.3 0.05to2.51 
1/25 2.00 0.08 59 

Houston (1987) 31 1.66 1115 0.61 0.13 85 
Bayat (1991) 51.3 0.80 1125 1.97 0.08 202.0 to 2354.0 0.065 to 0.75 

2.46 0.10 
1.64 0.07 

Diez-Casconetal. (1991) 53.1 0.75 1/10 0.30 0.10 100+ 7.32 to 36.27 0.24to0.30 
53.1 0.75 0.60 0.20 50+ 

Bietz and Lawless (1992) 51.3 0.80 1/60 3.94 0.07 10 180 to 27,911 0.006 to 1.00 
48 0.90 

Frizell (1992) 26.6 2.00 0.17 80+ 6.21, various 
Peyras et al. (1992) 18.4 3.01 115 1.00 0.66 3 7.5to30.1 0.43to2.70 

26.6 2.00 1.00 0.66 4 
45.0 1.00 1.00 0.66 5 

Bindo et al. (1993) 51.3 0.80 1/20 0.80 0.13 31 193 to2734 0.11to1.53 
1/40 0.40 0.07 43 762.5 to4357.0 0.075 to 0.431 

Christodoulou (1993) 55.0 0.70 0.08 15 0.22to1.00 
Lejuene and Lejuene (1994: 51.3 0.80 1121 0.80 0.12 32 0to172.2 Oto0.085 

1/42 0.06 64 o to 0.015 
Tozzi (1994) 53.13 0.75 1/15 0.08 0.02 53.8to129.2 0.06 to 0.15 

0.15 0.03 
0.20 0.07 
0.30 0.10 
0.60 0.20 

Rice et al. (1996) 21.8 2.50 1/20 0.61 0.10 27 62.5to156.0 0.032 to 0.086 
Rice and Kadavy (1997) 55 0.70 1/24 0.914 0.12 15 416.6to1431.2 0.15 to 0.50 
Zhou et al. (1997) 53.13 0.75 45 0.125 to 2.03 
Tozzi etal (1998) 52.22 0.775 1115 0.80 0.17 50 10.Bm head 
Robinson et. al. (1998) 53.13 0.75 1140 0.90 0.07 20? <20to400 0.002 to 0.040 

1.80 0.15 40? 
Yildiz et. al. (1998) 30 1.73 0.08 0.43to2.60 

30 1.73 0.25 
51.3 0.80 0.08 
51.3 0.80 0.25 

60 0.58 0.08 
60 0.58 0.25 

Chamaniand 0.6 0.41 >15 0.81to2.21 
Rajaratnam (1999) 0.6 0.21 

0.6 0.10 
0.8 0.41 
0.8 0.10 

Present Study 26.6 2.0 2.00 25 5to30 
26.6 2.0 1.00 50 
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CHAPTERS 

TEST FACILITY AND EXPERIMENTAL PROGRAM 

3.1 Test Facility 

Tests were carried out at the outdoor testing facility located at the Colorado State 

University Engineering Research Center approximately four miles west of the main 

Colorado State University campus. The Dam Overtopping Facility is an existing chute 

structure built in 1991 under a cooperative research agreement between the Bureau of 

Reclamation and Colorado State University. The test facility is comprised of a water 

supply pipeline, baflled head box, entrance/transition, chute, stilling basin, and outlet 

works. The concrete chute is approximately 112 ft long, 10 ft wide and 5 ft deep on a 2:1 

(horizontal : vertical) slope and has a total height of 50 ft. 

For the present study, the width of the chute was reduced to 4 ft using a dividing 

wall (Figure 3.1). In addition, :tlashboards were placed on the walls of the test portion of 

the chute, extending the depth to 7 ft, providing additional freeboard. Plexiglass 

windows, 4 ft by 4 ft were installed at five locations in the dividing wall to provide 

observation of flow in the chute. 
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Figure 3.1 - Dam Overtopping Facility. 

Water is supplied through a 3 ft diameter pipeline, approximately 1/2 mile long, 

from nearby Horsetooth Reservoir. At maximum reservoir elevation, the facility is 

capable of direct discharges up to approximately 120 cfs. For the 4 ft wide chute in the 

present study, a maximum unit discharge of 30 cfs/ft, corresponding to 4.6 ft of 

overtopping head, was attained. A series of valves along the pipeline are used to control 

discharge. Flow is monitored with a sonic flow meter in the supply pipeline to the 

facility headbox. 

3.2 Experimental Program 

The experimental program focused on evaluating hydraulic characteristics of flow 

over simulated roller compacted concrete (RCC) steps at near-prototype conditions. Two 
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series of tests with different step geometries were conducted. The first series consisted of 

twenty-five horizontal steps with height h = 2.0 ft and length l = 4.0 ft, thereby 

maintaining the 2:1 (horizontal : vertical) slope (Figure 3.2). Installation of an infill 

provided fifty steps with height h = 1.0 ft and length l = 2.0 ft, constituting the second test 

series (Figure 3.3). A third series was carried out on the smooth surface of the chute with 

the steps removed for reference and comparison purposes. 

Figure 3.2 - Stepped Spillway, h = 2.0 ft. Figure 3.3 - Stepped Spillway, h = 1.0 ft 
(note: 1.0 ft infills are shown not painted.) 

The steps were fabricated from pressure treated lumber and plywood. Selection 

of step size was based mainly on the size of available materials (i.e. 4.0 ft nominal 

width). However, a significant number of RCC and conventional stepped spillways have 

step heights on the order of 1.0 to 2.0 ft (Chanson, 1994). The h = 2.0 ft steps were 

constructed during the summer of 1999 and tested in the fall of 1999 and spring of2000. 
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Construction and collection of data for the h = 1.0 ft steps and smooth surface were 

carried out during summer 2000. Due to weather restrictions of the outdoor testing 

facility, testing discontinued through the winter months. 

A test series consisted of collecting data at selected locations over a range of flow 

rates. Data collected included: flow rate; overtopping head; impact pressures on the 

steps; air concentration profiles; and velocity profiles. In addition, visual documentation 

was obtained on videotapes in VHS format and 35-mm prints. Specialized instruments 

were developed and calibrated for collecting air concentration, velocity, and impact 

pressures. Detailed explanation of instrumentation and data acquisition is given in 

Chapter4. 

3. 2.1 - Discharge 

For h = 2.0 ft, data were collected at discharges of 20, 40, 60, 80, and 100 cfs. 

Initial observations revealed that this range of discharges provided data in both the nappe 

and skimming flow regimes. For h = 1.0 ft, the range of discharges were determined 

from the h = 2.0 ft test series according to the ratio ydh, where Ye is critical depth. 

Holding this ratio constant and solving for a new critical depth based on the new step 

height gave a range of discharges for the h = 1.0 ft test series (Table 3.1). 
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T bl 3 1 D a e - f . d. bar etenrunation o test senes ISC :ges. 
Stepped Spillway Stepped Spillway 

h = 2.0 ft h = 1.0 ft 
Total Unit Critical Critical Unit Total 

Discharge Discharge Depth Depth Discharge Discharge 
(cfs) (cfs/ft) (ft) y/h *ycfh (ft) (cfs/ft) (cfs) 
20.0 5.0 0.92 0.46 0.46 0.46 1.8 7.1 
40.0 10.0 1.46 0.73 0.73 0.73 3.5 14.1 
60.0 15.0 1.91 0.96 0.96 0.96 5.3 21.2 
80.0 20.0 2.32 1.16 1.16 1.16 7.1 28.3 
100.0 25.0 2.69 1.34 1.34 1.34 8.8 35.4 
116.0 29.0 2.97 1.48 1.48 1.48 10.3 41.0 

*held constant. 

In order to gather a reasonable amount of data and collect data in such a way that 

it may be compared during analysis, discharges of 7.1, 21.2, and 41.0 cfs from Table 3.1 

and three higher discharges of 60, 80 and 100 cfs were selected for the h = 1.0 ft tests. 

This provided data that may be compared numerous ways during analysis between the 

two different step sizes. Table 3.2 shows the final selection of discharges for each test 

senes. 

T bl 3 2 Final d" har std :fi ht t a e . - ISC :ges te e oreac es senes. 
Stepped Spillway Stepped Spillway Smooth Spillway 

h = 2.0 ft h = 1.0 ft 
Total Unit Total Unit Total Unit 

Discharge Discharge Discharge Discharge Discharge Discharge 
(cfs) (cfs/ft) (cfs) (cfs/ft) (cfs) (cfs/ft) 
20.0 5.0 7.1 1.8 20.0 5.0 
40.0 10.0 21.2 5.3 40.0 10.0 
60.0 15.0 41.0 10.3 60.0 15.0 
80.0 20.0 60.0 15.0 80.0 20.0 
100.0 25.0 80.0 20.0 

1maximum 100.0 25.0 
1maximum 
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3.2.2 - Stationing 

For each test series, air concentration and velocity profiles were measured at five 

locations along the spillway. Stationing was defined as the distance, s, measured parallel 

to the spillway floor from a designated reference datum to the point of data collection. It 

is accepted practice within stepped spillway research to assume that the tips of the steps 

form a psuedo-bottom from which references can be made (Figure 3.4). Therefore, for 

the stepped spillway tests with h = 2.0 ft and h = 1.0 ft, the reference datum is located at 

the tip of the first step, perpendicular to the spillway floor. For the smooth spillway tests, 

the reference datum is located at the crest of the concrete chute. Data collection 

stationing and corresponding step numbers for each test series are given in Table 3 .3 and 

shown in Figure 3.4. 

Table 3.3 -Data collection stationing for each test series. 
Stepped Spillway Stepped Spillway Smooth Spillway 

h = 2.0 ft h = 1.0 ft 
Station, s Corresponding Station, s Corresponding Station, s Corresponding 

(ft) Step Number (ft) Step Number (ft) Step Number 
13.4 4 13.4 7 15.9 -
31.3 8 31.3 15 33.8 -
49.2 12 49.2 23 51.7 -
67.1 16 67.1 31 69.6 -
85.0 20 85.0 39 87.4 -

1 Maximum discharge was considered the discharge obtained with a fully open control valve and was 
dependent on the water surface elevation available in Horsetooth Reservoir. 
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Air concentration and velocity instrumentation were mounted on a point gage and 

carriage system for collecting data at the various stations (Figure 3.5). The manually 

operated carriage system allowed for two degrees of freedom with movement along the 

length of the spillway parallel to the floor, and lateral movement within the width of the 

spillway. The remote operated, motorized point gage allowed for vertical movement of 

the instrumentation perpendicular to the floor of the spillway to obtain data profiles 

within the flow. 

Figure 3.5 - Carriage and point gage system with instrumentation. 

52 



3.2.3 -Data Collection 

More than 2,400 individual data points were collected over the course of the three 

test series. With exception of the pressure data, these data points were taken with the air 

concentration and velocity instrumentation mounted on the point gage shown in Figure 

3.5 and described in Chapter 4. For each test series, air concentration and velocity 

profiles were taken for all discharges given in Table 3.2 at each of the five stations given 

in Table 3.3 for a total of approximately 85 profiles, not including retaken or preliminary 

data. All profiles were taken along the centerline of the flume (2 ft lateral distance from 

the wall) normal to the spillway floor. Each profile consisted of anywhere from three to 

thirty data points depending upon the depth of flow and reading interval chosen. The 

lowest readings were usually taken at approximately 0.05 ft from the tip of the step. The 

uppermost readings were generally taken where both instruments measured data that was 

near the dry-air readings and visually appeared almost out of the flow. In general, 

readings were taken at intervals of 0.1 ft for low flow depths and several points at the 

beginning and end of deeper flow depths. Intervals of 0.2 ft were nonnally chosen in the 

middle portion of deeper flow depths. Detailed discussion of characteristic flow depths 

and data profiles is given in Chapter 5. 

Other data included visual observations of the flow, measurement of flowrate, and 

overtopping head. In general, these data sets were taken concurrently with the air 

concentration and velocity profiles. However, test sessions were occasionally conducted 

to specifically record and observe flow characteristics and other flow phenomena for each 

test series. 
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3.2.4 - Overtopping Head 

The pipeline that delivers water to the overtopping spillway terminates in a 

bafiled pipe section contained in a 4.0 ft deep sump within the spillway headbox. Water 

entering the facility fills the sump, overtops into the headbox, and is channeled through 

curved transition walls into the four-foot wide chute before cascading over the first step. 

The length of the curved transition area is approximately 4 ft long leading into a 6 ft 

straight section. Upon initial startup of the first test series with h = 2.0 ft, at low 

discharges, the flow was observed to spring free of the step surface near the crest. An 

immediate solution to this problem was installation of a 1.8 ft weir spanning the width of 

the chute. Location of the weir is approximately at the downstream end of the curved 

transition walls. The weir remained in place for the duration of all testing. 

Staff gages in the headbox were used to measure water depth from the headbox 

floor to the water surface. Therefore, overtopping head was determined by subtracting 

the weir height from the staff gage readings. A rating curve for the headbox and 4 ft 

wide chute with the weir installed is shown in Figure 3.6. 
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CHAPTER4 

AIR CONCENTRATION, VELOCITY, AND PRESSURE INSTRUMENTATION 

4.1 Air Concentration Measurement 

An air concentration probe based upon previous work by Cain and Wood (1981) 

was used to determine the percentage of air contained in the flow. The principle used for 

measuring air concentration is based on the difference in electrical resistivity between air 

and water. The probe acts as a bubble detector by passing a current through two 

conductors spaced a small distance apart and measuring the change in conductivity that 

occurs when a bubble impinges on the probe tip. The interruption of the current when a 

bubble passes is a step change from a relatively high conductivity with the probe in 

water, to nearly zero conductivity when a bubble breaks the conducting path. Integrating 

this signal over time gives the probability of encountering air in the air/water mixture. 

The probe and associated electronics used in the present study and discussed here were 

developed and constructed by the U.S. Bureau of Reclamation (Reclamation) based on 

this principle (Frizell et. al., 1994). 

Before continuing into a full description of the air concentration probe, it is 

necessary to define the term air concentration. Many theories of self-aerated flow 

suggest that the flow depth is divided into at least two regions (Ehrenberger (1926), 

Straub and Anderson (1958), and Killen (1968)). The lower region consists of water 
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containing individual air bubbles distributed throughout the flow and exchanged with the 

upper region. The upper region contains an ill-defined wavy water surface in which air is 

trapped or surrounded by waves and other breaks in the surface. Based on this theory, 

Wilhelms (1994) makes the distinction between entrained air and entrapped air (Figure 

4.1 ). Entrained air is contained and transported in the lower region of flow in the form 

of air bubbles. Entrapped air in the upper region is transported in the trapped region of 

the irregular, wavy surface. Entrained air and entrapped air together make up the total air 

transported with the flow. , As mentioned above, the air probe used in this study is based 

on a break in the conducting path of the submerged probe tip. Therefore, the probe 

cannot distinguish between individual entrained air bubbles and entrapped air contained 

in breaks of the flow surface. However, the objective of this study is to determine a 

characteristic total flow · depth for designing training walls and computing other 

parameters. The bu1ked flow depth is based on the content of air throughout the entire 

flow depth and the distinction between entrained and entrapped air is not necessary. 

Wilhelms (1994) states that " ..... for bulking interests, total conveyed air is of prime 

importance, and the differentiation of entrained and entrapped air is of no consequence." 

In light of this, the term air concentration is used in this thesis to describe the total 

transported air within the flow, both entrained and entrapped. 

Entrapped 0 

0 0 0 

0 
0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 0 OFlo~ 0 0 0 0 

0 Entrained Air 0 0 
0 0 0 0 0 0 0 0 

0 0 
0 0 

0 0 0 0 0 0 0 

Figure 4.1 -Entrained versus entrapped air (after Wilhelms (1994)). 
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4.1.1 Air Probe 

An earlier air probe developed by Reclamation has been used in similar flow 

conditions with successful results (Frizell et. al., 1994; Gaston, 1995; Ruff and Frizell, 

1994). The earlier probe consisted of two concentric conductors, a 0.008 in (0.2 mm) 

platinum wire within a 0.03 in (0.8 mm) diameter stainless steel sleeve, encased in a 

protective support. The probe proved to work well, however, problems arose with 

electroplating of the conductors, degradation of the probe's brass encasement, water 

entering and shorting the conductors, and streamlining of the supportive mechanism. 

The air probe used in the present study is a redesign of the earlier probe and 

consists of two platinum wires as conductors, separated by approximately 0.08 in (2.0 

mm). The wires are encased in a nonconducting acrylic tip and fit into a 0.25 in (6.35 

mm) stainless steel supporting tube (Figure 4.2). 

Figure 4.2-Air concentration probe. 
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4.1.2 Air Probe Electronics 

Electronics for producing and processing current through the air probe were also 

developed by Reclamation (Frizell et. al., 1994; Jacobs, 1997). The electronics package 

consists of the following general components: an anti-plating signal supplied to the probe 

to prevent electroplating and gassing on the probe tip; adjustable gain for the conductivity 

of the water being tested; amplification and averaging of the signal from the probe; and 

isolation of the output signal for further processing. 

With the air probe in water and no air present, a constant high voltage 

(approximately 5.0 volts) is conducted across the probe tip. When an air void is detected 

by the probe tip, i.e. a bubble, the voltage drops to approximately zero volts. Inverters in 

the electronics package invert the output voltages resulting in a low voltage for clear 

water (zero volts) and a high voltage (5 volts) when air is detected. Consequently, a 

stream of pulses with constant height and variable width is generated which depends on 

the amount of air detected in the water. The ratio of air to water is approximately given 

by the ratio of time that a high voltage pulse is detected to the time that a low time 

voltage pulse is detected during the measurement period (Jacobs, 1997). 

Two forms of output are provided from the electronics package. An analog 

voltage signal, representing a 10-second moving average of the high-low pulse stream, 

produces readout of air concentration on a LCD display. A digital voltage signal is also 

provided through an optical isolator that can be used for further processing. The LCD 

display was not used due to high fluctuations of the reading and the difficulty of 

estimating an average air concentration. Consequently, the digital signal was fed to data 
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acquisition hardware and a personal computer. The air probe and electronics package are 

shown in Figure 4.3. 

l/////l!l!!lllllll llllllllllllllll ll 
r 

Figure 4.3 -Air probe and electronics package. 

4.1.3 Data Acquisition and Air Concentration 

The digital signal provided by the air probe electronics package was fed to a 

Dataq Instruments Inc., model DI-220, portable data acquisition system attached to a 

IBM compatible personal computer. The DI-220 system receives the isolated digital 

signal from the electronics package, processes it as an analog waveform, and outputs the 

waveform to the personal computer. The computer software provided with the 

acquisition system, WINDAQ/200, allows for realtime display and recording of the 

waveform. In addition, the system provides the capability of sampling the signal at 

variable frequencies and durations. For the air probe, a frequency of 15,000 Hz for a 
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duration of 5 seconds was selected based on laboratory testing and sensitivity analyses of 

sampling frequency. Further discussion is given in Section 4. 4 Sampling Frequency. 

The output stream of voltage pulses generated by the air probe were either 5.0 

volts for 100% air or 0.0 volts for 0% air, resulting in an approximately square waveform. 

Therefore, average air concentration may be determined by computing the percentage of 

time the probe encounters air, or simply dividing the area under the waveform by the 

maximum voltage multiplied by the sample duration: 

1 T A 
c =--JV(t)dt=--

P vmaxT 0 vmaxT 

(4-1) 

where: V(t) = voltage waveform; 

A= area under the air probe waveform (volt-seconds); 

Vmax= maximum voltage (volts); 

T = duration of sample (seconds) 

A statistics function within the WINDAQ/200 software provides the required information 

for equation ( 4-1 ). A portion of a typical air probe signal is shown in Figure 4.4. Note 

that the voltage ranges from approximately 0.24 volts for 0% air to 3.93 volts for 100% 

air. It was verified that the signal range is affected by the electronics of the optical 

isolator and causes the range to be other than 0 to 5 volts. Nonetheless, equation (4-1) 

still holds. 
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Figure 4.4 - Typical air probe waveform at a sampling frequency of 15,000 Hz. 

4.2 Velocity Measurement 

Flow conditions in the present study may be described as high-velocity, turbulent, 

two-phase flow. Therefore, a probe to measure velocity was required that would 

withstand high impact forces and be able to accommodate a nonhomogeneous fluid of 

varying density. Based upon previous work by Reclamation, a back flushing Pitot-static 

tube, designed for mounting on the fuselage of an airplane, was selected (Frizell et. al., 

1994; Gaston, 1995; Ruff and Frizell, 1994; Matos and Frizell, 2000). The probe is 

sturdy and provides a means of continuous back flushing to ensure a single density fluid 

within the Pitot tube. A picture of the Pitot tube is shown in Figure 4.5. 
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Figure 4.5 - Pitot tube (the scale shown is 15 cm in length). 

Back flushing flow is provided to the Pitot tube from a constant head source. 

Selection of back flushing pressure and flow rate depends upon the pressures expected in 

the flow. Velocity from the Pitot tube is determined by the difference in pressures at the 

kinetic and static ports. Therefore, a balance between ensuring that air does not enter the 

Pitot tube and the sensitivity of the pressure difference must be found. Based on 

experience from previous experiments and laboratory testing, back flushing pressures of 

between 2.5 and 8.0 psi were selected for the present study conditions, approximately 10 

- 20 ga1/hr. The Pitot tube used in this study was patented in 1969 and manufactured by 

Rosemount, Inc. The Pitot tube was originally intended for mounting on the fuselage of 

an aircraft for measuring the velocity of air, not water with a back flushing flow. As a 

matter of curiosity, a surplus Pitot tube was cut in half to determine the internal flow path 

of the static and kinetic ports. Figure 4.6 shows the complex flow paths within the Pitot 

tube. The dynamic port is essentially a tube centered within the concentric outer shell 

63 



with an exit at the tip of the instrument. The static ports penetrate the outer shell into the 

annulus surrounding the center tube. 

Figure 4.6-Flow path through Pitot tube. 

The differential pressure between the static and kinetic ports is recorded using a 

calibrated differential pressure cell. Voltage output from the pressure cell is fed into a 

Sensotec Inc., model GM Conditioner-Indicator where voltage span and zero adjustments 

can be made using potentiometers provided on the unit. Back flushing pressure and flow 

through the pressure cell are both adjusted in air without flowing water such that the 

Sensotec unit displays zero voltage, corresponding to zero differential pressure and zero 

velocity. The signal from the Sensotec unit is sent to the Dataq data acquisition system 

and recorded on the personal computer with the WINDAQ/200 software. Through 

laboratory testing and sensitivity analyses, a sampling frequency of 120 Hz for a duration 

of 20-seconds was selected for recording the Pitot tube waveform. Using the pressure 

cell calibration, an average voltage obtained from the Pitot tube waveform can be 

converted to pressure head. Figure 4.7 shows the Pitot tube and pressure cell setup. 
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by: 

Figure 4.7 -Pitot tube and pressure cell setup. 

Velocity from the measured pressure head of the Pitot tube may be determined 

U= 

where: u =velocity (ft/s); 

Pd= kinetic pressure (lb/:ft2); 

Ps =static pressure (lb/fl:2); 

Pm = air/water mixture density ( slugs/ft:3) 

(4-2) 

Equation (4-2) shows that the Pitot tube velocity measurement is dependent on the 

fluid mixture density. In the present study, the density of the two-phase fluid varies 

through the flow depth with air concentration. Therefore, the Pitot tube must be 
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calibrated as a function of air concentration and the air concentration of the flow at the 

point of velocity measurement must also be determined (Frizell, et. al., 1994). 

4.3 Instrument Calibration 

The air probe and Pitot tube were calibrated for varying air/water mixtures and, 

for the Pitot tube, varying velocities. The calibration apparatus consists of a water 

delivery pipe system, compressed air delivery system and injection point, 2-inch diameter 

by 22-inch long mixing chamber with an exit nozzle, and an instrument mount (Figure 

4.8). Water is supplied from the Hydraulics Laboratory Horsetooth pipeline, the same 

water source as the stepped spillway model, and the air source is supplied from the 

laboratory compressor. Both water and air flow rates were measured with variable area 

rotameters. 

A calibration setting was determined by first selecting a value for the nozzle exit 

velocity and computing total volumetric discharge required to obtain that velocity. 

Setting the percentage of air in the total discharge was then achieved by adjusting air and 

water flow rates to the desired ratio of volumetric air to water. For example, a nozzle exit 

velocity of 40 ft/s requires a total discharge of 13.1 cubic feet per minute (cfin) through a 

1-inch nozzle. A calibration setting of 20% air concentration would then require flow 

rates of2.6 cfin air and 10.5 cfi:n water. 
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Figure 4.8 -Calibration Stand 

The air and water flow rota.meters are calibrated for direct reading of volumetric 

flow rate. However, the air rota.meter is calibrated to read flow rate in standard cubic feet 

per minute (scfin) at standard operating conditions (atmospheric pressure at sea level and 

70°F), and must be adjusted to reflect the actual operating conditions (in actual cubic feet 

per minute, acfin), approximately 12.5 psi atmospheric pressure and 68°F. The following 

equation was used to make this adjustment (Omega, 1995):1 

Q. ~Q.(:: r· ~;6oJ 
where: Qa =actual flow rate at operating conditions (acfin); 

Qs =flow rate reading (scfin); 

Psa =standard atmospheric pressure (14.7 psi); 

Pa = atmospheric pressure at operating conditions (psi); 

Ta = temperature at operating conditions (°F) 
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Calibrations were carried out on the air probe and Pitot tube for air concentrations 

ranging from 0% to approximately 80% with velocities ranging from 5 fl:/s to 

approximately 85 ft/s. A mixing chamber was added to provide back pressure and obtain 

a relatively smooth, completely mixed, uniform jet of air/water mixture leaving the 

nozzle. Selection of the nozzle diameter was based on achieving adequate backpressure 

and obtaining the range of velocities expected in the stepped spillway model. The 

calibration apparatus was setup so that both the air probe and the Pitot tube could be 

independently mounted in the jet issuing from the nozzle and tested without changing the 

air/water discharge. The instrumentation mount provided lateral movement, enabling 

each probe to slide into position within the free jet for calibration. This ensured that both 

probes were calibrated for the same air/water mixture and velocity. Vertical placement of 

the probe tips relative to the nozzle was approximately flush or within one tip diameter of 

the end and centered within the free jet. 

4.3.1 Air Probe Calibration 

Air concentration can be determined using the air probe output and equation (4-

1). Calibration of the air probe was carried out by setting a known air/water mixture on 

the calibration stand and measuring air concentration with the probe. It was found that 

air concentration is not always distributed uniformly across the jet exiting the nozzle. 

Measurements were sampled with the probe in the center of the jet and to the left and 

right of center. Fine lateral adjustment of the probe was not available on the calibration 

stand and location of the probe within the jet was visually estimated. Care was taken to 

repeat the measurement locations as accurately as possible. Under certain conditions, it 

was found that air concentration measurements varied significantly across the jet for a 
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fixed setting. The differences were significant enough that it was obvious when a value 

outside of the expected air concentration was encountered. In these instances, 

examination of the jet was made by checking the air concentrations to the left and right of 

the centerline values. These values tended to differ as much as 30% to over 50% from the 

expected value and were the result of irregularities in the exiting jet rather than from the 

air probe. If the air concentrations varied by more than 20%, a different air/water setting 

was established and uniformity across the jet was checked again. Values within plus or 

minus 20% of the expected value were considered representative of the calibration air 

concentration. 

For certain air/water mixture settings, particularly combinations of high velocity 

and high air concentration, surging was noticed in the nozzle and jet. It was also found 

that nozzle diameter affected surging and overall performance of the calibration stand. 

When surging occurred, the exiting jet was slightly skewed to one side rather than exiting 

uniformly from the nozzle. In extreme cases of surging, nonuniformity across the 

diameter of the jet could be visually observed. The irregularities observed in the jet 

under these conditions are likely related to the differences in air concentration 

encountered by the air probe. A final calibration was performed with nozzle exit 

diameters of 1.0 inch and 0.63 inches with care taken to set combinations of air 

concentration and velocity where surging was not visibly observed. 

Results of the final calibration are shown in Figure 4.9. Linear regression of the 

data results in a calibration line with a 1: 1 ratio (i.e. a direct reading of the air probe). It 

was felt that this provides an accurate measurement of the actual air concentration 

encountered by the probe. A higher degree of confidence was placed in the probe and its 
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electronics than was placed on the nozzle and setting of the probe in the calibration stand. 

It was concluded that the wide distribution of air concentration measurements was due to 

poor flow conditions in the nozzle and lack of precision in positioning the probe in the 

calibration stand rather than the air probe and the electronics. 
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Figure 4.9-Air probe calibration. 
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4. 3. 2 Pitot Tube Calibration 

Equation (4-2) shows that velocity measured with a Pitot tube is a function of the 

fluid density and the measured difference in pressure head between the static and 

dynamic ports. As with the air concentration probe, a calibration was performed on the 

Pitot tube with various combinations of flow density and velocity. Calibration flows 

were set for an estimated range of air concentration from 0% to 80% with velocities 

ranging from 10 ft/s to 60 ft/s. Figure 4.10 shows a plot of L1p versus u for each 

corresponding air concentration, where Lip is the measured differential pressure head 

from the Pitot tube in pounds per square foot (lb/ft2) and u is the calibration stand exit 

velocity determined from continuity. 

Back Flushing Pitot Tube Calibration 
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Figure 4.10 - Pitot tube calibration data. 
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Notice in Figure 4.10 that for each air concentration, u is increasing with L1p 

which can be written in the form of a power function, or u = bL1pm, where b and m are the 

regression coefficient and exponent. Taking the natural log of both variables in Figure 

4.9 results in a linear relationship of the data in the form (Figure 4.11): 

ln(u) = mln(L1 p )+ ln(b) (4-4) 

Figures 4 .10 and 4 .11 show that the data represent a family of curves, each dependent on 

air concentration. Fundamentally, the exponent value of the relationship should be 0.5 as 

given by the radical in equation ( 4-2). Linear regression was carried out on each log-

linear data set with slope m held constant at 0.5. The intercept of each linear equation 

(for each air concentration) was solved for the coefficient b in the power function 

relationship. Figure 4.11 and Table 4.1 show the family of curves and the results of each 

linear regression, where r2 is the coefficient of determination for each regression. 

Back Flushing Pitot Tube Calibration 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

ln(6p) 

Figure 4.11 - Pitot tube calibration family of curves. 
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T bl 4 1 P a e . - ower fun f c ioncoe ffi" t d t c1en an exponen s. 
Exponent Coefficient of 

Arr (slope) Intercept Coefficient Determination 
Concentration m ln(b) b r2 

0% 0.5 0.70 2.02 0.94 
11% 0.5 0.68 1.98 0.89 
23% 0.5 0.80 2.23 0.93 
34% 0.5 0.89 2.43 0.93 
44% 0.5 1.00 2.71 0.92 
54% 0.5 1.14 3.12 0.95 
64% 0.5 1.39 4.00 0.78 
73% 0.5 1.59 4.91 0.85 
82% 0.5 1.98 7.27 0.70 

Wood (1983) showed that for air/water flow, equation (4-2) can be rewritten in as: 

(4-5) 

where: u =velocity (fl:/s) 

A, = Pitot tube pressure coefficient; 

L1p =differential pressure head (lb/ft2); 

Pw =density of water (slugs/ft3) 

The coefficient A, takes into account how L1p is affected by changes in density of the 

air/water mixture and is, therefore, a function of air concentration. Equation ( 4-5) can be 

written as: 

(4-6) 
2/J.p ~ ,-;::: ,-;::: 0.5 u = l ( ) =l ( )-..;/J.p = b-..;/J.p = b/J.p 

Pw 1-c Pw 1-c 

where: 

b = A, r=r=(2 
) = constant for a given value of c. 

vP:-<1-c) 

(4-7) 
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If air concentration is held constant in equation ( 4-7), then the coefficient b is constant 

and a value of A. can solved for each air concentration. Figure 4.12 shows a plot of A. 

versus air concentration c. A three parameter power function in the form A.= A.0 + ack 

where the independent variable is air concentration c, and values a and k are regression 

parameters. Following is the final calibration equation for the Pitot tube (Figure 4.12): 

(4-8) 
A. = 1. 92 + 2. 62c 4·
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Figure 4.12 - Pitot tube calibration equation. 

Notice in equation (4-8) that when c = 0%, the value of A.a equals 1.92. Normally, 

a Pitot tube pressure coefficient takes on a value around 1.00 for clear water (ASME, 

1959). This surprising result was thoroughly investigated to determine if the data or the 

instrumentation were in error. Frizell et. al. (1994), performed a calibration on an 
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identical Pitot tube and found a calibration curve of similar shape, however, with a A,0 

value near 1.00 (Figure 4.13). Consultation with Frizell and other Reclamation 

engineers, as well as experiments conducted in the laboratory failed to resolve the 

discrepancy. However, the high values of A, found in the present study were confirmed to 

be due to the arrangement of the pressure transducer. Figure 4.14 shows a schematic of 

the pressure transducer plumbing used in the present study. Notice that incoming back 

flushing flow is split at a tee upstream of the transducer, routed through the positive and 

negative sides of the pressure cell, and finally through lead lines to the static and dynamic 

ports of the Pitot tube. The setup procedure for data collection involved fully opening 

valves B and C, establishing back flushing flow and pressure at valve A, then adjusting 

flow through valve B until the differential pressure equaled zero. At this point, the Pitot 

tube and pressure transducer were considered balanced and ready for data collection. 

With this setup, the positive and negative sides of the pressure cell (i.e. the dynamic and 

static ports of the Pitot tube) are not isolated from one another and pressure can be 

transmitted between them. Therefore, the full differential pressure was not measured 

between the Pitot tube ports resulting in inflated values for the pressure coefficient. In 

addition, variations in pressure at the exit of either port (i.e. approach velocity head) 

directly affect back :flushing flow rates through the Pitot tube. For example, it was 

clearly observed that manually blocking or retarding back flushing flow through the 

dynamic port (i.e. by placing a :finger over the exit port) increased flow exiting the static 

port, and vice versa. 
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Figure 4.13 - Comparison of Pitot tube calibration data. 
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Figure 4.14 - Schematic of pressure transducer plumbing. 
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In order to further investigate the mechanics of the Pitot tube, a transient analysis 

computer program was developed to model the back flushing system. Modeling of the 

back flushing flow, pressure transducer, lead lines, and Pitot tube dynamic and static 

ports were all incorporated into the simulation. The computer model was used to 

simulate approaching clear water velocity head at the Pitot tube dynamic port and obtain 

resulting pressures and flow rates throughout the back flushing system. The transient 

analysis is time dependent and produces results in incremental time steps over a specified 

period. 

The computer program is written in FORTRAN code and essentially models a 

three-reservoir problem using the method of characteristics to solve the unsteady fluid 

flow equations. Initial pressure heads and back flushing flow rates in the system at time 

t = 0 were modeled as constant values to simulate conditions of the Pitot tube and 

pressure transducer that represent zero approach velocity with a differential head across 

the transducer. Back flushing pressure was modeled by setting a constant head entering 

the system (reservoir 1) at a tee upstream of the pressure transducer. Initial heads at the 

dynamic port (reservoir 2) and the static port (reservoir 3) were determined from the head 

loss generated by the initial back flushing flow rates in the transducer plumbing, lead 

lines, and Pitot tube between the incoming flow line and the Pitot tube ports. Initial back 

flushing flow rates through the Pitot tube were measured in the laboratory for 

corresponding back flushing pressures used in the study and in the computer model. 

Physical characteristics of the lead lines, transducer plumbing, and Pitot tube were also 

measured in the laboratory and modeled in the computer simulation. 
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Approach velocity head was simulated at the beginning of the transient analysis as 

an incremental increase in pressure at the Pitot tube dynamic port (reservoir 2) over a 

short period of time until the desired velocity head was reached. Pressure head at the 

Pitot tube static port (reservoir 3) remained constant. The model was run for a sufficient 

amount of time (approximately 7.0 seconds) in order for resulting pressures and flow 

rates in the system to reach steady state. As expected, the computer model revealed that 

flow rates through the dynamic and static ports are variable and a function of the 

approaching velocity head. In fact, for large values of velocity similar to those 

encountered in this study, the dynamic port flow rate was negative, or reversed flow 

through the lead lines. Additionally, it was found that flow rate through the static port 

increased with increasing approach velocity at the dynamic port. 

Table 4.2 shows results of the computer model for simulated approach velocity 

heads of 10, 20 and 30 feet (simulated velocities of 25.38, 35.89 and 43.95 ft/s) at back 

flushing pressures of2.5, 5.0 and 8.0 psi. Pressures and flow rates given in Table 4.2 are 

steady state values at the end of the simulation unless otherwise indicated. Figures 4.15 

and 4.16 show sample results of pressures heads and flow rates as a function of time at 

the transducer static and dynamic ports. The Pitot tube pressure coefficient A. was found 

by comparing velocity applied at the dynamic port to velocity computed from the 

resulting differential pressure head across transducer. It can be seen that values of A. 

found from the computer model are approximately equal to those found in the calibration 

at A.:: 2.0. 
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Table 4.2 - Results of delP" be simul< · 
~PertBack Static Pert Back PitotTure T~ T~ PitotTure 

Bock Afputch Flushing Flow Rate Flushing Flow Rate ~c Dyrarric Static Static Pitot 
Flushing Velocity f\nroocl1 (galllY) (gal/lr) fut~ fut~ Pert~ Pert~ Ture Pres.sure 
Pres.sure Fml Velocity Steady Steady &ad Fml Fml Fml Velocity Coefficia1 
(lb'"m2) (ft) (Ji/s) Initial State Initial State (ft) (ft) (ft) (ft) (ft/s) 

2.5 10.0 25.38 5.1 -5.33 10.4 16.10 13.90 13.11 10.86 3.63 1202 2.11 
25 20.0 35.89 6.8 -10.69 7.6 21.30 23.90 20.72 16.29 3.63 16.89 2.12 
2.5 30.0 43.95 8.7 -14.68 5.8 25.15 33.90 Tl.90 21.28 3.63 20.64 2.13 
5.0 10.0 25.38 5.1 -2.61 10.4 16.88 18.27 18.08 15.80 7.84 1212 2.0'J 
5.0 20.0 35.89 6.8 -829 7.6 22.46 28.27 26.35 21.89 7.84 16.% 2.12 
5.0 30.0 43.95 8.7 -1239 5.8 26.45 38.27 33.99 27.34 7.84 20.69 2.12 
8.0 10.0 25.38 5.1 1.21 10.4 17.75 22.99 23.03 20.59 11.82 1254 2.02 

-..l 8.0 20.0 35.89 6.8 -4.98 7.6 23.83 3299 3229 T/.67 11.82 17.26 2.08 '° 
8.0 30.0 43.95 8.7 -929 5.8 28.06 4299 40.58 33.76 11.82 20.94 2.10 
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Figure 4 .16 - Computer model sample results - transducer pressure head 
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4.4 Sampling Frequency 

During calibration of the air probe, several issues developed regarding the 

sampling :frequency and duration of record required for analyzing the probe waveforms. 

In past experiments using the same equipment, a sample frequency of 500 Hz recorded 

for at least 1.0 minute appeared sufficient. However, at this frequency, the shape of the 

waveform appears in analog form with peaks of variable height as opposed to the 

expected square waveform of constant height (0 to 5 volts) and variable width, as 

discussed in Section 4.1.2. Previously, it was not clear why this occurred and the issue 

was never investigated. Through laboratory experiments in the present study and 

discussion with Reclamation engineers, it was discovered that sampling :frequency 

significantly affects the shape of the waveform. Increasing the sampling frequency 

showed that the waveform tends towards the expected waveform at higher :frequencies. 

Figures 4.17 and 4.18 show typical air probe waveforms for the same percent air 

concentration and flow rate at sampling :frequencies of 500 Hz and 15,000 Hz, 

respectively. Note that these figures are random samples taken at different periods in 

time. 
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In order to investigate and trace the air probe signal, an oscilloscope was used to 

compare and verify the signal at various points along the signal path. It was first verified 

that a square, digital signal was indeed the output of the air probe electronics package as 

expected. The oscilloscope exhibited a square wave even at sampling frequencies as low 

as 500 Hz. Next, the signal was compared and verified at the end of the cabling prior to 

entering the DI-220 data acquisition unit. Again, the oscilloscope showed a square wave 

at this location. It was determined that processing of the signal within the DI-220 unit 

changes the signal in such a manner that a high sampling frequency is required to 

reconstruct the signal. It is possible that this is due to the analog-to-digital converter 

contained within the DI-220 unit. Therefore, sampling the DI-220 output signal at 

relatively low sample frequencies caused poor reconstruction of the original signal. This 

phenomenon is frequently referred to as signal aliasing. To avoid aliasing, the sampling 

frequency for the air probe was set at the highest possible sampling rate reasonable for 

the capabilities of the Windaq/200 software and the IBM personal computer. A rate of 

15,000 Hz was selected. 

Another limitation of the DI-220 unit was the affect of sampling multiple 

channels. The DI-220 unit is capable of sampling up to 16 channels simultaneously. 

However, in the case of the air probe waveform, it was found that a better signal was 

received using a single channel. In similar studies, two channels were frequently used, 

one for the air probe and one for the Pitot tube, and sampled simultaneously. In the 

present study only one channel is used and the instruments sampled separately. 
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4.6 Data Acquisition Summary 

In general, the following steps were used to determine local air concentration and 

velocity in the flow: 

4. 6.1 - Local Air Concentration Calculation 

1. Determine air probe maximum voltage Vmax, area under waveform A, 

and duration of sample T from WINDAQ/200 software statistics :function. 

2. Calculate probe local air concentration cp from equation ( 4-1 ). 

4. 6. 2 - Local Velocity Calculation 

1. Determine pressure transducer mean voltage from WINDAQ/200 

software statistics :function. 

2. Subtract 'zero' offset from mean voltage, if needed. The zero offset 

measurement was taken prior to beginning of data collection with 

balanced pressure transducer. 

3. Multiply mean voltage times pressure transducer calibration coefficient 

(approximately 2.00) to obtain differential pressure in psi. 

4. Multiply pressure times 2.31 to obtain differential pressure head inft of 

water. 

5. Determine Pitot tube velocity coefficient A. using local air concentration 

value c and equation ( 4-8). 

6. Calculate local velocity in u ftls from equation ( 4-5). 

86 



CHAPTERS 

TESTS OBSERVATIONS AND RESULTS 

5.1- Introduction 

Data were taken at five locations along the spillway slope over a range of 

discharges incrementally increased for each test. Over 1, 700 individual data points of 

local velocity and air concentration were collected along with several hours of flow 

observations recorded on videotapes and 35 mm prints. As with most scientific data, 

there is the inevitable need to reduce the raw data into a descriptive and logical format. 

As well, the presence of residuals or outliers often requires statistical methods to either 

quantify or discount these data. This chapter describes the data obtained from the model 

tests and the methods used to reduce the data into a format where results are presented. 

Flow observations and attempts to classify the flow are first described with analysis of 

the raw data, definitions of characteristic flow depths and analysis methods following. 

Drawing conclusions from scientific data is often subject to how the data is 

analyzed and presented. For the present study, substantial amounts of data were collected 

in the form of voltage waveforms collected from the velocity and air concentration 

probes described in chapter 4. Calibration of these instruments allowed for reduction of 

the voltage waveforms into local values of velocity and air concentration. Subsequently, 

through theoretical and empirical relationships the data were used to quantify hydraulic 
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characteristics of the flow over the steps. Objectives of the study were used as a guide 

for progression of the analysis and include: 

i) observe flow conditions over the steps and along the spillway at various 

flow rates. 

ii) develop centerline profiles of local air concentration and velocity at 

several locations along the length of the spillway. 

iii) determine average air concentration and velocity from the centerline 

profiles at several locations along the length of the spillway. 

iv) define characteristic depths and verify the data using continuity. 

v) examine bulking of the flow due to air entrainment and develop 

characteristic depths. 

vi) quantify and examine flow resistance due to the steps and their effect 

on flow characteristics. 

vii) determine energy dissipation along the length of the spillway. 

Results of items i through iii are described in this chapter with analysis of items iv 

through vii addressed in Chapter 6. 

5.2 - Flow Observations 

Observations of the flow conditions were made for each test series over a range of 

discharges. Videotape recordings and still photographs were used to document the flow 

at the overtopping crest and along the spillway length. Flow conditions were observed 

and recorded through each of five plexiglass windows located along the sidewall of the 

spillway. Locations of these windows are shown in Chapter 3, Figure 3.3, and are 

located approximately between the following stations: Window #1 - crest of spillway to 
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stations= 4.4 ft; Window #2 - stations= 11.4 ft to 15.4 ft; Window #3 - Stations= 

45.6 ft to 53.6 ft; Window #4 - Stations= 77.8 ft to 81.8 ft; Window #5 - Stations= 

86.9 ft to 90.9 ft. Visual records were cataloged and continually referenced in describing 

the flow conditions. For the first test series with h = 2.0 ft, flow conditions are described 

in detail while for the second test series with h = 1.0 ft, specific differences and 

comparisons are given. Characteristics of the initial flow over the crest, variation of flow 

depth and air entrainment along the spillway, surface conditions, classification of flow 

regime, and other observations are described in these sections. 

5.2.1 - Row Observations, h = 2. 0 ft 

By visual comparison, it is convenient to classify the flow into the categories of 

nappe or skimming flow regime. Consensus in the literature is that for a given slope and 

step height, a distinct discharge (normally referenced to critical depth Ye) exists at which 

the flow transitions from nappe to skimming flow. Rajaratnam (1990) found that for 

ratios ofydh greater than 0.8, skimming flow occurs. For the present study, the discharge 

at which skimming flow is first observed can be estimated using the definition of 

skimming flow given in section 2.1, and from observations of flow profiles through the 

viewing windows. Skimming flow is characterized by complete submergence of the 

steps with water flowing down the slope as a coherent stream cushioned by recirculating 

vortices in the interior of the step. For the 2 ft steps, at 20 cfs (ydh = 0.46), nappe flow 

existed with ponded water in the interior of the step beneath a cascading free jet (Figure 

5.1). At 40 cfs (ydh = 0.73), partial impact of the flow near the end of the step and 

incomplete filling of the step cavity suggest a partial nappe flow regime, or transition 

state (Figure 5.2). The condition of skimming flow was first observed at 60 cfs or greater 
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Figure 5.3 - Skimming Flow Regime, h = 2.0 ft, Q = 60 cfs (y/h = 0.96), Window #3 . 

Figure 5.4- Skimming Flow Regime, h = 2.0 ft, Q = 100 cfs (y/h = 1.35), Window #3 

Non-aerated flow existed prior to the crest of the first step with surface aeration 

initiating immediately thereafter. Aeration was observed to continue immediately after 

the first step for large flows, however, a fully aerated, flow profile was not observed until 

Window #3. It has been shown by other investigators that aeration in the flow begins 

when a turbulent boundary layer along the first few steps intersects the free surface, 
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referred to as the point of inception (Bindo et. al. 1993). Beyond the point of inception, 

air entrainment is observed to penetrate throughout the bulked depth of flow. These 

characteristics were observed in the present study and reflected in the amount of visible 

aeration noted in photographs near the crest at low and high discharges (Figures 5.5, 5.6, 

5.7, and 5.8). At low discharges, fully aerated flow appeared to occur very near the crest. 

As discharge increased, a non-aerated region was observed to steadily progress 

downstream from the crest. An attempt was made to visually determine an inception 

point, however, the combination of a turbulent, ill-defined free surface and erratic surface 

aeration made this extremely difficult. In addition, the limitation of specifically located 

viewing windows prohibited observing an accurate location where a fully aerated flow 

profile began. Chamani (1997) observed similar conditions in a scale stepped spillway 

model and noted that any air entrainment prior to the inception point was due to surface 

longitudinal vortices or sidewall generated turbulence. 

Another important flow characteristic was observed in the transverse cross 

sectional surface flow pattern viewed from above, or in plan view. A distinct "U" shape 

of surface aeration was often noted near the crest and along the entire length of the 

spillway indicating resistance along the walls and a nonuniform velocity distribution 

across the flume (Figures 5.5, 5.6, 5.7, and 5.8). Especially observed in skimming flow 

regime, waves formed along the sidewalls that appeared to slightly super elevate the 

water surface from which the waves would collapse or roll into the main flow. From 

visual observations, the highest velocity region appeared to be located in the center of the 

cross section. 
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Figure 5.5 - h = 2.0 ft, Q = 40 cfs. 

Figure 5.7 -h = 2.0 ft, Q = 100 cfs. 

Figure 5.6 -h = 2.0 ft, Q = 80 cfs. 

Figure 5.8 -h = 2.0 ft, Q = 120 cfs. 
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At high discharges (i.e. skimming flow), observations through windows #3, #4 

and #5 in the lower reaches of the spillway indicated the flow to be fully developed with 

the overall bulked flow depth and the amount of aeration remaining fairly constant from 

section to section. However, the general flow conditions were extremely turbulent along 

the entire spillway with erratic flow patterns and significant splash occurring at all flow 

rates. The main volume of flow appeared to be contained in a fairly constant bulked flow 

depth along the entire length of the spillway. Above this depth, the flow exhibited an 

extremely turbulent, highly irregular free surface from which water droplets were 

projected up to three to four times the mean observed bulked flow depth (Figure 5.9). 

The majority of these droplets maintained the direction of flow and returned to the main 

stream. However, several droplets were projected along paths other than in the direction 

of flow and were ejected from the flume. 

Figure 5.9 - h = 2.0 ft, Q = 100 cfs. 
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5. 2. 2 - Flow Observations, h = 1. 0 ft 

·Many of the same characteristics noted for the h = 2.0 ft steps were observed for 

the h = 1.0 ft steps. However, certain noticeable differences were observed that 

necessitate discussion. Observations were documented at the same locations as the h = 

2.0 ft tests, but at discharges designated for h = 1.0 ft (Table 3.2). 

Based upon the previous discussion of flow classification, flow at 7 .1 cfs (ydh = 

0.46) exhibited behavior in the nappe flow regime (Figure 5.10) with skimming flow 

observed at the next highest discharge of 21.2 cfs (ydh = 0.96, Figure 5.11). Again, the 

onset of skimming flow occurred between these flow rates but an exact discharge cannot 

be stated with confidence. It is interesting to note that flow conditions at 21.2 cfs met the 

requirements of skimming flow regime with the exception of a partially filled void 

existing below the crest of the first step. This condition, not observed with the 2 ft steps, 

was repeatedly observed throughout testing of the 1 ft steps. 

Figure 5.10 - Nappe Flow Regime, h = 1.0 ft, Q = 7.1 cfs (ydh = 0.46), Window# 4. 
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Figure 5.11 - Skimming Flow Regime, h = 1.0 ft, Q = 21.2 cfs (y/h = 0.96), Window #4. 

Figure 5.1 2 - Skimming Flow Regime, h = 1.0 ft, Q = 100 cfs (y/h = 2.69), Window #3 . 
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As with the h = 2 ft steps, a non-aerated region existed near the crest with surface 

aeration commencing immediately downstream. Significant longitudinal roll waves 

again indicated that initial surface aeration was attributed mainly to wall effects. In 

addition, downstream progression of a non-aerated region as flow rate increased was 

again observed (Figures 5.13, 5.14, 5.15, and 5.16). However, surface turbulence and 

limited sidewall viewing made prediction of an inception point impractical. 

General flow conditions along the spillway could again be considered very 

turbulent with an irregular free surface consisting of water droplets projected above the 

main stream of flow. However, the most notable difference between the 2.0 ft steps and 

the 1.0 ft steps was the visual difference in the amount of turbulence generated by the 

steps, particularly in the skimming flow regime. For the same flow rates, relative bulking 

of the flow along the 1.0 ft steps appeared to be less than for the 2.0 ft steps. Projection 

of water droplets above the main stream of flow were much lower than for the 2.0 ft steps 

and ranged on the order of less than one times the bulked flow depth (Figure 5.17). As 

well, flow velocities appeared lower for the same flow rates and review of video 

recordings comparing the two test series reinforced this observation. Again, as with the 

2.0 ft steps, the transverse profile of the aerated water surface exhibited a distinct "U" 

shape indicating boundary-induced drag along the sidewalls (Figures 5.13, 5.14, 5.15 and 

5.16). The highest velocity region was visually observed to be located in the center of the 

cross section. 
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Figure 5.13 -h = 1.0 ft, Q = 7.1 cfs. 

Figure 5.15 - h = 1.0 ft, Q = 60 cfs. 

Figure 5.14 -h = 1.0 ft, Q = 40 cfs. 

Figure 5.16 - h = 1.0 ft. Q = 100 cfs. 
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Figure 5.17 - h = 1.0 ft, Q = 100 cfs. 

5.2.3 - Summary 

It is interesting to note the general differences between observations given here 

and those made by other investigators on smaller scale models. Observations have been 

recorded and well documented by nearly all investigators of flow over stepped spillway 

models. Descriptions of flow conditions on small-scale models tend to be clear and 

unambiguous. Definite flow characteristics are distinguishable and repeatable to the 

point of obtaining data from these observations. Conditions on the prototype-scale model 

in the present study were not as forgiving. The presence of an extremely turbulent free 
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surface and the variability of flow characteristics throughout testing provided opportunity 

for only broad, general conclusions to be drawn from the observations. Regardless, these 

observations are of value in many ways including supporting data analysis, determining 

design needs, and evaluating scale effects. 

5.3 - Air Concentration 

The percentage of air entrained in the flow at a given point was measured using 

the calibrated electronic resistivity probe described in section 4.1.1. Air concentration, c, 

in the stepped spillway flow was determined using the air probe output and equation (4-

1). 

5. 3.1 - Air Concentration Profiles 

Air concentration profiles consisted of local air concentration values obtained at 

chosen intervals over a distance, y, normal to the spillway floor. Details of the profile 

intervals and stationing are described in section 3.2.3. Figure 5.18 shows a typical set of 

air concentration profiles for h = 2.0 ft at a given station over a range of discharges. 

Trends exhibited in these curves are typical of those found on stepped spillway models 

using similar instrumentation (Straub and Anderson, 1958 (smooth spillway); Gaston, 

1995; Ruff and Frizell, 1994; Boes and Hager, 1998; Matos and Frizell, 2000; Chamani 

and Rajaratnam, 1999). For this study, flow conditions in the skimming flow regime 

(2:'. 60 cfs) showed air concentration increasing gradually from the bed and more rapidly 

in the middle region of the profile. Near the surface, the change in air concentration with 

depth begins to decrease prior to reaching the surface. Flow conditions in the nappe or 

transition regime (20 and 40 cfs) exhibit a less defined lower and middle region. In 
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addition, as discharge increases, apparent depth increases with the shape of the curve 

remaining fairly constant. A distinct difference can be noted in the shape and slope of the 

curves at 20 and 40 cfs compared to those at higher discharges, reflecting differences 

between nappe and skimming flow regimes. 
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Figure 5.18 - Typical air concentration profiles (h = 2.0 ft, Stations= 49.2 ft). 

Figure 5.19 shows air concentration profiles for h = 1.0 ft at stations= 49.2 for 

various discharges. With exception of a few points at 21.2 cfs, the profiles exhibit the 

same sort of trends as the curves in the h = 2.0 ft tests. Note, however, that the profiles 

have overall flatter slopes than those in Figure 5.18, indicating higher average air 

concentrations for the 1.0 ft steps. 
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Figure 5.19 - Typical air concentration profiles (h = 1.0 ft, Stations= 49.2 ft). 

For comparison, typical air concentration profiles for the smooth spillway are 

shown in Figure 5.20. Notice that, in general, air concentration is lower throughout the 

entire profile depth until the near the surface of the main flow. As expected, this 

indicates that average air concentration and bulking of the flow is much higher in stepped 

spillway flow than in smooth spillway flow. 
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Figure 5.20 - Typical air concentration profiles (smooth spillway, Stations= 48.7 ft). 

Figure 5.21 shows a typical set of air concentration profiles for h = 2.0 ft at each 

station for a single discharge. It is clearly shown that there is minimal variation in the 

profiles along the length of the spillway indicating that the average air concentration 

remains approximately constant for a given discharge. As expected, however, a slight 

difference is noticed in the lower portions of the profiles with air concentration increasing 

with increased distance from the crest. Figure 5.22 shows the same type of data for h = 

1.0 ft. Notice that grouping of the profiles again indicates that average air concentration 

remains approximately constant for a given discharge. However, a surprising difference 

is shown in the lower portions of the profiles where air concentration decreases, rather 

than increases, along the length of the spillway. The difference is only slight when 

comparing profile averages but is interesting to note, nonetheless. Remaining air 

concentration profiles versus discharge and station for all tests are given in Appendix A. 
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Figure 5.21 - Typical air concentration profiles (h = 2.0 ft, Q = 80.0 cfs). 
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5.3.2-Average Air Concentration 

Lack of a definite free surface and the need to quantify attributes of the aerated 

flow requires definitions for average air concentration and characteristic depths. Given 

the profiles oflocal air concentration c(y), average air concentration C can be defined as: 

Yu 

J c(y Jdy 
(5-1) 

j Yu 
C =-Y1 __ = f c(y)dy 

yjdy Yu -yl Y1 

Yt 

where y1 and Yu are the lower and upper limits of the depth profile to be integrated. It is 

common to select .a value for Yu at the depth where the local air concentration is 0.90, 

frequently defined as y90 (Wood, 1991; Boes and Hager, 1998; Chamani and Rajaratnam, 

1999). In their classic work on aerated flow, Straub and Anderson (1958) used a depth 

where the air concentration is 0.99. For the present study, the integration depth was 

typically defined from the first point in the depth profile y1 to an upper depth where Yu = 

As seen in Figures 5.18 through 5.22, most of the profiles begin just above the tip 

of the step and extend to a depth where the air concentration ranges from 0. 70 to 0.98. 

During data collection, the air concentration probe was set at a distance of approximately 

0.05 ft from the tip of the step. Upper depth readings were generally taken where the 

instrument measured data that was near the dry-air readings and visually appeared almost 

out of the flow. Applying the air probe calibration equation to the raw data reduced the 

higher air readings by a small percentage, often below 0.90. Where this occurred, the 

depth Yu= y9o was linearly extrapolated from the uppermost data points. In profiles 

extending beyond 0.90, the depth y90 was linearly interpolated between data points. Data 
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at the lowest depth in the profile frequently showed very high air concentrations due to 

displacement of the probe into the separation area below the step tip (Figure 5.23). It was 

observed that this was caused by deflection of the probe support mechanism due to forces 

of the flowing water. Another concern was the existence of data that appeared suspect or 

unreasonable due to probe malfunction, such as loss of signal or zero balance. An 

example of this is shown in Figure 5.23 with the upper portion of stations = 13.4 ft 

profile. 
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Figure 5.23 - Example of outlier air concentration data (h = 2.0 ft, Q = 20 cfs). 

Selection of integration points within each profile was based on eliminating data 

with the problems mentioned above and integrating a representative air concentration 

profile. It should be noted that profiles with erroneous data were not the majority and 

that the entire profile depth was generally used for averaging. Most of the problems 

occurred in data from the h = 2.0 ft tests with only one profile modified in h = 1.0 ft tests 
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and none in smooth spillway tests. Figures 5.24, 5.25 and 5.26 show average arr 

concentration values along the spillway for h = 2.0 ft, h = 1.0 ft, and the smooth spillway, 

respectively. Notice that, as shown previously (Figures 5.21 and 5.22), average air 

concentration appears to slightly increase with distance downstream from the crest for h 

= 2.0 ft and slightly decrease for h = 1.0 ft. Remaining profiles of average air 

concentration versus station for all tests are given in Appendix B. 

1.0 

0.9 

0.8 

0.7 

0.6 

I o 0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

0.0 10.0 

A 

~ -

"-

Average Air Concentration 
h = 2.0 ft 

-

~ - - ---~ 
~ 

-

./ 

20.0 30.0 40.0 50.0 60.0 

Station, s (ft) 

70.0 80.0 

Figure 5.24 - Average air concentration, h = 2.0 ft. 
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Figure 5.26 - Average air concentration, smooth spillway. 
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5.4 - Velocity 

Velocity of the aerated flow was determined using the back-flushing Pitot tube 

described in Section 4.2. The Pitot tube provides a measurement of the difference in 

kinetic and static pressure heads while continuously back flushing to prevent air bubbles 

from entering the instrument. With the known local air concentration, a calibration 

coefficient is applied to the differential pressure measurement to compute the local 

velocity u(y) of the air-water flow. 

5. 4.1 - Velocity Profiles 

Velocity profiles were obtained simultaneously with the air concentration profiles 

at the same intervals and stations. Figures 5.27, 5.28, and 5.29 show a typical set of 

velocity profiles at a given station over a range of discharges for h = 2.0 ft, h = 1.0 ft, and 

the smooth spillway, respectively. In general, for the stepped spillway, the profiles tend 

to have the same shape beginning with velocity gradually increasing from the bed until a 

maximum velocity gradient is reached. At some point in the upper region of the depth, 

an acute change is observed where the velocity abruptly increases or decreases. Velocity 

profiles similar to this shape have been observed in several studies of stepped spillway 

flow (Gaston, 1995; Chamani, 1997; Chamani and Rajaratnam, 1999; Matos and Frizell, 

2000) and steep, rough-surfaced spillway flow (Straub and Lamb, 1956; Cain, 1978). 

109 



Velocity Profiles 
h = 2.0 ft 

Stations = 49.2 ft 

~ 1.20 +----------+:---.,,L-~.,..,,....~~=-=---------~ 

$ 
~ l.00 +----------+--~,...At::...._~,£-------------~ 

0.00 -1-.-~~-~~~~-~~-~-~~-~~~----~----l 

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 

u(y) (ft/s) 

_._ 20.0cfs 

--- 40.0 cfs 

---60.0 cfs 

---*""- 80. 0 cfs 

--a- 100.0 cfs 

-ll- 121.0 cfs 

Figure 5.27 - Typical velocity profiles (h = 2.0 ft, Stations= 49.2 ft). 
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Figure 5.28 - Typical velocity profiles (h = 1.0 ft, Stations= 49.2 ft). 
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Figure 5.29 - Typical velocity profiles (smooth spillway, Stations= 52.8 ft) 

As mentioned previously, in the upper portion of several profiles, near the surface 

or at the extent of data collection, an acute change is observed corresponding to a sudden 

decrease or increase in velocity. Straub and Lamb (1956) first noticed this phenomenon 

in velocity measurements of self-aerated flow on a steep, rough-surfaced spillway. Flow 

conditions in the upper region consisted of a highly irregular, wavy surface above which 

large particles or "clumps" of water ejected from the main flow, similar to that of stepped 

spillway flow. Velocity profiles in their study, obtained using an electrical conductivity 

probe and salt injection method, mainly decreased in the upper regions. It was 

hypothesized that shear stress develops from increased resistance on these particles due to 

atmospheric drag and the change in momentum and the return of particles back to the 

main flow results in a loss of velocity. 
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In the present study, the acute change in the profile was more often associated 

with an increase in velocity. A plausible explanation is the sensitivity of the Pitot tube to 

high air concentrations and low pressure differentials in this region. The backflushing 

flow maintained in the Pitot tube is determined by the necessity to overcome the 

maximum anticipated velocity head in the main flow. In highly aerated regions, the 

velocity of air alone may not provide sufficient differential pressure to overcome the 

flushing flow. In the upper region, it is possible that the Pitot tube recorded intermittent 

periods of high pressure, due to impacting water particles, followed by periods of little or 

no pressure, due to air velocity only. This condition was observed during calibration of 

the Pitot tube at high air concentrations and prevented calibration above approximately 

80%. In addition, the Pitot tube coefficient A. in equation ( 4-5) increases as a power 

function with an increase in air concentration. Large values of air concentration (i.e. 

small values of pressure differential) may result in a large value for the coefficient, 

possibly returning an unreasonably high value of velocity. 

Cain (1978) had similar results in aerated smooth spillway flow using a velocity 

probe that measured dynamic pressure. He showed that the sensitivity to errors in either 

dynamic pressure or air concentration could be demonstrated by differentiating an 

equation similar to equation ( 4-5): 

Yi 
2 d - Ps [ 2 [Pd - Ps ]] 

u = p)l-c) = Pw l-c 

(5-2) 

(5-3) 
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du dpd de 
-= +---
u u2 p (1-e) 2(1-e) 

(5-4) 

du dpd de 
-= +---
u u2p (1-e) 2(1-e) 

(5-5) 

It is apparent from equation (5-5) that when c tends to 1.0, even small errors in 

dynamic pressure dpd or air concentration de will cause large errors in velocity du. As 

discussed in Chapter 4, the back.flushing Pitot tube used in the present study is sensitive 

to low differential pressures corresponding to high air concentrations. During calibration, 

pressures encountered with air concentration above approximately 80% were below the 

range of pressure sensitivity for the Pitot tube. Analysis of local velocity data from both 

stepped spillway tests showed that the acute increase in velocity associated with low 

pressure differentials occurred at an average air concentration of approximately 0. 70. 

Based on the above discussion, it is reasonable to assume that velocity data 

corresponding to air concentrations greater than 0. 70 are unreliable. 

It is interesting to note that earlier research conducted with an identical 

back.flushing Pitot tube to the one used in the present study yielded similar results. 

Gaston (1995) determined velocity data above an air concentration of 0.65 to be invalid 

while Matos and Frizell (2000) found velocity data to be inaccurate at concentrations as 

low as 0.40 to 0.50. For the present study, velocities were deemed not valid for regions 

of flow with air concentrations greater than 70%. An exception is for the smooth 

spillway velocity profiles shown in Figure 5.29 where velocities in the upper region 

tended to decrease. The high velocity smooth spillway flow maintained higher dynamic 

pressures throughout the entire profile, even with air concentrations greater than 70%. In 
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Figure 5.30 - Typical modified velocity profiles (h = 2.0 ft, Station, s = 49.2). 

5.4.2-Average Velocity 

Average velocity of the aerated flow can be determined by integrating a given 

profile of local velocities over a certain depth. As with the air concentration profiles, 

selection of the lower and upper limits of integration, Yu and y,, must be determined. 

Selection of the lower limit was generally equal to the starting depth of the corresponding 

air concentration profile. In addition, if an outlier point was removed from an air 

concentration profile, the corresponding local velocity at that depth was also removed. 

For the upper limit, the depthy90 was selected. Therefore, average velocity U is defined 

as: 

Y90 

fu(y)dy 
U=-1_, __ _ 

Y90 

fdy 
Y1 

(5-6) 

j Y90 

-- fu(y)dy 
Y90 - Yt Y1 
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Figures 5.31, 5.32, and 5.33 show average velocity values along the spillway for h 

= 2.0 ft, h = 1.0 ft, and the smooth spillway, respectively. Notice that for h = 2.0 ft, 

average velocity is initially increasing with distance along the spillway indicating 

acceleration and nonuniform or gradually varying flow conditions. With the exception of 

profiles for Q = 100 and 116 cfs, average velocity begins to become constant 

approximately halfway down the slope, or station s = 50 ft, indicating nearly uniform 

flow conditions. For h = 1.0 ft, average velocity appears to be fairly constant along the 

full length of the spillway. Average velocities for the smooth spillway increase with 

distance and are consistently 10-40% greater than for the stepped spillway depending on 

total discharge and location along the slope. Remaining profiles of average velocity 

versus station for all tests are given in Appendix B. 
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Figure 5.31 -Average velocity, h = 2.0 ft. 

116 

-+- 20.0 cfs 

---40.0 cfs 

--60.0 cfs 

--*- 80.0 cfs 

--e-100.0 cfs 

-- 116.0 cfs 

_,._ 121.0 cfs 

80.0 90.0 



40.0 

35.0 

30.0 

25.0 

,...., 

~ 20.0 
I:::, 

15.0 

10.0 

5.0 

0.0 

0.0 10.0 

50.0 

45.0 

40.0 

35.0 

30.0 
,...., 

~ 25.0 
I :::i 

20.0 

15.0 

10.0 

5.0 

0.0 

0.0 10.0 

20.0 30.0 

Average Velocity 
h = 1.0 ft 

40.0 50.0 

Station, s (ft) 

60.0 70.0 

Figure 5.32 - Average velocity, h = 1.0 ft. 

20.0 30.0 

Average Velocity 
smooth spillway 

40.0 50.0 

Station, s (ft) 

60.0 70.0 

80.0 

Figure 5.33 -Average velocity, smooth spillway. 

117 

-+- 7.1 cfii 

--21.2cfs 

-+- 41.0 cfs 

-M- 60.0 cfs 

-e-80.0 cfs 

-- 100.0cfii 

90.0 

-+-20.0 cfs 

--40.0 cfs 

--.- 60.0 cfs 

---. so.o cfs 

80.0 90.0 



5.5 Pressure Profiles 

Pressure data were taken using flush-mounted pressure taps mounted along the 

longitudinal centerline of the steps at three locations as described in Section 4.5. Figures 

5.34 and 5.35 show typical pressure profiles taken approximately at stations= 50 ft for h 

= 2.0 ft (step number 12) and h = 1.0 ft (step number 23), respectively. Figure 5.36 

shows the pressure distribution for h = 1.0 ft, step number 23, and the upstream adjoining 

step number 22. It is interesting to note the similarity in the pressure profiles over the 

two steps. This pattern was repeated along the spillway, especially at the middle and 

bottom stations where the flow was considered developed and nearly uniform. Pressure 

profiles for stations near the crest and base of the spillway are given in Appendix C for 

both h = 1.0 ft and h = 2.0 ft. Values of pressure along the spillway ranged from 

approximately -0.433 psi (1.0 ft of water) on the vertical face just below the tip of the 

step, to over +2.3 psi (5.3 ft of water) on the horizontal face near the tip of the step, 

depending on discharge. Negative pressures normally occurred with the nappe flow 

regime in the separation zone just below the step tip. As anticipated, the overall 

magnitude of the pressures increased with flow rate. 
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CHAPTER6 

DATA ,f\NALYSIS 

6.1 Flow Depth and Continuity 

6.1.1 Characteristic Flow Depth 

A common difficulty associated with the study of highly turbulent, aerated, open 

channel flow is determining a characteristic flow depth. With the knowledge of air 

concentration variation with depth, it is possible to define both an aerated and non-

aerated flow depth. As discussed previously, the depth at which air concentration equals 

0.90, or y90, is typically selected as a representative bulked flow depth for aerated flow. 

Several comparisons with flow depths observed through the viewing windows in the 

present study showed y90 to reasonably represent the aerated bulked flow depth. 

Recalling equation (5-1) and defining the upper flow depth as Yu= y90 and y, = 0, 

defined as the psuedo-bottom formed by a plane passing through the tips of the steps, 

average air concentration is given as: 

Y. 

f C( y )dy 1 Y•o 

c = Y1 =- f c(y)dy 
Yu Y9o 0 f dy 

(6-1) 
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Figure 6.1 - Clear water depth dw versus station, h = 2.0 ft. 
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Figure 6.2 - Clear water depth dw versus station, h = 1.0 ft. 
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Figure 6.3 - Clear water depth dw versus station, smooth spillway. 

6.1. 2 Bulking 
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The clear water depth dw defined by equation (6-3) is an estimate of the 

compressed depth of flow with entrained air removed, while the depth y90 is the bulked 

depth of the aerated flow. The ratio of y90 to dw is a measure of the amount of bulking 

due to entrained air and can be defined as a bulking coefficient, c : 

(6-4) 

The amount of bulking is important in determining sidewall or training wall heights along 

the length of the spillway. Figures 6.4 and 6.5 show bulking along the stepped spillway 

for the step heights h = 1 ft and h = 2 ft with the value of c varying from approximately 

1.20 to 1.80. 
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6.1. 3 Continuity 

As an attempt to verify the data, measured flow rate qm coming into the model 

was compared to computed flow rate using the experimental data. Volumetric clear 

water unit discharge qw was estimated by integrating the air concentration and velocity 

profiles obtained at the centerline of a cross section in the flume: 

Y90 
(6-5) 

q w = J (1 - c )udy 
0 

Figures 6.6, 6.7, and 6.8 show the percent difference in qw from qm versus distance along 

the spillway, where qm is the unit discharge provided to the test facility measured using a 

sonic flow meter installed in the delivery pipeline. It can be seen that the computed flow 

rate qw is up to approximately 30% greater than the actual flow rate qm for the stepped 

spillway and up to approximately 20% for the smooth spillway. Average overestimation 

of unit discharge was approximately 15% on the stepped spillway and 2% on the smooth 

spillway. It was also observed that overestimation was much less at the upstream stations 

with qw within plus or minus 5% of qm for the h = 1 ft and smooth spillway and 

approximately 10 - 20% for the h = 2 ft spillway. Closer comparison of the computed 

flow rate qw to the measured flow rate qm .at the upstream stations is likely due to less 

entrained air and turbulence in this region. 

Overestimation of unit discharge was initially a concern and was thoroughly 

investigated. As noted earlier in Section 5.2, observations of boundary effects from the 

sidewalls indicate a nonuniform transverse velocity profile with the maximum velocity 

along the centerline of the flume where data were collected. This alone could contribute 

to overestimation of unit discharge. The computation of unit discharge using equation ( 6-
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5) assumes a velocity profile collected along the centerline of the flume is representative 

of the full cross section. This is rarely the case in any open channel flow with a narrow 

cross section and was clearly observed to be an inaccurate assumption in the present 

study. Figure 6.9 shows an exaggerated schematic of the error that could be introduced 

with this assumption. The actual average velocity of the cross section is potentially much 

less than the maximum. It was concluded that the average overestimation of 15% for the 

stepped spillway data is within a reasonable range of acceptance given the extremely 

turbulent conditions of the variable density two-phase flow and the observed nonuniform 

velocity distribution across the width of the flume. Prior studies using similar flume 

conditions and identical velocity and air concentration instruments reported 

overestimated unit discharge up to 30% (Gaston, 1995). Cain (1978) reported 

overestimation of velocity by 7 - 20% for a smooth spillway using a similar type 

stagnation pressure Pitot tube and resistivity air probe. 

100.0 

80.0 

60.0 

40.0 
~ 
e 20.0 Ji 
1l 

0.0 " ~ 
-0 

5 -20.0 
g 
8. 

-40.0 

-60.0 

-80.0 

-100.0 

m 

D g 
~ 

m 

Continuity Check 
h =2.0ft 

6 . R 
~ 

• . . 
-

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 

station, s (ft) 
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Figure 6.9- Schematic of nonuniform transverse velocity profile. 

In summary, the velocity data measured with the Pitot tube are felt to be accurate, 

however the local velocities u and the integrated velocityU are maximum values at the 

centerline of the cross section rather than representative average velocities. To continue 

the analysis, a representative average velocity was estimated using the measured unit 

discharge and computed clear water depth dw given by: 

u =~ 
avg d 

w 

(6-6) 

Results showed that Uavg ranged on the order of 5 to 30% percent lower than U , the 

approximate amount unit discharge was overestimated. Note that Uavg is used in all 

computations throughout the remainder of this analysis. 
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6.2 Friction Factor 

In skimming flow, the tips of the steps form a psuedo-bottom through which shear 

stresses are transmitted between the main flow and the recirculating flow. These shear 

stresses consume energy and induce friction contributing to the resistance of flow. Many 

methods have been developed to estimate the resistance of skimming flow over stepped 

spillways, usually in the form of the Darcy-Weisbach friction factor, f Most methods 

assume fully developed, uniform flow conditions, and compute shear stress induced 

resistance based flow depth and velocity. For the present study, this method is used as 

the basis for determining friction factor in analyzing the stepped spillway data. 

The friction factor f can be estimated by determining resistance of the main 

skimming stream due to shear stresses developed by the recirculating fluid between the 

steps. For computational purposes, uniform flow conditions must be assumed and are 

achieved when gravitational forces acting on an element of water are in balance with 

resisting forces. Applying the momentum equation for open channel flow to a section of 

skimming flow with dimensions of depth y90, length L, and width w yields (Figure 6.10): 

where p = momentum correction factor, Pm = density of the air-water mixture, U avg= 

average velocity, A = cross-sectional area, p =hydrostatic pressure, rm= unit weight of 

the air-water mixture, B = channel slope, Tb = bed shear stress, and Tw = wall shear stress. 

Assuming uniform conditions with p1A1 = p2A2 and ppmA1u;vg = PfJmA2U!ivg and 
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assuming the bed and wall shear stress equal to the total stress, r0 , equation ( 6-7) reduces 

to: 

A ·e A.(} R ·e r 0 = rm sm = rm - sm = rm h sm 
2y90 + w p 

(6-8a) 

where the hydraulic radius Rh = AIP is the ratio of the cross-sectional area A = l1}'9o to the 

wetted perimeter P = 2y9o+w. Replacing bed slope S0 = sin (}with friction slope SJ, shear 

stress can be written as the following: 

(6-8b) 

J3p A U 2 

m 2 2 

Figure 6.10 - Definition of variables for friction factor. 

The Darcy-Weisbach friction formula for pipe-flow is commonly used for open-channel 

flow: 

u2 
h =! !::__~ 

1 D 2g 

(6-9) 
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in which h1 = head loss due to friction and D =pipe diameter. Combing equations (6-8b) 

and ( 6-9) and noting that pipe diameter is equivalent to 4Rh and the hydraulic radius Rh 

can be assumed as the uniform flow depth y90, the Darcy friction factor due to surface 

friction can be defined as: 

(6-10) 

Notice that equation (6-10) is a function of the bulked flow depthy90. Use ofthis 

depth in computing the friction factor has been a matter of question in recent literature. 

In their recent work, Chamani and Rajaratnam ( 1999) used y90 in calculating skin friction 

while Chanson (1993) suggest using the clear water depth dw. However, Matos and 

Quintela (1995) note that Chanson (1995) used the bulked flow depth in calculating f 

Other researchers such as Sorenson (1985) and Christodoulou (1993) conducted studies 

at small scales and used the observed water depth in which there was very little or no 

aeration. Close inspection of equation ( 6-10) shows that the friction factor is proportional 

to the inverse of the Froude number Fr squared, where Fr = U avg I ~dwg. By definition, 

Froude number is defined as the ratio of inertial to gravitational forces, the latter being a 

function of water depth. Therefore, it is the author's opinion that the clear water depth dw 

be used in computing the friction factor, or: 

(6-11) 

Friction slope, velocity, and depth in equation (6-11) were taken as the average values of 

a section between stations, or: 

(6-12) 
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U avg = (U avg, + U avg i+I )! 2 , (6-13) 

(6-14) 

where station i is upstream of station i+ 1. 

Friction factor f is a function of clear water depth dw, critical depth Ye, average 

velocity U avg, spillway slope (}, acceleration due to gravity g, spillway height H, and step 

height h. Dimensional analysis suggest that/is a function of the following relations: 

( 
dw h H ( NhJ U avg J f = f {},-,-,- or- ,F, = r:;--:: 
Ye Ye Ye Ye ....;dwg 

(6-15) 

where Fr is Froude number. In developing design charts, it is advantageous to present 

friction factor as a dimensionless function in terms of known design characteristic 

lengths, or the ratio HIYc· Further refinement of this ratio can be achieved by expressing 

Has a function of step height h and step number N, or Nhlyc where H = Nh. Figures 6.11 

and 6.12 show friction factor for various unit discharges as a function Nhlyc for h = 1.0 ft 

and h = 2.0 ft, respectively. 
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Due to the nature of the friction factor data and the lack of definite correlation 

with unit discharge and step height, general limitations and guidelines were made for 

selection of friction factor. For h = 1.0 ft at locations a greater distance down the 

spillway, i.e. Nhlyc greater than approximately 10.0, friction factor becomes constant at 

approximately f = 0.25. For h = 2.0 ft, friction factor tends towards a value of 

approximately f = 0.20. The tendency for f to become constant is a reflection of the flow 

becoming fully developed and uniform. As discussed in Chapter 5, uniform flow 

conditions were more apparent for the h = 1 ft steps than for the h = 2 ft steps. However, 

values of/still appear to be converging for h = 2.0 ft. A difference inf of0.05 used as a 

design value would produce minimal difference in the results of a backwater 

computation. Therefore, as a conservative approach, a constant value off = 0.25 is 

suitable for both h = 1.0 ft and h = 2.0 ft. 

Results from the present study along with data from Gaston (1995) and Chamani 

and Rajaratnam (1999) are shown in Figure 6.13 plotted against the ratio kldw, where k is 

a characteristic roughness height defined ask= hcosB. Data from the present study are 

shown for the bottom two stations of the stepped spillway and the bottom station of the 

smooth spillway in regions where the flow is considered developed. For Gaston (1995) 

and Chamani and Rajaratnam ( 1999), friction factor was recalculated using equation ( 6-

11) where S1 was assumed equal to sinB and clear water depth and average velocity were 

computed by equations (6-3) and (6-6), respectively. Data from these two investigations 

were chosen because of similarity in instrumentation to the present study. However, 

Gaston (1995) used a prototype-scale step height of 0.40 ft on a 2H:1V slope and 

Chamani and Rajaratnam used a scale model step height of 0.41 ft and 0.10 ft on a 
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0.8H:1V slope. Figure 6.13 shows a plot of equation (2-16) from Tozzi (1994) for a 

2H: 1 V slope and equation (2-23) from Chamani and Rajaratnam (1999), where f = 4CJ 

(reference Chapter 2). A similar equation was fit to the all of the data in Figure 6.13 : 
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Figure 6.13 - Darcy friction factor for the bottom two stations of the present study, 
Gaston (1995), and Chamani and Rajaratnam (1999). 
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6.3 Dimensionless Comparison of Results 

Dimensional analysis of friction factor m section 6.2 provided important 

relationships dependent on the hydraulic characteristics of stepped spillway flow. 

Skimming flow data from the present study are shown in Figures 6.14 and 6.15 in 

dimensionless form. It can be seen that as Nhlye increases, or as height and length of the 

spillway increases, both Froude number and the ratio dwlYc tend towards nearly constant 

values. The tendency for both the h = 1.0 ft and h = 2.0 ft data to collapse near the same 

values indicates little influence of scale effect between the two step heights. Potentially, 

if developed and skimming flow exists on a 2:1 (H:V) slope, stepped spillway, then the 

friction factor, Froude number, and ratio di/ye become nearly constant with di/ye= 0.40 

and Fr= 4.0. For prototype conditions similar to the present study, these values may be 

used as guidelines for design. 
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Froude Number F, versus Nhlyc 
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6.4 Energy Dissipation 

30.00 

~ 
~ 

Skimming flow over a stepped spillway is characterized by a coherent stream 

skimming over the steps supported by recirculating fluid trapped between the external 

edges of the steps. Energy dissipation is due to frictional shearing between the main flow 

and recirculating flow in addition to drag forces developed from local impact and 

separation pressures existing on the step surfaces. Nappe flow is distinguished by a 

series of plunging, free-falling jets cascading from one step to another with energy being 

dissipated by jet impact and breakup, jet mixing, and the formation of a partially or fully 

developed hydraulic jump on the step. 

In general, energy dissipation can be interpreted as the ratio of energy loss to total 

available energy at a given location along the spillway. For the present study, energy 
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data (i.e. velocity, depth, and elevation) were collected at several elevations below the 

crest of the spillway. This allows energy dissipation to be computed as a function of 

spillway height from the crest to a downstream location. The method assigns a datum at 

the spillway crest and compares energy loss to total energy at that location only. Using a 

variable datum can be useful for design by computing energy dissipation assuming 

varying spillway heights. 

With reference to Figure 6.16 and assuming a fixed datum at the crest of the 

stepped spillway, the total available head at a downstream location can be written as: 

(6-17) 

The energy at any location along the stepped spillway can be approximated as: 

(6-18) 

where h1 is the energy head loss. Note that for the aerated flow conditions over a stepped 

spillway, the hydrostatic pressure term in equation (6-18) is estimated with the clear 

water depth dw defined by equation (6-3). Combining equations (6-17) and (6-18) and 

noting that h1 = E0 -E1, and expressing Ea in terms of critical depth Ye, energy dissipation 

can be approximated as: 

(6-19) 
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or simplifying: 

u2 
dw cos(}+~ 

L1E =1- 2g 
Eo H 3 +-y 

0 2 c 

(6-20) 

Energy dissipation along the spillway is given for h = 1.0 ft, h = 2.0 ft, and the smooth 

spillway in Figures 6.17, 6.18, and 6.19, respectively. 

~avg 

-------~datum 

Ho 

.....__, _l d ua~g 
w' 2g 

Figure 6.16- Definition of variables for energy dissipation. 
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Figure 6.18 - Energy dissipation along the spillway, h = 1.0 ft. 
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It has been shown that, assuming uniform flow conditions, the energy dissipation 

ratio in equation (6-20) can be written as a function of the Darcy friction factor f 

(Stephenson, 1991; Chanson,1994): 

1 2 

(s~o)' coso+1(s~of 
Nh 3 
- + -
Y e 2 

(6-21) 

Figure 6.20 shows energy dissipation data from the stepped spillway tests computed 

using equation (6-20). In addition, equation (6-21) is shown for/= 0.25,f = 0.20, and/= 

0.071 representing estimated constant .f-values for step heights h = 1.0 ft and h = 2.0 ft 

and the smooth spillway, respectively. It can be seen that the data are in good agreement 
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with equation (6-21) and the difference of 0.05 in friction factor for step heights h = 1.0 ft 

and h = 2.0 ft produces minimal difference in energy dissipation. 
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CHAPTER 7 

HYDRAULIC DESIGN 

The designer of a stepped spillway is typically provided with information on the 

design volume of water to be passed over the selected crest length b of the spillway (i.e. 

total discharge Q or unit discharge q), slope of the embankment B, and height of the 

spillway H. If it is assumed that the designer has also selected the step height h, then it is 

desired to know certain hydraulic characteristics of the spillway flow to complete the 

design. Most importantly, these characteristics include velocities for stilling basin design 

and bulked flow depth for training wall design. A design procedure was developed using 

data from the present study to estimate velocity and bulked flow depth along the stepped 

spillway. Design examples for h = 1.0 ft and h = 2.0 ft are given in addition to a smooth 

spillway comparison example. 

7.1 Hydraulic Design Procedure 

Flow conditions in open channels are often described by water surface profiles 

determined from classical computational methods such as the standard step method. 

These methods yield the change in flow depth along the channel based on estimating 

changes in energy loss due to friction slope S1- In a typical open channel, the methods 

require selection of a friction parameter such as Manning n or Darcy friction factor f, and 

carrying out the computations from a known boundary condition. The complication of 
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using these methods with stepped spillway flow is the existence of air entrainment and 

varying air-water density in the flow along the spillway. In addition, selection of an 

appropriate value for the friction parameter is unknown. 

7.1.1 Design Charts 

In Chapter 6, section 6.2, computation of the Darcy friction factor f was presented 

in terms of the dimensionless ratio NhlYc· Figure 7.1 is a design chart developed from the 

present study that may be used as a guideline for selecting the magnitude of friction 

factor and its variation with spillway height for a given unit discharge and step height. 

As mentioned in section 6.2, if fully developed skimming flow conditions are assumed, f 

tends to a constant value of approximately 0.25 for h = 1.0 ft and 0.20 for h = 2.0 ft. As a 

conservative approach, selecting a constant value of/= 0.25 is a good approximation for 

developed skimming flow for both h = 1.0 ft and h = 2.0 ft. Varying values of friction 

factor may also be selected from Figure 7 .1 for low values of Nh near the spillway crest, 

if desired. However, for most spillway designs, the height and length of spillway will be 

sufficient for nearly uniform bulked flow conditions and a constant value off= 0.25 is 

suggested. 

For design purposes, it is also convenient to express the bulking coefficient E in 

terms of Nhlyc. Figure 7.2 is a design chart developed from the present study that may be 

used as a guideline for selecting the magnitude of the bulking coefficient and its variation 

with spillway height for a given unit discharge and step height. As with friction factor, 

the value of e becomes constant for larger values of Nhlyc, or as the skimming flow 

becomes developed and nearly uniform. Therefore, a conservative approximation is to 

select a constant value of e = 1. 75 for both h = 1.0 ft and h = 2.0 ft. 
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Bulking Coefficient Design Charts 
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Figure 7.2 - Bulking Coefficient Design Charts, h = 1.0 ft, h = 2.0 ft 
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7.1.2 Training Wall Height 

Bulked flow depth y90 is defined as the depth at which air concentration in the 

flow is 90% and can be found using clear water depth dw, Equation (6-4), and Figure 7.2. 

It is assumed that a very small portion of the total discharge is carried above this depth. 

However, a considerable amount of splash may be projected above y90 with water 

particles ejected from the main spillway channel necessitating additional freeboard. At 

maximum flow rates tested in the present study, sidewall heights of approximately 5-ft 

above the tips of the steps, measured perpendicular to the spillway, provided freeboard of 

approximately 2.5y90, which essentially contained the entire splash within the test 

channel. Based on observations from the present study, it appears that a minimum of 

2.0y90 is required to minimize splash over the wall and contain the majority of flow. 

For values of Nh greater than approximately 10.0 ft measured vertically from the 

spillway crest (approximately station 22 ft for a 2:1 H:V slope), a freeboard of 2.0y90 is 

recommended where a small amount of splash over the wall is acceptable and 2.5y90 

where minimizing splash over the wall is critical. Channel sidewalls upstream from this 

location should be increased in a tapered fashion to match a height of approximately l .5yc 

at the spillway crest. 

7.1. 3 Design Procedure 

Based on the above discussion and the analysis outlined in Chapter 6, a hydraulic 

design procedure was developed. With knowledge of how f varies with spillway height, 

clear water depth and average velocity profiles along the length of the spillway can be 

found using the standard step method. From dw, bulked flow depth y90 can be determined 

using the bulking ratio s from equation (6-4) and Figure 7.2. Training wall heights are 
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then designed based on y90 and a factor of safety. Energy dissipation along the spillway 

can be found with H, dw and Uavg using equation (6-20) or Figure 6.20. The hydraulic 

design procedure is summarized by the following steps: 

Step 1: Known design variables: 
Total discharge Q; 
spillway width b; 
spillway slope 8 = 26.6°; 
spillway height H ; 
step height h = 1.0 ft or h = 2.0 ft. 

Step 2: Select friction factor/= 0.25. 

Step 3: Determine clear water depth dw and average velocity Uavg profiles along 
the spillway length using a backwater computation, such as the Standard Step 
Method. Assume the starting boundary condition as critical depth at the spillway 
crest with the channel bed defined as the psuedo-bottom formed by the tips of the 
steps. 

Step 4: Determine bulked flow depthy90 with E = 1.75 and design for additional 
free board. 

Step 5: Determine energy dissipation along the spillway from equation (6-20) or 
Figure 6.20. 
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7.2 Design Example 

7. 2.1 Stepped spillway example 

Step 1 : Given data: 

Total discharge, Q = 1250.0 cfs 

spillway width b = 50.0 ft 

spillway height H = 40.0 ft 

spillway slope(}= 26.6° 

Compute unit discharge q: 

= Q = 1250.0cfs = 25.0cfs/ft 
q b 50.0ft 

Compute critical depth Ye: 

(
q2 )x (25.0

2 Jx Ye= - = -- =2.69ft 
g 32.2 

Step 2: From Figure 7.1, find values of/for various Nhlyc: 

Compute Nhlyc for full spillway height: 

Step height h = 1.0 ft, N = 40 steps 

Nh I = 40(l) = 14.9 
Ye 2.69 

Step height h = 2.0 ft, N = 20 steps 

Nh I = 20(2) = 14.9 
Ye 2.69 

(7-1) 

(7-2) 

(7-3) 

(7-4) 

Since Nhlyc is sufficiently large, select a constant/= 0.25 for both h = 1.0 
ft and h = 2.0 ft. 
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Step 3: Figures 7.3 and 7.4 shows results of a Standard Step Method computation 

adapted from Chow (1959) resulting in a clear water depth of dw = 1.07 ft 

and average velocity Uavg = 23.43 ft/sat the base of the stepped spillway. 

Appendix D provides results of the stepwise computations. 

Step 4: Compute y90 with E = 1.75 for both h = 1.0 ft and h = 2.0 ft resulting in a 

maximum value of y90 = 2.05 ft at Nh = 10 ft andy90 = 1.87 ft at the base 

of the stepped spillway. Design training wall heights of 4.10 ft based on 

2.0y90, using the maximum value of y90 along the slope. Transition 

training walls upstream to match a spillway crest wall height of l.5yc = 

1.5(2.69) = 4.04 ft. 

Step 5: Compute energy dissipation at base of the spillway using clear water depth 

dw = 1.07 ft, average velocity Uavg = 23.43 ft/sand equation (6.20): 

dw cosB+ U!g 1.07 cos26.6+ (23.43)2 
____ 2_g_=l- 2(32.2) =079~79% 

3 
Ho +-ye 

2 

7. 2. 2 Smooth Spillway Comparison 

40+~(2.69) . 
2 

(7-5) 

Conditions from the design example were applied to the smooth spillway for 

comparison purposes. A friction factor off= 0.071 was selected for the smooth surface 

based on results from the present study (reference Figure 6.13). Results of the backwater 

computations are shown in Figure 7.5 with clear water depth dw = 0.72 ft and average 

velocity Uavg = 34.64 ft/s found at the base of the spillway. 
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7. 2. 3 Summary and Discussion of Results 

Results of the stepped spillway example using h = 1.0 ft and h = 2.0 ft are 

identical due to selection off= 0.25 for both step heights. This is consistent with the 

conclusions found in the present study. For a given unit discharge q, velocity and clear 

water depth varied only slightly. As shown in section 6.3, the data collapse to 

dimensionless values of d~Yc = 0.40 and Froude number Fr = 4.0, reflecting that, for a 

given skimming flow unit discharge, velocity and depth were independent of step height. 

Note that in the example results, dw and y90 are measured from the psuedo-bottom 

formed by a plane passing through the tips of the steps. Therefore, an additional height 

of hcosB perpendicular to the slope would need to be accounted for in the training wall 

design. The economic implications of this additional height as well as the number of 

steps to be constructed should be considered when selecting step height. 

If it is assumed that for both stepped and smooth spillways, the hydraulic jump 

produced at the base of the spillway is contained in a USBR Type I stilling basin, then a 

comparison of required basin lengths L can be made (Peterka, 1983). Velocity and clear 

water depth entering the basin for the stepped and smooth spillway were used to calculate 

Froude numbers of Fr = 4.0 and 7.2, respectively. From Figure 6 of USBR Monograph 

25 (Peterka, 1983 ), the ratio of hydraulic jump length (basin length L) to depth entering 

the basin can be determined. Table 7.1 gives a summary and comparison of velocities, 

flow depths, and stilling basin lengths. By using a stepped spillway, velocity entering the 

stilling basin is reduced by 32% compared to that of the smooth spillway, resulting in a 

23% increase in energy dissipation. In addition, the stilling basin length of the stepped 
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spillway 1s 27% shorter than for the smooth spillway, a potentially significant cost 

savmgs. 

Table 7.1 ~ Ste22ed s2illwa~ to smooth s2illwa~ com2arison for q_ = 25.0 cfs/ft. 
clear water average Froude Length of 

depth velocity Energy number hydraulic 
Step Unit entering entering dissipation entering Jump 

height Discharge basin basin at base of basin (basin length) 
h (ft) q (cts/ft) dw (ft) Uav~ (ft/s) sEillwa~ Fr L (ft) 

1.0 25.0 1.07 23.4 79% 4.0 29.9 
2.0 25.0 1.07 23.4 79% 4.0 29.9 

smooth 25.0 0.72 34.6 56% 7.2 41.1 
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7.2.3 Summary and Discussion of Results 

Results of the stepped spillway example using h = 1.0 ft and h = 2.0 ft are 

identical due to selection off= 0.25 for both step heights. This is consistent with the 

conclusions found in the present study. For a given unit discharge q, velocity and clear 

water depth varied only slightly. As shown in section 6.3, the data collapse to 

dimensionless values of dw/yc = 0.40 and Froude number Fr= 4.0, reflecting that, for a 

given skimming flow unit discharge, velocity and depth were independent of step height. 

Note that in the example results, dw and y90 are measured from the psuedo-bottom 

formed by a plane passing through the tips of the steps. Therefore, an additional height 

of hcosB perpendicular to the slope would need to be accounted for in the training wall 

design. The economic implications of this additional height as well as the number of 

steps to be constructed should be considered when selecting step height. 

If it is assumed that for both stepped and smooth spillways, the hydraulic jump 

produced at the base of the spillway is contained in a USBR Type I stilling basin, then a 

comparison of required basin lengths L can be made (Peterka, 1983). Velocity and clear 

water depth entering the basin for the stepped and smooth spillway were used to calculate 

Froude numbers of Fr= 4.0 and 7.2, respectively. From Figure 6 of USBR Monograph 

25 (Peterka, 1983), the ratio of hydraulic jump length (basin length L) to depth entering 

the basin can be determined. Table 7 .1 gives a summary and comparison of velocities, 

flow depths, and stilling basin lengths. By using a stepped spillway, velocity entering the 

stilling basin is reduced by 32% compared to that of the smooth spillway, resulting in a 

23% increase in energy dissipation. In addition, the stilling basin length of the stepped 
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spillway is 27% shorter than for the smooth spillway, a potentially significant cost 

savings. 

Table 7. I - Ste~~ed s~illway to smooth s~illway com~arison for q_ = 25. 0 cfs/ft. 
clear water average Froude Length of 

depth velocity Energy number hydraulic 
Step Unit entering entering dissipation entering Jump 

height Discharge basin basin at base of basin (basin length) 
h (ft) q (cfs/ft) dw (ft) Uavs_ (ft/s) s_eillwa~ Fr L (ft) 
1.0 25.0 1.07 23.4 79% 4.0 29.9 
2.0 25.0 1.07 23.4 79% 4.0 29.9 

smooth 25.0 0.72 34.6 56% 7.2 41.1 
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CHAPTERS 

SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH 

8.1 Summary 

The objective of this study was to collect and interpret data on the hydraulic 

characteristics of flow over a stepped spillway. In addition, it was desired to develop a 

procedure from which a designer could estimate the flow characteristics for a given 

design discharge and step height. Numerous tests were conducted on a simulated stepped 

spillway at the near-prototype scale overtopping research facility located at Colorado 

State University's Engineering Research Center. Construction and testing spanned two 

full years and resulted in a large amount of data from which conclusions and a design 

procedure were obtained. 

Prior to testing, an extensive review of existing literature pertaining to stepped 

spillway flow was conducted. Selection of literature focused on research conducted with 

physical scale models and on other studies having significantly contributed to the 

knowledge of stepped spillway flow. In addition, literature was reviewed covering the 

subject of self-aerated flow and the measurement of air concentration. As a result of the 

review, the need for further research was clearly established including the need for 

accurate measurement of air concentration, flow depth, velocity, and energy dissipation. 

In addition, the lack of existing prototype scale data was evident. 
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Steps fabricated from plywood and lumber were placed in the 2:1 (H:V) slope, 4 

ft wide, 100 ft long chute of the overtopping facility and tested over a range of unit 

discharges up to 30 cfs/ft. Two different step configurations were tested with an 

additional test conducted on the smooth concrete spillway with the steps removed. The 

first stepped spillway consisted of twenty-five steps of height h = 2.0 ft. The addition of 

an infill comprised the second test with fifty steps of height h = 1.0 ft. 

Instrumentation used to collect data in this study included an air concentration 

probe and a velocity probe. The probe for measuring air concentration is based on the 

difference in electrical resistivity between air and water. A square electronic waveform is 

produced indicating the ratio of air to water in the flow mixture. Velocity measurements 

were made using a back :flushing Pitot tube designed to prevent air from entering the 

system. 

Air concentration and velocity depth profiles were obtained at five locations along 

the spillway for each series of tests over a range of discharges. Detailed analyses were 

performed in order to reduce the data into a useable format. Statistical methods as well 

as subjective observations were used to remove outliers and other suspect data. Final 

data sets included averages of air concentration, clear water depth, bulked water depth, 

and velocity along the length of the spillway. Using this data, energy dissipation and 

Darcy friction factor were computed resulting in a design procedure based on selecting an 

appropriate value of friction factor for use in a water surface profile calculation. The 

procedure yields clear water flow depth and velocity at any location along the spillway 

for a given unit discharge and step height. A bulking ratio is then applied to the clear 

water depth to obtain a bulked depth profile for use in spillway training wall design. A 
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design example of a stepped spillway was provided along with a comparison to a smooth 

spillway design. 

8.2 Conclusions 

The present study is the first of its kind to gather 9ata on the hydraulic 

characteristics of stepped spillway flow at near-prototype conditions. Step heights of h = 

1.0 ft and h = 2.0 ft, which are typical of most RCC and conventional concrete stepped 

spillways, were modeled. Data were collected and analyzed that resulted in a design 

procedure important for those considering a stepped spillway. With limited required 

information, a designer can predict the hydraulic characteristics of the stepped spillway 

flow using this procedure. Design charts of Darcy friction factor f and bulking 

coefficient & (Figures 7.1 and 7.2) were produced that provide information on the relative 

magnitude of these important parameters. 

Analysis of the results in dimensionless form revealed minimal scaling effects 

between the h = 1.0 ft and h = 2.0 ft data. Near the base of the spillway where the flow is 

considered fully developed and nearly uniform, the data from both step heights tended 

towards approximately constant values of Froude number Fr= 4.0, d../yc = 0.40, and f = 

0.25. For prototype conditions similar to the present study, these values may be used as 

guidelines for design. 

Stepped spillways have the advantage over smooth spillways by significantly 

reducing velocities and increasing energy dissipation. Data from the present study 

showed average velocities near the base of the smooth spillway reduced by 30 - 40% 

using the steps resulting in an increase in energy dissipation by approximately 20% on 
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average. A design example was given with results showing a 32% reduction in stilling 

basin length using a stepped spillway versus a traditional smooth surface spillway. 

8.3 Recommendations for Future Research 

As stated previously, this study is the first of such to model steps heights of this 

size at near prototype scale. Although not addressed in this dissertation, the effects of 

scaling in small scale models have been a matter of concern in much of the literature on 

stepped spillways. Comparison of data from this study to scale model data would be of 

great value in verifying previous works. In addition, combining other data sets can be 

used to reinforce as well as improve upon existing information. 

Specialized instrumentation used for measuring air concentration and velocity 

was used in this study and provided data with a reasonable level of confidence. 

However, several complications concerning calibration and limitations of the instruments 

were encountered during the study. Refinement of the instruments themselves and 

procedures involving their use and calibration are of utmost importance for future model 

studies. 

The design procedure presented herein is based on computation of Darcy friction 

factor and the resulting design charts are adequate for use as a guideline. Preliminary 

analysis revealed that the calculation of friction factor is sensitive to all of the variables 

used in determining its value, particularly energy slope. A rigorous study of friction 

factor including a sensitivity analysis to air concentration, flow depth, and other 

important variables may be of value. 
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APPENDIX A 

AIR CONCENTRATION AND VELOCITY PROFILES 

Profiles of local air concentration c(y) and velocity u(y) are given in this 

appendix for the stepped spillway tests and the smooth spillway test. Results are 

given in tabular and graphical form. Note that tabulated values of depth and velocity 

corresponding to c(y) = 0.70 and 0.90 are interpolated or extrapolated as discussed in 

Chapter 5. 
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Stepped Spillway Tests, h = 1.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 

(cfS2 Number (ft2 (ftlsl ~cfS! Number (ft) (ftlsl 
7.1 7 0.05 0.5996 11.96 21.2 7 0.05 Q.4088 18.91 

0.10 0.7000 15.78 0.15 0.3735 20.20 
0.15 0.8171 15.78 0.25 0.4517 21.57 
0.25 0.8467 15.78 0.35 0.7000 28.35 
0.35 0.8448 15.78 0.35 0.7075 28.35 
0.45 0.8665 15.78 0.45 0.7944 28.35 
0.55 0.8966 15.78 0.55 0.8586 28.35 
0.56 0.9000 15.78 0.65 0.8719 28.35 

0.73 0.9000 28.35 
7.1 15 0.05 0.5117 14.72 

0.14 0.7000 17.65 21.2 15 0.05 0.2641 19.95 
0.15 0.7321 17.65 0.15 0.2835 21.39 
0.25 0.8453 17.65 0.25 0.4853 24.73 
0.35 0.8775 17.65 0.34 0.7000 33.75 
0.43 0.9000 17.65 0.35 0.7224 33.75 
0.45 0.9053 0.45 0.8157 33.75 
0.55 0.9059 0.55 0.8968 33.75 

0.55 0.9000 33.75 
7.1 23 0.05 0.1428 9.98 0.65 0.9625 

0.15 0.4339 11.69 
0.24 0.7000 17.93 21.2 23 0.05 0.4459 17.12 
0.25 0.7255 17.93 0.15 0.3760 20.41 
0.35 0.7788 17.93 025 0.5370 25.53 
0.45 0.8422 17.93 0.35 0.5257 22.12 
0.55 0.8618 17.93 0.45 0.6814 27.41 
0.65 0.8924 17.93 0.47 0.7000 27.80 
0.67 0.9000 17.93 0.55 0.7819 27.80 

0.65 0.8743 27.80 
7.1 31 0.05 0.3721 12.73 0.68 0.9000 27.80 

0.15 0.6856 19.91 
0.17 0.7000 20.66 21.2 31 0.05 0.0784 16.60 
0.25 0.7801 20.66 0.15 0.1359 19.59 
0.35 0.7683 20.66 0.25 02770 21.16 
0.45 0.8073 20.66 0.35 0.5073 24.46 
0.69 0.9000 20.66 0.45 0.6897 29.94 

0.46 0.7000 30.18 
7.1 39 0.05 0.1731 8.49 0.55 0.7723 30.18 

0.15 0.5490 10.88 0.65 0.8865 30.18 
022 0.7000 14.17 0.66 0.9000 30.18 
0.25 0.7590 14.17 
0.35 0.8135 14.17 21.2 39 0.05 0.1319 15.67 
0.45 0.8486 14.17 0.15 0.3602 21.02 
0.55 0.8927 14.17 0.25 0.4325 22.67 
0.59 0.9000 14.17 0.35 0.5330 21.99 
0.65 0.9123 0.45 0.6898 25.72 

0.46 0.7000 26.08 
0.55 0.7996 26.08 
0.65 0.8867 26.08 
0.67 0.9000 26.08 
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Stepped Spillway Tests, h = 1.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 

(clSl Number (ft! (ftls! (clS! Number (ft! (ftls) 
41.0 7 0.05 0.1913 18.92 60.0 7 0.05 0.1977 19.67 

0.15 0.2037 14.41 0.15 0.1704 21.30 
0.25 02228 23.81 0.25 0.1993 24.05 
0.45 0.2845 24.26 0.45 0.2160 27.00 
0.65 0.6148 27.64 0.65 0.3135 27.83 
0.71 0.7000 31.83 0.85 0.6761 39.00 
0.85 0.8798 31.83 0.87 0.7000 39.23 
0.88 0.9000 31.83 1.05 0.9073 39.23 
0.95 0.9533 

41.0 15 0.05 0.1837 23.28 60.0 15 0.05 0.1523 21.92 
0.15 0.1965 26.80 0.15 0.1623 25.23 
0.25 0.1917 26.89 0.25 0.1654 26.79 
0.35 0.2813 28.21 0.45 0.1881 28.51 
0.45 0.4118 29.87 0.65 0.3439 29.50 
0.64 0.7000 41.12 0.85 0.6390 34.78 
0.65 0.7197 41.12 0.90 0.7000 41.30 
0.75 0.8060 41.12 1.05 0.8912 41.30 
0.83 0.9000 41.12 l.15 0.9430 41.30 
0.85 0.9199 0.00 0.0000 0.00 

41.0 23 0.05 0.0344 17.14 60.0 23 0.05 0.0352 13.34 
0.15 0.0808 23.03 0.15 0.0542 23.21 
0.25 0.0837 23.96 0.25 0.0635 25.44 
0.45 0.2005 25.68 0.45 0.0986 26.49 
0.65 0.4548 28.89 0.65 0.1983 28.14 
0.75. 0.5807 28.70 0.85 0.4256 29.38 
0.82 0.7000 35.26 1.04 0.7000 38.31 
0.85 0.7507 35.26 1.05 0.7110 38.31 
0.95 0.8707 35.26 l.15 0.8488 38.31 
0.97 0.9000 35.26 1.22 0.9000 38.31 

p5 0.9216 
41.0 31 0.05 0.0656 19.57 

0.15 0.0981 23.14 60.0 31 0.05 0.0448 19.84 
0.25 0.1447 25.25 0.15 0.0709 22.92 
0.45 0.3045 27.45 0.25 0.0980 24.77 
0.65 0.5123 29.37 0.45 0.1901 27.39 
0.78 0.7000 35.64 0.65 0.2980 29.31 
0.85 0.8030 35.64 0.85 0.5696 34.88 
0.95 0.8649 35.64 0.96 0.7000 41.08 
1.00 0.9000 35.64 1.05 0.8103 41.08 

1.15 0.8956 41.08 
41.0 39 0.05 0.0256 18.65 1.16 0.9000 41.08 

0.15 0.0783 22.98 
0.25 0.1127 24.89 60.0 39 0.05 0.0139 20.67 
0.45 0.2421 26.68 0.15 0.0525 2323 
0.65 0.4565 26.49 0.25 0.0789 25.90 
0.75 0.7000 36.05 0.45 0.1170 27.98 
0.75 0.7030 36.05 0.65 0.2756 29.90 

0.85 0.8172 36.05 0.85 0.5425 34.09 

0.94 0.9000 36.05 0.95 0.7000 45.00 

0.95 0.9142 1.05 0.8458 45.00 

1.15 0.8789 45.00 

1.18 0.9000 45.00 

1.25 0.9519 
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Stepped Spillway Tests, h = 1.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 

(cfS) Number (ftl (ftls2 (cfS) Number (ft) (ft/s) 
80.0 7 0.05 02011 18.79 80.0 39 0.05 0.0139 20.75 

0.15 0.2115 20.01 0.15 0.0365 22.41 
0.25 02102 2521 0.25 0.0635 25.67 
0.45 0.1906 26.51 0.45 0.0777 29.84 
0.65 0.1855 27.20 0.65 0.1648 32.60 
0.85 0.3148 28.26 0.85 0.2958 34.28 
1.05 0.6740 30.63 1.05 0.5900 40.19 
1.09 0.7000 30.82 l.13 0.7000 42.25 
1.25 0.8174 30.82 1.15 0.7196 42.25 
1.31 0.9000 30.82 1.25 0.8149 42.25 
1.35 0.9643 1.34 0.9000 42.25 

80.0 15 0.05 0.1134 24.22 100.0 7 0.05 0.2146 19.19 
0.15 0.1152 27.13 0.15 0.2072 20.40 
025 0.1191 26.35 025 0.1764 2326 
0.45 0.1229 30.40 0.45 0.2027 26.10 
0.65 0.1958 31.83 0.65 0.1729 28.37 
0.85 0.4287 32.06 0.85 0.2012 30.56 
1.02 0.7000 33.97 1.05 0.2901 31.66 
1.05 0.7377 33.97 1.25 0.6781 36.02 
1.15 0.8764 33.97 1.27 0.7000 37.62 
120 0.9000 33.97 1.45 0.8638 37.62 
1.25 0.9405 1.49 0.9000 37.62 

1.55 0.9503 
80.0 23 0.05 0.0207 13.14 

0.15 0.0324 23.95 100.0 15 0.05 0.0743 21.45 
025 0.0449 24.83 0.15 0.0727 24.17 
0.45 0.0578 27.79 0.25 0.0566 26.09 
0.65 0.1229 30.51 0.45 0.0485 29.70 
0.85 0.2862 33.10 0.65 0.0882 32.74 
1.05 0.5098 34.92 0.85 0.3021 34.15 
1.15 0.5799 34.58 1.05 0.6718 41.25 
1.20 0.7000 41.68 1.07 0.7000 43.38 
1.25 0.8054 41.68 1.25 0.9094 43.38 
1.35 0.8980 41.68 1.35 0.9723 
1.35 0.9000 41.68 1.45 0.9690 

0.00 0.0000 
80.0 31 0.05 0.0245 19.49 

0.15 0.0472 22.29 100.0 23 0.05 0.0059 10.73 
0.25 0.0451 23.27 0.15 0.0273 22.95 
0.45 0.1065 27.76 0.25 0.0243 24.69 
0.65 0.1407 29.17 0.45 0.0435 28.67 
0.85 0.3445 32.61 0.65 0.0754 30.86 
1.05 0.6090 39.18 0.85 0.1659 33.10 
1.14 0.7000 42.59 1.05 0.3151 33.90 
1.25 0.8194 42.59 1.25 0.6432 37.86 
1.34 0.9000 42.59 1.28 0.7000 40.34 
1.35 0.9086 1.35 0.8268 40.34 

1.43 0.9000 40.34 
1.45 0.9140 
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Stepped Spillway Tests, h = 1.0 ft 

Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) 

(ciS~ Number (fti (ft/s) 
100.0 31 0.05 0.0203 20.30 

0.15 0.0531 21.83 
0.25 0.0478 23.99 
0.45 0.0573 29.07 
0.65 0.1604 31.20 
0.85 0.2081 33.43 
1.05 0.4234 36.65 
1.25 0.6464 40.43 
l.30 0.7000 46.45 
l.45 0.8733 46.45 
l.49 0.9000 46.45 
1.55 0.9447 

100.0 39 0.05 0.0196 18.27 
0.15 0.0582 25.08 
0.25 0.0475 27.77 
0.45 0.0587 3IJ9 
0.65 0.0855 33.60 
0.85 0.1963 38.42 
1.05 0.3474 37.80 
1.25 0.6174 39.73 
l.31 0.7000 42.95 
l.35 0.7543 42.95 
l.45 0.8569 42.95 
l.49 0.9000 42.95 
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Stepped Spillway Tests, h = 2.0 ft 

Discharge 
(cfs) 

20.0 

20.0 

20.0 

20.0 

20.0 

40.0 

Step 
Nwnber 

4 

8 

12 

16 

20 

4 

Depth 
y 

(ft) 
0.05 
0.25 
0.45 
0.56 
0.65 
0.85 
1.05 
1.25 

0.05 
0.15 
0.25 
0.35 
0.45 
0.55 
0.57 
0.65 
1.00 

0.05 
0.17 
0.37 
0.48 
0.57 
0.77 
0.89 
0.97 

0.05 
0.15 
0.25 
0.35 
0.45 
0.45 
0.55 
0.65 
0.97 

0.05 
0.15 
0.25 
0.35 
0.38 
0.45 
0.55 
0.65 
0.74 
0.75 

0.05 
0.25 
0.45 
0.65 
0.77 
0.85 
1.05 
1.06 

Air Cone. 
c(y) 

0.2109 
0.4682 
0.5784 
0.7000 
0.8024 
0.8231 
0.7862 
0.7873 

0.9080 
0.0756 
0.2411 
0.3584 
0.6134 
0.6781 
0.7000 
0.8134 
0.9000 

0.0691 
0.1553 
0.5820 
0.7000 
0.8050 
0.8747 
0.9000 
0.9185 

0.0919 
0.1178 
0.3580 
0.5469 
0.6970 
0.7000 
0.7813 
0.8097 
0.9000 

0.2246 
0.3234 
0.4358 
0.6707 
0.7000 
0.7768 
0.8231 
0.8677 
0.9000 
0.9018 

0.2262 
0.0914 
0.1686 
0.5273 
0.7000 
0.8050 
0.8951 
0.9000 

Velocity 
u(y) 
(ft/s) 

10.71 
12.42 
14.82 
21.96 
21.96 
21.96 
21.96 
21.96 

36.35 
14.91 
16.43 
17.16 
21.64 
20.06 
21.11 
21.l l 
21.11 

13.31 
14.49 
18.67 
23.72 
23.72 
23.72 
23.72 

11.04 
14.80 
17.11 
18.24 
22.07 
22.07 
22.07 
22.07 
22.07 

15.93 
17.31 
18.35 
23.46 
24.46 
24.46 
24.46 
24.46 
24.46 

14.89 
15.58 
15.78 
16.59 
18.88 
18.88 
18.88 
18.88 
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Discharge 
(cfs) 

40.0 

40.0 

40.0 

40.0 

40.0 

Step 
Nwnber 

4 

8 

12 

16 

16 

Depth 
y 

(ft) 
0.05 
0.25 
0.45 
0.65 
0.75 
0.85 
1.03 
1.05 

Air Cone. 
c(y) 

0.0634 
0.1089 
0.1858 
0.5585 
0.7000 
0.8399 
0.9000 
0.9085 

1.25 0.9378 

0.05 
0.15 
0.25 
0.35 
0.45 
0.55 
0.65 
0.75 
0.75 
0.85 
0.95 
1.30 

0.05 
0.17 
0.37 
0.57 
0.72 
0.77 
0.97 
1.17 
1.19 
1.37 

0.05 
0.15 
0.25 
0.35 
0.45 
0.55 
0.65 
0.72 
0.75 
0.85 
0.95 
1.05 
1.06 

0.05 
0.15 
0.25 
0.35 
0.45 
0.55 
0.61 
0.65 
0.75 
0.85 
0.95 
1.05 

0.9030 
0.0456 
0.0660 
0.1160 
0.1235 
0.3383 
0.5001 
0.6992 
0.7000 
0.8230 
0.8327 
0.9000 

0.0371 
0.0808 
0.2280 
0.5636 
0.7000 
0.7462 
0.8540 
0.8969 
0.9000 
0.9377 

0.1197 
0.0850 
0.1129 
0.1642 
0.3295 
0.4620 
0.6602 
0.7000 
0.7157 
0.7370 
0.8244 
0.8949 
0.9000 

0.1073 
0.2041 
0.2231 
0.3118 
0.4708 
0.6030 
0.7000 
0.7565 
0.7978 
0.8251 
0.8628 
0.9000 

Velocity 
u(y) 
(ft/s) 

31.43 
32.39 
34.21 
47.97 
79.34 
79.34 
79.34 

24.61 
17.44 
18.55 
20.54 
20.70 
21.85 

26.07 
26.07 
26.07 
26.07 

18.69 
20.14 
21.57 
26.00 
32.27 
32.27 
32.27 
32.27 
32.27 

18.72 
20.31 
22.23 
23.69 
24.47 
24.85 
32.12 
30.38 
30.38 
30.38 
30.38 
30.38 
30.38 

21.28 
24.55 
25.98 
25.62 
28.94 
32.06 
36.06 
36.06 
36.06 
36.06 
36.06 
36.06 



Stepped Spillway Tests, h = 2.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 

(cfs) Number (ft) (ft/s) (cfs) Number (ft) (ft/s) 
40.0 20 0.05 0.1875 23.00 60.0 16 0.05 0.0617 9.82 

0.15 0.1900 24.14 0.15 0.0465 18.28 

0.25 0.2428 26.31 0.25 0.0495 19.88 

0.35 0.3514 28.71 0.45 0.0727 22.31 

0.45 0.5411 32.61 0.65 0.1975 25.18 

0.55 0.6483 34.15 0.75 0.4129 27.76 

0.60 0.7000 36.81 0.85 0.5979 31.64 

0.65 0.7561 36.81 0.94 0.7000 31.12 

0.75 0.7978 36.81 0.95 0.7078 31.12 

0.85 0.8228 36.81 1.05 0.7853 31.12 

0.95 0.8730 36.81 1.15 0.8444 31.12 

1.00 0.9000 36.81 1.25 0.8826 31.12 

1.30 0.9000 31.12 

60.0 4 0.05 0.0255 20.26 
0.25 0.6173 20.68 60.0 16 0.05 0.0794 24.03 

0.45 0.0583 22.32 0.15 0.1069 22.40 

0.65 0.0916 21.13 0.25 0.1094 23.57 

0.85 0.5254 21.13 0.45 0.1440 25.69 

0.94 0.7000 21.13 0.65 0.3495 29.03 

1.05 0.8951 21.13 0.75 0.4705 29.13 

1.08 0.9000 21.13 0.85 0.6569 37.75 

1.25 0.9294 0.90 0.7000 38.78 

0.95 0.7512 38.78 

60.0 4 0.05 0.1245 28.15 1.05 0.8352 38.78 

0.15 0.0276 32.35 1.15 0.8729 38.78 

0.25 0.0256 31.25 1.22 0.9000 38.78 

0.45 0.0646 34.18 

0.65 0.2644 37.99 60.0 20 0.05 0.1104 21.97 

0.85 0.6557 60.86 0.15 0.1531 22.96 

0.89 0.7000 74.59 0.25 0.1625 24.13 

1.05 0.8623 74.59 0.45 0.1796 26.17 

1.25 0.8767 74.59 0.65 0.3495 28.50 

1.30 0.9000 74.59 0.75 0.5648 32.58 

0.84 0.7000 36.90 

60.0 8 0.05 0.4010 9.17 0.85 0.7143 36.90 

0.15 0.0354 19.93 0.95 0.7978 36.90 

0.25 0.0400 21.45 1.05 0.8531 36.90 

0.45 0.0492 21.67 1.15 0.8897 36.90 

0.65 0.1209 24.87 1.18 0.9000 36.90 

0.75 0.3446 25.63 

0.85 0.4729 27.29 60.0 20 0.05 0.1232 4.66 

0.95 0.6800 27.21 0.25 0.0300 18.83 

0.97 0.7000 28.33 0.45 0.0550 21.21 

1.05 0.7922 28.33 0.65 0.2691 24.06 

l.15 0.8760 28.33 0.85 0.6159 31.47 

l.18 0.9000 28.33 0.95 0.7000 37.57 

1.05 0.7877 37.57 

60.0 12 0.05 0.3074 8.39 1.25 0.8773 37.57 

0.13 0.0103 22.81 1.32 0.9000 37.57 

0.25 0.0289 20.98 1.45 0.9467 

0.45 0.0479 22.59 

0.65 0.1346 24.48 

0.85 0.4603 28.57 

1.01 0.7000 39.41 

1.05 0.7556 39.41 

1.25 0.8725 39.41 

1.33 0.9000 39.41 

1.45 0.9415 
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Stepped Spillway Tests, h = 2.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 
Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 

(cfs) Nmnber (ft) (ft/s) (cfs) Nwnber (ft) (ft/s) 
80.0 4 0.05 0.0106 14.21 80.0 16 0.05 0.1533 5.36 

0.15 0.0037 20.65 0.15 0.0714 25.37 
0.25 0.0044 22.11 0.25 0.1045 28.64 
0.45 0.0073 23.65 0.45 0.1487 31.32 
0.65 0.0144 23.59 0.65 0.1825 33.23 
0.85 0.1383 24.60 0.85 0.4510 40.61 
0.95 0.2094 22.21 0.95 0.5111 38.45 
1.05 0.5499 23.90 1.05 0.6533 47.89 
1.15 0.6320 17.59 1.08 0.7000 53.25 
1.17 0.7000 22.91 1.15 0.8069 53.25 
1.24 0.9000 22.91 1.25 0.8316 53.25 
1.25 0.9332 l.35 0.8835 53.25 

1.39 0.9000 53.25 
80.0 4 0.05 0.0284 18.61 1.45 0.9209 

0.25 0.0026 20.01 1.55 0.9436 
0.45 0.0058 24.39 1.65 0.9669 
0.65 0.0505 21.60 
0.85 0.0752 21.83 80.0 20 0.05 0.1163 27.45 
1.05 0.3555 26.94 0.15 0.1719 27.81 
1.44 0.9000 0.25 0.1561 31.46 

0.45 0.1886 34.26 
80.0 8 0.05 0.0520 0.65 0.2715 39.05 

0.15 0.0264 21.33 0.85 0.4533 42.03 
0.25 0.0267 22.31 0.95 0.5803 47.63 
0.45 0.0304 25.09 1.05 0.6894 52.52 
0.65 0.0527 27.27 1.06 0.7000 53.58 
0.85 0.3242 29.85 1.15 0.7910 53.58 
0.95 0.5138 31.41 1.25 0.8320 53.58 
1.05 0.6458 34.76 1.35 0.8860 53.58 
1.13 0.7000 35.08 l.38 0.9000 53.58 
1.15 0.7177 35.08 1.45 0.9329 
1.25 0.8276 35.08 1.55 0.9597 
1.35 0.8382 35.08 
1.55 0.9000 35.08 80.0 20 0.05 0.0080 23.16 

0.25 0.0506 23.87 
80.0 12 0.05 0.0809 9.10 0.45 0.0669 26.91 

0.13 0.0065 25.31 0.65 0.1677 31.32 
0.25 0.0236 23.35 0.85 0.3831 33.91 
0.45 0.0329 26.34 1.05 0.6045 40.95 
0.65 0.0622 28.57 1.15 0.7000 49.30 
0.85 0.2721 31.21 1.25 0.8030 49.30 
1.05 0.5707 36.30 1.45 0.9000 49.30 
1.17 0.7000 46.86 1.45 0.9025 
1.25 0.7879 46.86 1.65 0.9631 
1.44 0.9000 46.86 
1.45 0.9032 100.0 4 0.05 0.0029 18.72 
1.65 0.9598 0.15 0.0014 21.56 

0.25 0.0019 21.66 
0.45 0.0026 24.06 
0.65 0.0085 24.62 
0.85 0.0173 25.77 
0.95 0.1114 25.91 
1.05 0.2375 27.02 
1.15 0.4835 28.38 
1.25 0.5680 26.32 
1.32 0.7000 31.41 
1.35 0.7541 31.41 
1.45 0.8322 31.41 
1.54 0.9000 31.41 
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Stepped Spillway Tests, h = 2.0 ft 

Depth Air Cone. Velocity Depth Air Cone. Velocity 

Discharge Step y c(y) u(y) Discharge Step y c(y) u(y) 
(cfs) Number (ft) (ft/s) (cfs) Number (ft) (ft/s) 

100.0 8 0.05 0.0654 100.0 20 0.05 0.0045 25.23 
0.15 0.0096 21.85 0.25 0.0446 27.09 
0.25 0.0209 23.26 0.45 0.0500 30.43 
0.45 0.0132 25.68 0.65 0.0713 33.62 
0.65 0.0248 27.98 0.85 0.1900 35.31 
0.85 0.1069 29.49 1.05 0.4225 37.47 
0.95 0.4568 36.12 1.25 0.6803 47.29 
1.05 0.4358 27.99 1.27 0.7000 50.04 
1.15 0.5121 27.26 1.45 0.8488 50.04 
1.24 0.7000 33.33 1.51 0.9000 50.04 
1.25 0.7247 33.33 
1.35 0.7856 33.33 116.0 4 0.05 0.0015 19.01 
1.45 0.8431 33.33 0.15 0.0009 20.23 
1.55 0.9000 33.33 0.25 0.0015 21.40 

0.45 0.0014 23.74 
100.0 12 0.05 0.0513 9.47 0.65 0.0010 24.98 

0.13 0.0056 26.33 0.85 0.0106 25.68 
0.25 0.0158 24.49 0.95 0.0329 26.43 
0.45 0.0204 28.00 1.05 0.0449 26.48 
0.65 0.0297 31.13 1.15 0.2554 28.39 
0.85 0.0905 32.75 1.25 0.3072 26.54 
1.05 0.3671 34.70 1.35 0.5839 31.24 
1.25 0.6564 43.66 1.43 0.7000 31.01 
1.30 0.7000 49.56 1.45 0.7316 31.01 
1.45 0.8454 49.56 1.55 0.8247 31.01 
1.62 0.9000 49.56 1.65 0.8843 31.01 
1.65 0.9092 I.68 0.9000 31.01 
1.85 0.9560 

116.0 8 0.05 0.0751 
100.0 16 0.05 0.0740 27.61 0.15 0.0057 22.53 

0.15 0.0655 28.54 0.25 0.0047 23.17 
0.25 0.0781 28.91 0.45 0.0062 26.44 
0.45 0.0782 32.82 ,Q.65 0.0169 28.62 
0.65 0.1027 36.22 : 0.85 0.0973 31.08 
0.85 0.2814 40.28 ·0.95 0.1526 30.57 
1.05 0.4280 41.32 1.05 0.3017 31.51 
1.15 0.6525 52.42 1.15 0.5426 33.63 
1.20 0.7000 56.46 1.25 0.6908 36.91 
1.25 0.7437 56.46 1.26 0.7000 37.51 
1.35 0.7982 56.46 1.35 0.7962 37.51 
1.45 0.8753 56.46 1.45 0.8079 37.51 
1.55 0.8860 56.46 1.54 0.9000 37.51 
1.57 0.9000 56.46 1.55 0.9122 
1.65 0.9532 

116.0 16 0.05 0.0842 18.56 
100.0 20 0.05 0.1308 28.38 0.15 0.0519 29.35 

0.15 0.1356 30.11 0.25 0.0574 29.68 
0.25 0.1522 32.77 0.45 0.0782 35.34 
0.45 0.1701 37.51 0.65 0.0638 37.IS 
0.65 0.2082 41.98 0.85 0.1293 38.94 
0.85 0.3170 43.59 I.OS 0.3335 42.41 

1.05 0.5131 45.09 1.25 0.5803 41.75 

1.15 0.6555 51.80 1.35 0.6898 52.41 

1.20 0.7000 54.87 1.36 0.7000 52.94 

1.25 0.7541 54.87 1.45 0.7739 52.94 

1.35 0.8436 54.87 1.55 0.8770 52.94 

1.45 0.8787 54.87 1.65 0.8974 52.94 

1.50 0.9000 54.87 1.66 0.9000 52.94 

1.55 0.9249 1.75 0.9190 
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Stepped Spillway Tests, h = 2.0 ft 

Depth Air Cone. Velocity 

Discharge Step y c(y) u(y) 

(cfs~ Number (ft~ (ft/s) 

116.0 20 0.05 0.1584 27.80 
0.15 0.1392 31.48 
0.25 0.1249 33.20 
0.45 0.1315 38.38 
0.65 0.1318 41.94 
0.85 0.2062 43.32 
1.05 0.3864 45.07 
1.25 0.6568 54.24 

1.33 0.7000 50.91 
1.35 0.7092 50.91 
1.45 0.8146 50.91 

l.55 0.8812 50.91 

l.59 0.9000 50.91 
1.65 0.9296 
l.75 0.9495 

121.0 4 0.05 0.0003 21.10 
0.25 0.0008 23.56 
0.45 0.0007 26.26 
0.65 0.0009 27.45 

0.85 0.0065 28.32 
1.05 0.0480 29.30 
1.25 0.3675 32.19 
1.45 0.6590 40.37 

1.51 0.7000 43.59 
1.65 0.8001 43.59 
1.85 0.8675 43.59 
2.00 0.9000 43.59 

121.0 12 0.05 0.0325 10.40 
0.13 0.0027 25.94 
0.25 0.0075 26.55 
0.45 0.0157 28.96 
0.65 0.0151 32.27 
0.85 0.0335 34.03 
1.05 0.1651 34.56 
1.25 0.4226 36.04 
1.44 0.7000 49.06 
1.45 0.7104 49.06 
1.65 0.8460 49.06 
1.78 0.9000 49.06 
1.85 0.9284 

121.0 12 0.05 0.1149 7.28 
0.26 0.0387 29.38 
0.46 0.0398 33.22 
0.66 0.0465 34.77 
0.86 0.0980 37.01 
1.06 0.2603 38.03 
1.26 0.5806 43.90 
1.38 0.7000 51.62 
1.46 0.7838 51.62 

1.65 0.9000 51.62 

1.66 0.9043 
1.86 0.9480 
2.06 0.9787 
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Smooth Spillway Tests 

Station Depth Air Cone. Velocity Station Depth Air Cone. Velocity 

Discharge s y c(y) u(y) Discharge y c(y) u(y) 
(cfs) (ft~ (ft) (ft/s) (cfs) (ft) (ft) (ft/s) 

20.0 10.5 0.08 0.0012 23.02 40.0 30.9 0.08 0.0013 29.32 
0.13 0.0027 24.17 0.13 0.0013 32.35 
0.18 0.0995 24.53 0.18 0.0018 34.43 
0.23 0.1961 20.18 0.23 0.0026 35.50 
0.28 0.7000 23.19 0.28 0.0503 35.33 
0.28 0.7370 23.41 0.33 0.6058 42.24 
0.30 0.9000 0.36 0.7000 40.79 

0.38 0.8126 39.07 
20.0 30.9 0.08 0.0070 26.15 0.41 0.9000 35.97 

0.13 0.0285 28.07 0.43 0.9789 33.18 
0.18 0.2104 23.69 
0.23 0.4428 17.32 40.0 48.7 0.08 0.0012 30.56 
0.27 0.7000 29.18 0.13 0.0025 34.23 
0.28 0.8303 35.19 0.18 0.0047 36.37 
0.29 0.9000 0.23 0.0109 37.81 

0.28 0.0577 38.61 
20.0 48.7 0.08 0.0184 27.57 0.33 0.1688 38.46 

0.13 0.1070 31.32 0.38 0.5069 37.25 
0.18 0.2984 35.92 0.42 0.7000 45.91 
0.23 0.5025 39.18 0.43 0.7919 50.03 
0.27 0.7000 44.74 0.45 0.9000 
0.28 0.7378 45.80 
0.33 0.7589 28.66 40.0 66.6 0.08 0.0061 33.69 
0.33 0.8125 16.97 0.13 0.0270 37.09 
0.36 0.9000 0.18 0.0439 38.29 

0.23 0.0872 39.75 
20.0 66.6 0.08 0.0643 27.86 0.28 0.2412 40.76 

0.13 0.0923 31.10 0.33 0.5586 42.79 
0.18 0.2109 33.74 0.36 0.7000 49.39 
0.23 0.5789 39.97 0.38 0.7921 53.69 
0.26 0.7000 39.76 0.43 0.9043 35.97 
0.28 0.8046 39.58 
0.32 0.9000 31.59 40.0 84.5 10.08 0.0127 32.33 
0.33 0.9494 27.46 :0.13 0.0265 36.99 

:0.18 0.0505 38.72 
20.0 84.5 0.08 0.0786 28.66 0.23 0.0672 40.10 

0.13 0.0833 30.65 0.28 0.1200 41.92 
0.18 0.1661 34.21 0.33 0.1927 42.06 
0.23 0.3086 36.18 0.38 0.3654 42.07 
0.28 0.4487 34.25 0.43 0.6107 48.72 
0.33 0.7000 31.64 0.46 0.7000 46.35 
0.33 0.7100 31.53 0.48 0.7941 43.85 
0.38 0.8927 21.99 0.53 0.9019 48.03 
0.38 0.9000 

60.0 10.5 0.08 0.0013 25.57 
40.0 10.5 0.08 0.0007 23.99 0.13 0.0012 26.13 

0.13 0.0007 25.84 0.18 0.0012 26.56 
0.18 0.0013 26.19 0.28 0.0012 27.53 
0.23 0.0017 26.87 0.38 0.0014 27.94 
0.28 0.0016 26.80 0.43 0.0014 27.63 
0.33 0.0020 26.90 0.48 0.0015 27.82 
0.38 0.0026 26.91 0.53 0.0030 27.64 
0.43 0.0605 25.41 0.58 0.0721 25.19 
0.48 0.3157 21.06 0.63 0.1703 23.64 
0.53 0.7000 27.13 0.68 0.6021 25.01 
0.53 0.7623 28.11 0.72 0.9000 
0.55 0.9000 
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Smooth Spillway Tests 

Station Depth Air Cone. Velocity Station Depth Air Cone. Velocity 

Discharge y c(y) u(y) Discharge s y c(y) u(y) 
(cfs) (ft~ (ft) (ft/s~ (cfs) (ft) (ft) (ft/s) 

60.0 30.9 0.08 0.0012 29.00 80.0 30.9 0.08 0.0009 28.46 
0.13 0.0012 31.88 0.13 0.0009 32.52 
0.18 0.0012 33.81 0.18 0.0009 33.67 
0.28 0.0012 36.38 0.28 0.0009 36.84 
0.38 0.0012 37.61 0.38 0.0009 37.53 
0.43 0.0040 37.87 0.48 0.0025 38.44 
0.48 0.2732 34.40 0.53 0.0212 37.70 
0.53 0.7000 37.20 0.58 0.2910 41.41 
0.53 0.7201 37.33 0.63 0.4960 42.33 
0.55 0.9000 0.73 0.9777 41.06 

60.0 48.7 0.08 0.0011 31.41 80.0 48.7 0.08 0.0012 31.20 
0.13 0.0012 34.81 0.13 0.0011 35.11 
0.18 0.0014 37.35 0.18 0.0010 38.04 
0.28 0.0053 42.12 0.28 0.0009 42.52 
0.38 0.0662 42.94 0.38 0.0016 43.43 
0.43 0.3678 42.43 0.48 0.0067 42.95 
0.48 0.5270 40.72 0.53 0.1786 39.42 
0.51 0.7000 42.59 0.58 0.4193 35.16 
0.53 0.8139 43.82 0.63 0.7000 33.43 
0.55 0.9000 0.63 0.7081 33.38 

0.67 0.9000 
60.0 66.6 0.08 0.0009 34.77 

0.13 0.0027 39.58 80.0 66.6 0.08 0.0013 34.25 
0.18 0.0096 41.58 0.13 0.0014 39.81 
0.28 0.0376 43.16 0.18 0.0018 42.58 
0.38 0.2049 41.54 0.28 0.0038 46.33 
0.43 0.4448 40.11 0.38 0.0308 46.43 
0.48 0.7000 43.78 0.48 0.1116 42.59 
0.48 0.7263 44.16 0.53 0.5779 41.11 
0.53 0.8694 39.74 0.58 0.7000 37.23 
0.54 0.9000 0.58 0.7023 37.16 

0.63 0.8563 25.21 
60.0 84.5 0.08 0.0017 35.49 0.65 0.9000 

0.13 0.0042 38.49 
0.18 0.0098 40.25 80.0 84.5 0.08 0.0008 35.09 
0.23 0.0130 42.14 0.13 0.0010 39.48 
0.28 0.0321 43.49 0.18 0.0019 43.49 
0.33 0.0553 44.63 0.23 0.0031 45.00 
0.38 0.1015 45.45 0.28 0.0075 45.95 
0.43 0.2245 46.26 0.33 0.0173 48.51 
0.48 0.3638 46.89 0.38 0.0409 48.89 
0.53 0.5467 47.26 0.43 0.0748 48.89 
0.56 0.7000 52.31 0.48 0.1440 48.59 
0.58 0.7870 55.17 0.53 0.2230 47.69 
0.61 0.9000 0.58 0.4298 46.02 

0.63 0.6322 48.29 
80.0 10.5 0.08 0.0010 23.89 0.66 0.7000 46.90 

0.13 0.0010 27.15 0.68 0.7759 45.33 
0.18 0.0010 26.52 0.73 0.9000 
0.28 0.0011 28.02 
0.38 0.0019 28.30 
0.48 0.0011 28.49 
0.58 0.0016 28.82 
0.63 0.0108 28.69 
0.68 0.0086 28.55 
0.73 0.0626 26.90 
0.78 0.1122 22.22 
0.83 0.3596 13.74 
0.94 0.9000 
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APPENDIXB 

AVERAGE AIR CONCENTRATION, AVERAGE VELOCITY, AND CLEAR 

WATER DEPTH VERSUS STATION ALONG THE SPILLWAY 

Profiles along the length of the spillway of average air concentration C, 

average velocity U avg, and clear water depth dw are given in this appendix for the 

stepped spillway tests and the smooth spillway test. Results are given in tabular and 

graphical form versus step number and station along the spillway. 
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Stepped Spillway Tests, h = 1.0 ft 

Average Bulked Clear Water 
Unit Critical Step Station Elevation Average Velocity Depth Depth 

Discharge Discharge Depth, ye Number s H Air Cone. UB'l!I Yeo cfw =y90(1-C) 
(cfs) (cfs/ft) (ft) N (ft) (ft) c (ft/s) (ft) (ft) 

7.1 1.78 0.46 0.0 0 0.0000 3.85 0.46 0.46 
7.1 1.78 0.46 7 13.4 6 0.8262 18.21 0.56 0.10 
7.1 1.78 0.46 15 31.3 14 0.7853 19.18 0.43 0.09 
7.1 1.78 0.46 23 49.2 22 0.7013 8.81 0.67 0.20 
7.1 1.78 0.46 31 67.1 30 0.7610 10.80 0.69 0.16 
7.1 1.78 0.46 39 85.0 38 0.7142 10.57 0.59 0.17 

21.2 5.30 0.96 1 0.0 0 0.0000 5.55 0.96 0.96 
21.2 5.30 0.96 7 13.4 6 0.6669 21.80 0.73 0.24 
21.2 5.30 0.96 15 31.3 14 0.6361 26.25 0.55 0.20 
21.2 5.30 0.96 23 49.2 22 0.6067 19.88 0.68 0.27 
21.2 5.30 0.96 31 67.1 30 0.4855 15.56 0.66 0.34 
21.2 5.30 0.96 39 85.0 38 0.5625 18.21 0.67 0.29 
41.0 10.25 1.48 1 0.0 0 0.0000 6.91 1.48 1.48 
41.0 10.25 1.48 7 13.4 6 0.4298 20.49 0.88 0.50 
41.0 10.25 1.48 15 31.3 14 0.4557 22.62 0.83 0.45 
41.0 10.25 1.48 23 49.2 22 0.3559 16.33 0.97 0.63 
41.0 10.25 1.48 31 67.1 30 0.4273 17.90 1.00 0.57 
41.0 10.25 1.48 39 85.0 38 0.3697 17.39 0.94 0.59 
60.0 15.00 1.91 1 0.0 0 0.0000 7.85 1.91 1.91 
60.0 15.00 1.91 7 13.4 6 0.2980 20.35 1.05 0.74 
60.0 15.00 1.91 15 31.3 14 0.4215 24.70 1.05 0.61 
60.0 15.00 1.91 23 49.2 22 0.3177 18.01 1.22 0.83 
60.0 15.00 1.91 31 67.1 30 0.3678 20.54 1.16 0.73 
60.0 15.00 1.91 39 85.0 38 0.3555 19.74 1.18 0.76 
80.0 20.00 2.32 1 0.0 0 0.0000 8.64 2.32 2.32 
80.0 20.00 2.32 7 13.4 6 0.3708 24.33 1.31 0.82 
80.0 20.00 2.32 15 31.3 14 0.3319 25.03 1.20 0.80 
80.0 20.00 2.32 23 49.2 22 0.2813 20.58 1.35 0.97 
80.0 20.00 2.32 31 67.1 30 0.3196 21.93 1.34 0.91 
80.0 20.00 2.32 39 85.0 38 0.3097 21.63 1.34 0.92 

100.0 25.00 2.69 1 0.0 0 0.0000 9.30 2.69 2.69 
100.0 25.00 2.69 7 13.4 6 0.3400 25.39 1.49 0.98 
100.0 25.00 2.69 15 31.3 14 0.2771 23.85 1.45 1.05 
100.0 25.00 2.69 23 49.2 22 0.2435 23.05 1.43 1.08 
100.0 25.00 2.69 31 67.1 30 0.3013 24.06 1.49 1.04 
100.0 25.00 2.69 39 85.0 38 0.2769 23.17 1.49 1.08 
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Stepped Spillway Tests, h = 2.0 ft 

Average Bulked Clear Water 
Unit Critical Step Station Elevation Average Velocity Depth Depth 

Discharge Discharge Depth, ye Number s H Air Cone. Uavg Y90 dw =y90(1-C) 
(cfs) (cfs/ft) (ft) N (ft) (ft) c (ftls) (ft) (ft) 

20.0 5.00 0.92 1 0.0 0 0.0000 5.44 0.92 0.92 
20.0 5.00 0.92 4 13.4 6 0.5178 9.87 1.05 0.51 
20.0 5.00 0.92 8 31.3 14 0.6275 13.42 1.00 0.37 
20.0 5.00 0.92 12 49.2 22 0.5941 13.91 0.89 0.36 
20.0 5.00 0.92 16 67.1 30 0.6180 13.50 0.97 0.37 
20.0 5.00 0.92 20 85.0 38 0.6352 18.41 0.74 0.27 
40.0 10.00 1.46 1 0.0 0 0.0000 6.85 1.46 1.46 
40.0 10.00 1.46 4 13.4 6 0.5039 19.00 1.06 0.53 
40.0 10.00 1.46 8 31.3 14 0.5337 16.50 1.30 0.61 
40.0 10.00 1.46 12 49.2 22 0.5258 17.79 1.19 0.56 
40.0 10.00 1.46 16 67.1 30 0.5291 20.17 1.05 0.50 
40.0 10.00 1.46 20 85.0 38 0.5617 22.73 1.00 0.44 
60.0 15.00 1.91 1 0.0 0 0.0000 7.85 1.91 1.91 
60.0 15.00 1.91 4 13.4 6 0.2490 18.52 1.08 0.81 
60.0 15.00 1.91 8 31.3 14 0.3247 18.84 1.18 0.80 
60.0 15.00 1.91 12 49.2 22 0.3691 17.88 1.33 0.84 
60.0 15.00 1.91 16 67.1 30 0.4018 19.92 1.26 0.75 
60.0 15.00 1.91 20 85.0 38 0.4399 22.73 1.18 0.66 
80.0 20.00 2.32 1 0.0 0 0.0000 8.64 2.32 2.32 
80.0 20.00 2.32 4 13.4 6 0.1702 19.45 1.24 1.03 
80.0 20.00 2.32 8 31.3 14 0.3738 20.61 1.55 0.97 
80.0 20.00 2.32 12 49.2 22 0.3307 20.69 1.44 0.97 
80.0 20.00 2.32 16 67.1 30 0.4155 24.55 1.39 0.81 
80.0 20.00 2.32 20 85.0 38 0.4261 24.12 1.45 0.83 

100.0 25.00 2.69 1 0.0 0 0.0000 9.30 2.69 2.69 
100.0 25.00 2.69 4 13.4 6 0.2271 21.05 1.54 1.19 
100.0 25.00 2.69 8 31.3 14 0.3196 23.72 1.55 1.05 
100.0 25.00 2.69 12 49.2 22 0.3149 22.51 1.62 1.11 
100.0 25.00 2.69 16 67.1 30 0.3607 24.89 1.57 1.00 
100.0 25.00 2.69 20 85.0 38 0.3937 27.56 1.50 0.91 
116.0 29.00 2.97 1 0.0 0 0.0000 9.77 2.97 2.97 
116.0 29.00 2.97 4 13.4 6 0.2141 22.01 1.68 1.32 
116.0 29.00 2.97 8 31.3 14 0.2769 26.07 1.54 1.11 
116.0 29.00 2.97 16 67.1 30 0.3367 26.30 1.66 1.10 
116.0 29.00 2.97 20 85.0 38 0.3518 28.16 1.59 1.03 
121.0 30.25 3.05 1 0.0 0 0.0000 9.91 3.05 3.05 
121.0 30.25 3.05 4 13.4 6 0.3057 21.78 2.00 1.39 
121.0 30.25 3.05 12 49.2 22 0.2864 23.80 1.78 1.27 
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Smooth Spillway Tests 

Average Bulked Clear Water 
Unit Critical Station Elevation Average Velocity Depth Depth 

Discharge Discharge Depth, ye s H Air Cone. Uavg Y9o dw =ygo(1-C) 
{cfs} {cfslft} {ft} {ft} {ft} c {ftls} {ft} {ft} 

20 5.0 0.92 10.5 4.7 0.2125 21.30 0.30 0.23 
20 5.0 0.92 30.9 13.8 0.3005 24.48 0.29 0.20 
20 5.0 0.92 48.7 21.8 0.4579 25.30 0.36 0.20 
20 5.0 0.92 66.6 29.8 0.4031 25.16 0.33 0.20 
20 5.0 0.92 84.5 37.8 0.3705 20.63 0.38 0.24 
40 10.0 1.46 10.5 3.6 0.1100 20.49 0.55 0.49 
40 10.0 1.46 30.9 13.8 0.2327 30.10 0.43 0.33 
40 10.0 1.46 48.7 21.8 0.1991 27.62 0.45 0.36 
40 10.0 1.46 66.6 29.8 0.3150 33.72 0.43 0.30 
40 10.0 1.46 84.5 37.8 0.2983 26.74 0.53 0.37 
60 15.0 1.91 10.5 3.6 0.0848 . 22.84 0.72 0.66 
60 15.0 1.91 30.9 13.8 0.1033 30.24 0.55 0.50 
60 15.0 1.91 48.7 21.8 0.1799 33.38 0.55 0.45 
60 15.0 1.91 66.6 29.8 0.2382 34.11 0.58 0.44 
60 15.0 1.91 84.5 37.8 0.2045 31.09 0.61 0.48 
80 20.0 2.32 10.5 3.6 0.1026 23.65 0.94 0.85 
80 20.0 2.32 30.9 13.8 0.1572 32.38 0.73 0.62 
80 20.0 2.32 48.7 21.8 0.1290 34.47 0.67 0.58 
80 20.0 2.32 66.6 29.8 0.1949 38.38 0.65 0.52 
80 20.0 2.32 84.5 37.8 0.2090 34.82 0.73 0.57 
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APPENDIXC 

PRESSURE PROFILES 

Pressure profiles taken along the spillway, as discussed in Chapter 5, are given 

in this appendix for the stepped spillway tests. Results are given in both tabular and 

graphical form. 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

7.1 1 Riser 1 0.25 1.45 -0.85 -1.95 
1 Riser 2 0.75 2.16 0.09 0.20 
2 Tread 3 1.25 2.14 0.16 0.38 
2 Tread 4 1.75 2.14 0.17 0.38 
2 Tread 5 2.25 2.16 0.18 0.42 
2 Tread 6 2.75 2.31 0.33 0.76 
2 Riser 7 3.25 1.87 0.02 0.03 
2 Riser 8 3.75 1.66 0.01 0.03 
3 Tread 9 4.25 1.67 0.13 0.30 
3 Tread 10 4.75 1.65 0.12 0.27 
3 Tread 11 5.25 1.97 0.43 1.00 
3 Tread 12 5.75 1.78 0.24 0.56 
3 Riser 13 6.25 1.43 0.00 0.01 
3 Riser 14 6.75 1.20 0.00 0.01 

14.1 1 Riser 1 0.25 2.32 0.02 0.05 
1 Riser 2 0.75 2.09 0.02 0.04 
2 Tread 3 1.25 2.00 0.03 0.06 
2 Tread 4 1.75 2.00 0.03 0.06 
2 Tread 5 2.25 2.01 0.03 0.07 
2 Tread 6 2.75 2.00 0.02 0.05 
2 Riser 7 3.25 1.91 0.05 0.11 
2 Riser 8 3.75 1.91 0.26 0.61 
3 Tread 9 4.25 1.89 0.35 0.82 
3 Tread 10 4.75 1.85 0.31 0.72 
3 Tread 11 5.25 1.97 0.43 1.00 
3 Tread 12 5.75 2.42 0.88 2.03 
3 Riser 13 6.25 1.42 0.00 0.00 
3 Riser 14 6.75 1.20 0.00 0.00 

21.2 1 Riser 1 0.25 2.27 -0.03 -0.08 
1 Riser 2 0.75 2.05 -0.03 -0.07 
2 Tread 3 1.25 1.96 -0.02 -0.04 
2 Tread 4 1.75 1.95 -0.03 -0.06 
2 Tread 5 2.25 1.95 -0.03 -0.06 
2 Tread 6 2.75 1.95 -0.03 -0.06 
2 Riser 7 3.25 1.91 0.05 0.12 
2 Riser 8 3.75 1.88 0.24 0.56 
3 Tread 9 4.25 1.88 0.34 0.80 
3 Tread 10 4.75 1.84 0.31 0.71 
3 Tread 11 5.25 1.86 0.33 0.75 
3 Tread 12 5.75 2.41 0.88 2.03 
3 Riser 13 6.25 1.36 -0.06 -0.14 
3 Riser 14 6.75 1.37 0.17 0.38 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) ~psi) (psi) (ft of water) 

28.3 1 Riser 1 0.25 2.22 -0.08 -0.18 
1 Riser 2 0.75 2.01 -0.07 -0.16 
2 Tread 3 1.25 1.99 0.01 0.03 
2 Tread 4 1.75 1.98 0.00 0.00 
2 Tread 5 2.25 1.98 0.00 0.00 
2 Tread 6 2.75 1.98 0.00 0.01 
2 Riser 7 3.25 1.97 0.11 0.25 
2 Riser 8 3.75 1.96 0.32 0.74 
3 Tread 9 4.25 1.92 0.39 0.90 
3 Tread 10 4.75 1.91 0.37 0.86 
3 Tread 11 5.25 2.19 0.65 1.51 
3 Tread 12 5.75 2.45 0.91 2.10 
3 Riser 13 6.25 1.40 -0.02 -0.05 
3 Riser 14 6.75 1.41 0.21 0.48 

35.4 1 Riser 1 0.25 2.15 -0.15 -0.35 
1 Riser 2 0.75 2.00 -0.08 -0.17 
2 Tread 3 1.25 2.00 0.02 0.05 
2 Tread 4 1.75 2.00 0.02 0.05 
2 Tread 5 2.25 2.00 0.02 0.05 
2 Tread 6 2.75 1.99 0.02 0.04 
2 Riser 7 3.25 2.03 0.17 0.40 
2 Riser 8 3.75 2.01 0.36 0.84 
3 Tread 9 4.25 1.98 0.45 1.03 
3 Tread 10 4.75 2.04 0.51 1.17 
3 Tread 11 5.25 2.49 0.96 2.21 
3 Tread 12 5.75 2.38 0.84 1.95 
3 Riser 13 6.25 1.41 -0.01 -0.03 
3 Riser 14 6.75 1.40 0.20 0.47 

41.0 1 Riser 1 0.25 2.10 -0.20 -0.45 
1 Riser 2 0.75 2.10 0.03 0.06 
2 Tread 3 1.25 2.07 0.09 0.21 
2 Tread 4 1.75 2.05 0.07 0.16 
2 Tread 5 2.25 2.05 0.07 0.17 
2 Tread 6 2.75 2.48 0.50 1.15 
2 Riser 7 3.25 2.06 0.20 0.46 
2 Riser 8 3.75 2.04 0.40 0.93 
3 Tread 9 4.25 2.02 0.48 1.12 
3 Tread 10 4.75 1.97 0.43 1.00 
3 Tread 11 5.25 2.26 0.73 1.67 
3 Tread 12 5.75 2.31 0.77 1.79 
3 Riser 13 6.25 1.41 -0.01 -0.02 
3 Riser 14 6.75 1.43 0.23 0.52 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

60.0 1 Riser 1 0.25 1.97 -0.33 -0.75 
1 Riser 2 0.75 1.97 -0.10 -0.24 
2 Tread 3 1.25 1.92 -0.05 -0.12 
2 Tread 4 1.75 1.88 -0.10 -0.23 
2 Tread 5 2.25 1.93 -0.04 -0.10 
2 Tread 6 2.75 2.56 0.58 1.34 
2 Riser 7 3.25 2.18 0.32 0.73 
2 Riser 8 3.75 2.16 0.52 1.20 
3 Tread 9 4.25 2.15 0.62 1.42 
3 Tread 10 4.75 2.11 0.58 1.33 
3 Tread 11 5.25 2.43 0.89 2.06 
3 Tread 12 5.75 2.42 0.88 2.03 
3 Riser 13 6.25 1.47 0.04 0.10 
3 Riser 14 6.75 1.48 0.28 0.64 

80.0 1 Riser 1 0.25 1.86 -0.44 -1.02 
1 Riser 2 0.75 1.83 -0.25 -0.57 
2 Tread 3 1.25 1.82 -0.16 -0.37 
2 Tread 4 1.75 1.74 -0.24 -0.55 
2 Tread 5 2.25 1.80 -0.18 -0.41 
2 Tread 6 2.75 2.50 0.52 1.20 
2 Riser 7 3.25 2.41 0.55 1.26 
2 Riser 8 3.75 2.36 0.71 1.65 
3 Tread 9 4.25 2.37 0.83 1.93 
3 Tread 10 4.75 2.31 0.78 1.80 
3 Tread 11 5.25 2.67 1.14 2.62 
3 Tread 12 5.75 2.65 1.12 2.58 
3 Riser 13 6.25 1.53 0.10 0.24 
3 Riser 14 6.75 1.53 0.32 0.75 

100.0 1 Riser 1 0.25 1.79 -0.51 -1.17 
1 Riser 2 0.75 1.77 -0.31 -0.71 
2 Tread 3 1.25 1.72 -0.26 -0.60 
2 Tread 4 1.75 1.65 -0.33 -0.77 
2 Tread 5 2.25 1.67 -0.30 -0.70 

2 Tread 6 2.75 2.35 0.37 0.86 
2 Riser 7 3.25 2.50 0.64 1.47 
2 Riser 8 3.75 2.50 0.85 1.97 
3 Tread 9 4.25 2.45 0.92 2.12 
3 Tread 10 4.75 2.46 0.93 2.15 
3 Tread 11 5.25 2.79 1.25 2.8~ 
3 Tread 12 5.75 2.75 1.22 2.81 
3 Riser 13 6.25 1.58 0.16 0.36 
3 Riser 14 6.75 1.57 0.37 0.85 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

114.0 1 Riser 1 0.25 1.81 -0.49 -1.14 
1 Riser 2 0.75 1.79 -0.28 -0.65 
2 Tread 3 1.25 1.72 -0.25 -0.58 
2 Tread 4 1.75 1.71 -0.27 -0.62 
2 Tread 5 2.25 1.64 -0.34 -0.78 
2 Tread 6 2.75 2.22 0.24 0.55 
2 Riser 7 3.25 2.54 0.68 1.57 
2 Riser 8 3.75 2.52 0.88 2.03 
3 Tread 9 4.25 2.53 0.99 2.29 
3 Tread 10 4.75 2.50 0.96 2.22 
3 Tread 11 5.25 2.88 1.34 3.10 
3 Tread 12 5.75 2.83 1.29 2.98 
3 Riser 13 6.25 1.66 0.24 0.54 
3 Riser 14 6.75 1.65 0.45 1.04 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) <esi) (psi) (ft of water) 

7.1 21 Riser 1 0.25 0.21 -2.53 -5.84 
21 Riser 2 0.75 2.51 -0.02 -0.04 
22 Tread 3 1.25 2.59 0.13 0.30 
22 Tread 4 1.75 2.58 0.12 0.28 
22 Tread 5 2.25 2.66 0.20 0.47 
22 Tread 6 2.75 2.n 0.32 0.73 
22 Riser 7 3.25 2.28 -0.06 -0.14 
22 Riser 8 3.75 2.16 0.03 0.07 
23 Tread 9 4.25 2.08 0.06 0.13 
23 Tread 10 4.75 2.08 0.06 0.13 
23 Tread 11 5.25 2.08 0.06 0.14 
23 Tread 12 5.75 2.21 0.19 0.44 
23 Riser 13 6.25 1.94 0.04 0.08 
23 Riser 14 6.75 1.75 0.06 0.14 

14.1 21 Riser 1 0.25 2.59 -0.15 -0.35 
21 Riser 2 0.75 2.71 0.17 0.40 
22 Tread 3 1.25 2.70 0.25 0.57 
22 Tread 4 1.75 2.70 0.24 0.56 
22 Tread 5 2.25 2.73 0.27 0.63 
22 Tread 6 2.75 3.09 0.63 1.46 
22 Riser 7 3.25 2.38 0.04 0.09 
22 Riser 8 3.75 2.15 0.02 0.05 
23 Tread 9 4.25 2.09 0.07 0.15 
23 Tread 10 4.75 2.08 0.06 0.14 
23 Tread 11 5.25 2.08 0.06 0.13 
23 Tread 12 5.75 2.17 0.15 0.35 
23 Riser 13 6.25 1.93 0.03 0.07 
23 Riser 14 6.75 1.82 0.13 0.31 

21.2 21 Riser 1 0.25 2.75 0.01 0.02 
21 Riser 2 0.75 2.74 0.21 0.48 
22 Tread 3 1.25 2.70 0.24 0.55 
22 Tread 4 1.75 2.67 0.21 0.49 
22 Tread 5 2.25 2.80 0.34 0.79 
22 Tread 6 2.75 3.06 0.60 1.39 
22 Riser 7 3.25 2.24 -0.09 -0.22 
22 Riser 8 3.75 2.24 0.11 0.25 

23 Tread 9 4.25 2.23 0.21 0.48 
23 Tread 10 4.75 2.22 0.19 0.45 

23 Tread 11 5.25 2.35 0.33 0.7~ 
23 Tread 12 5.75 2.61 0.59 1.35 

23 Riser 13 6.25 1.88 -0.02 -0.05 

23 Riser 14 6.75 1.86 0.17 0.39 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

28.3 21 Riser 1 0.25 2.72 -0.02 -0.05 
21 Riser 2 0.75 2.71 0.18 0.42 
22 Tread 3 1.25 2.67 0.22 0.50 
22 Tread 4 1.75 2.64 0.18 0.42 
22 Tread 5 2.25 2.93 0.47 1.09 
22 Tread 6 2.75 3.31 0.86 1.98 
22 Riser 7 3.25 2.22 -0.12 -0.27 
22 Riser 8 3.75 2.20 0.07 0.15 
23 Tread 9 4.25 2.18 0.16 0.37 
23 Tread 10 4.75 2.16 0.13 0.31 
23 Tread 11 5.25 2.32 0.30 0.69 
23 Tread 12 5.75 2.73 0.71 1.63 
23 Riser 13 6.25 1.87 -0.04 -0.09 
23 Riser 14 6.75 1.85 0.16 0.37 

35.4 21 Riser 1 0.25 2.75 0.01 0.02 
21 Riser 2 0.75 2.74 0.21 0.48 
22 Tread 3 1.25 2.69 0.24 0.55 
22 Tread 4 1.75 2.65 0.19 0.44 
22 Tread 5 2.25 2.98 0.52 1.20 
22 Tread 6 2.75 3.40 0.94 2.18 
22 Riser 7 3.25 2.29 -0.05 -0.12 
22 Riser 8 3.75 2.21 0.08 0.19 
23 Tread 9 4.25 2.18 0.16 0.36 
23 Tread 10 4.75 2.16 0.14 0.31 
23 Tread 11 5.25 2.32 0.30 0.68 
23 Tread 12 5.75 2.83 0.81 1.86 
23 Riser 13 6.25 1.91 0.00 0.00 
23 Riser 14 6.75 1.88 0.20 0.45 

41.0 21 Riser 1 0.25 2.76 0.02 0.04 
21 Riser 2 0.75 2.74 0.21 0.48 
22 Tread 3 1.25 2.70 0.24 0.55 
22 Tread 4 1.75 2.63 0.17 0.40 
22 Tread 5 2.25 3.09 0.63 1.46 
22 Tread 6 2.75 3.44 0.98 2.26 
22 Riser 7 3.25 2.25 -0.09 -0.21 
22 Riser 8 3.75 2.22 0.09 0.21 
23 Tread 9 4.25 2.17 0.15 0.34 
23 Tread 10 4.75 2.15 0.12 0.28 
23 Tread 11 5.25 2.30 0.28 0.64 
23 Tread 12 5.75 2.88 0.86 1.97 
23 Riser 13 6.25 1.91 0.00 0.00 
23 Riser 14 6.75 1.87 0.18 0.42 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) <esi) (psi) (ft of water) 

60.0 21 Riser 1 0.25 2.78 0.03 0.08 
21 Riser 2 0.75 2·.79 0.26 0.59 
22 Tread 3 1.25 2.67 0.21 0.50 
22 Tread 4 1.75 2.65 0.19 0.45 
22 Tread 5 2.25 3.28 0.82 1.90 
22 Tread 6 2.75 3.50 1.04 2.40 
22 Riser 7 3.25 2.25 -0.09 -0.21 
22 Riser 8 3.75 2.22 0.09 0.22 
23 Tread 9 4.25 2.15 0.12 0.29 
23 Tread 10 4.75 2.10 0.08 0.17 
23 Tread 11 5.25 2.29 0.26 0.61 
23 Tread 12 5.75 2.96 0.94 2.16 
23 Riser 13 6.25 1.92 0.02 0.04 
23 Riser 14 6.75 1.88 0.19 0.44 

80.0 21 Riser 1 0.25 2.84 0.09 0.21 
21 Riser 2 0.75 2.83 0.30 0.69 
22 Tread 3 1.25 2.76 0.30 0.70 
22 Tread 4 1.75 2.71 0.26 0.59 
22 Tread 5 2.25 3.44 0.99 2.28 
22 Tread 6 2.75 3.53 1.08 2.49 
22 Riser 7 3.25 2.20 -0.14 -0.32 
22 Riser 8 3.75 2.27 0.14 0.32 
23 Tread 9 4.25 2.19 0.17 0.40 
23 Tread 10 4.75 2.05 0.03 0.06 
23 Tread 11 5.25 2.51 0.49 1.12 
23 Tread 12 5.75 3.29 1.27 2.92 
23 Riser 13 6.25 1.97 0.07 0.16 
23 Riser 14 6.75 1.96 0.27 0.63 

100.0 21 Riser 1 0.25 2.87 0.13 0.29 
21 Riser 2 0.75 2.92 0.38 0.88 
22 Tread 3 1.25 2.n 0.32 0.73 
22 Tread 4 1.75 2.85 0.39 0.91 
22 Tread 5 2.25 3.48 1.03 2.37 
22 Tread 6 2.75 3.59 1.13 2.61 
22 Riser 7 3.25 2.27 -0.06 -0.15 
22 Riser 8 3.75 2.21 0.08 0.19 
23 Tread 9 4.25 2.17 0.15 0.34 
23 Tread 10 4.75 1.98 -0.04 -0.09 
23 Tread 11 5.25 2.45 0.43 0.9~ 
23 Tread 12 5.75 3.20 1.18 2.73 
23 Riser 13 6.25 1.99 0.08 0.19 
23 Riser 14 6.75 2.00 0.31 0.72 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

114.0 21 Riser 1 0.25 2.95 0.21 0.48 
21 Riser 2 0.75 2.97 0.44 1.02 
22 Tread 3 1.25 2.84 0.39 0.89 
22 Tread 4 1.75 2.72 0.26 0.61 
22 Tread 5 2.25 3.48 1.03 2.37 
22 Tread 6 2.75 3.61 1.15 2.66 
22 Riser 7 3.25 2.21 -0.13 -0.29 
22 Riser 8 3.75 2.12 -0.01 -0.02 
23 Tread 9 4.25 2.13 0.11 0.25 
23 Tread 10 4.75 1.97 -0.05 -0.11 
23 Tread 11 5.25 2.74 0.72 1.66 
23 Tread 12 5.75 3.44 1.42 3.27 
23 Riser 13 6.25 1.99 0.09 0.20 
23 Riser 14 6.75 2.09 0.40 0.92 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

7.1 39 Riser 1 0.25 
39 Riser 2 0.75 2.25 0.02 0.05 
40 Tread 3 1.25 2.29 0.15 0.35 
40 Tread 4 1.75 2.28 0.14 0.32 
40 Tread 5 2.25 2.39 0.25 0.58 
40 Tread 6 2.75 2.39 0.25 0.58 
40 Riser 7 3.25 2.03 0.01 0.03 
40 Riser 8 3.75 1.67 -0.14 -0.33 
41 Tread 9 4.25 1.74 0.04 0.10 
41 Tread 10 4.75 1.74 0.04 0.09 
41 Tread 11 5.25 1.74 0.04 0.09 
41 Tread 12 5.75 1.86 0.15 0.35 
41 Riser 13 6.25 1.60 0.00 0.01 
41 Riser 14 6.75 1.39 0.02 0.04 

14.1 39 Riser 1 0.25 
39 Riser 2 0.75 2.33 0.09 0.22 
40 Tread 3 1.25 2.33 0.19 0.44 
40 Tread 4 1.75 2.33 0.19 0.43 
40 Tread 5 2.25 2.39 0.25 0.57 
40 Tread 6 2.75 2.62 0.48 1.10 
40 Riser 7 3.25 2.09 0.07 0.17 
40 Riser 8 3.75 1.80 -0.01 -0.02 
41 Tread 9 4.25 1.75 0.04 0.10 
41 Tread 10 4.75 1.74 0.04 0.10 
41 Tread 11 5.25 1.73 0.03 0.08 
41 Tread 12. 5.75 1.86 0.16 0.37 
41 Riser 13 6.25 1.58 -0.01 -0.03 
41 Riser 14 6.75 1.46 0.08 0.19 

21.2 39 Riser 1 0.25 2.45 0.00 0.01 
39 Riser 2 0.75 2.44 0.20 0.47 
40 Tread 3 1.25 2.41 0.27 0.62 
40 Tread 4 1.75 2.38 0.24 0.55 
40 Tread 5 2.25 2.57 0.43 1.00 
40 Tread 6 2.75 2.78 0.64 1.48 
40 Riser 7 3.25 2.16 0.14 0.31 
40 Riser 8 3.75 1.96 0.15 0.34 
41 Tread 9 4.25 1.95 0.25 0.58 
41 Tread 10 4.75 1.94 0.24 0.55 
41 Tread 11 5.25 2.02 0.32 0.73 
41 Tread 12 5.75 2.30 0.60 1.38 

41 Riser 13 6.25 1.58 -0.02 -0.04 

41 Riser 14 6.75 1.57 0.19 0.44 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

41.0 39 Riser 1 0.25 2.53 0.08 0.19 
39 Riser 2 0.75 2.51 0.27 0.63 
40 Tread 3 1.25 2.47 0.33 0.75 
40 Tread 4 1.75 2.42 0.28 0.65 
40 Tread 5 2.25 2.76 0.62 1.44 
40 Tread 6 2.75 3.17 1.03 2.37 
40 Riser 7 3.25 2.17 0.15 0.35 
40 Riser 8 3.75 1.95 0.14 0.33 
41 Tread 9 4.25 1.93 0.23 0.53 
41 Tread 10 4.75 1.89 0.19 0.44 
41 Tread 11 5.25 2.11 0.41 0.94 
41 Tread 12 5.75 2.62 0.92 2.13 
41 Riser 13 6.25 1.64 0.05 0.11 
41 Riser 14 6.75 1.59 0.21 0.50 

60.0 39 Riser 1 0.25 2.56 0.11 0.24 
39 Riser 2 0.75 2.51 0.28 0.64 
40 Tread 3 1.25 2.44 0.30 0.70 
40 Tread 4 1.75 2.41 0.27 0.62 
40 Tread 5 2.25 2.98 0.84 1.95 
40 Tread 6 2.75 3.28 1.14 2.63 
40 Riser 7 3.25 2.10 0.08 0.18 
40 Riser 8 3.75 1.92 0.11 0.26 
41 Tread 9 4.25 1.90 0.19 0.45 
41 Tread 10 4.75 1.83 0.12 0.29 
41 Tread 11 5.25 2.16 0.46 1.05 
41 Tread 12 5.75 2.80 1.10 2.54 
41 Riser 13 6.25 1.64 0.05 0.11 
41 Riser 14 6.75 1.58 0.21 0.48 

80.0 39 Riser 1 0.25 2.51 0.06 0.15 
39 Riser 2 0.75 2.54 0.31 0.71 
40 Tread 3 1.25 2.45 0.31 0.71 
40 Tread 4 1.75 2.48 0.34 0.78 
40 Tread 5 2.25 2.95 0.81 1.88 
40 Tread 6 2.75 3.37 1.23 2.83 
40 Riser 7 3.25 2.06 0.04 0.09 
40 Riser 8 3.75 1.89 0.08 0.19 
41 Tread 9 4.25 1.89 0.18 0.42 
41 Tread 10 4.75 1.80 0.10 0.23 
41 Tread 11 5.25 2.33 0.63 1.45 
41 Tread 12 5.75 2.92 1.22 2.81 
41 Riser 13 6.25 1.68 0.09 0.21 
41 Riser 14 6.75 1.62 0.24 0.55 
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Stepped Spillway Tests, h = 1 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psQ (psi) (ft of water) 

100.0 39 Riser 1 0.25 2.58 0.13 0.30 
39 Riser 2 0.75 2.50 0.27 0.62 
40 Tread 3 1.25 2.44 0.30 0.70 
40 Tread 4 1.75 2.42 0.28 0.65 
40 Tread 5 2.25 3.15 1.01 2.33 
40 Tread 6 2.75 3.40 1.27 2.92 
40 Riser 7 3.25 2.10 0.08 0.19 
40 Riser 8 3.75 1.87 0.06 0.13 
41 Tread 9 4.25 1.83 0.12 0.29 
41 Tread 10 4.75 1.76 0.05 0.12 
41 Tread 11 5.25 2.29 0.59 1.36 
41 Tread 12 5.75 2.98 1.28 2.95 
41 Riser 13 6.25 1.69 0.09 0.21 
41 Riser 14 6.75 1.60 0.22 0.51 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

20.0 1 Riser 1 0.25 2.16 -0.13 -0.30 
1 Riser 2 0.75 1.66 -0.42 -0.96 
1 Riser 3 1.25 1.86 0.01 0.02 
1 Riser 4 1.75 1.84 0.20 0.47 
2 Tread 5 2.25 1.84 0.31 0.72 
2 Tread 6 2.75 1.82 0.29 0.68 
2 Tread 7 3.25 1.84 0.30 0.70 
2 Tread 8 3.75 1.84 0.31 0.71 
2 Tread 9 4.25 1.83 0.30 0.69 
2 Tread 10 4.75 1.84 0.31 0.71 
2 Tread 11 5.25 1.87 0.34 0.79 
2 Tread 12 5.75 2.20 0.67 1.53 
2 Riser 13 6.25 1.39 -0.03 -0.06 
2 Riser 14 6.75 1.17 -0.04 -0.09 
2 Riser 15 7.25 0.96 -0.02 -0.05 
2 Riser 16 7.75 1.03 0.26 .0.60 

40.0 1 Riser 1 0.25 2.08 -0.21 -0.48 
1 Riser 2 0.75 2.06 -0.02 -0.05 
1 Riser 3 1.25 2.02 0.16 0.38 
1 Riser 4 1.75 2.05 0.42 0.96 
2 Tread 5 2.25 2.05 0.52 1.20 
2 Tread 6 2.75 2.01 0.48 1.11 
2 Tread 7 3.25 2.01 0.48 1.10 
2 Tread 8 3.75 1.98 0.45 1.04 
2 Tread 9 4.25 2.07 0.54 1.24 
2 Tread 10 4.75 2.32 0.79 1.82 
2 Tread 11 5.25 2.46 0.93 2.16 
2 Tread 12 5.75 2.23 0.70 1.61 
2 Riser 13 6.25 1.26 -0.16 -0.37 
2 Riser 14 6.75 1.20 -0.01 -0.02 
2 Riser 15 7.25 1.17 0.19 0.43 
2 Riser 16 7.75 1.18 0.41 0.94 

60.0 1 Riser 1 0.25 2.07 -0.22 -0.50 
1 Riser 2 0.75 2.03 -0.05 -0.10 
1 Riser 3 1.25 2.01 0.16 0.37 
1 Riser 4 1.75 2.04 0.40 0.92 
2 Tread 5 2.25 1.99 0.46 1.06 
2 Tread 6 2.75 1.98 0.45 1.03 
2 Tread 7 3.25 1.92 0.39 0.90 
2 Tread 8 3.75 1.90 0.37 0.84 
2 Tread 9 4.25 2.01 0.48 1.10 
2 Tread 10 4.75 2.30 0.77 1.78 
2 Tread 11 5.25 2.65 1.12 2.58 
2 Tread 12 5.75 2.49 0.96. 2.20 
2 Riser 13 6.25 1.45 0.03 0.06 
2 Riser 14 6.75 1.39 0.18 0.42 
2 Riser 15 7.25 1.40 0.42 0.96 
2 Riser 16 7.75 1.47 0.70 1.63 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs~ Number Location Number (ft) (psi) (psi) (ft of water) 

80.0 1 Riser 1 0.25 2.07 -0.23 -0.52 
1 Riser 2 0.75 2.02 -0.06 -0.14 
1 Riser 3 1.25 2.00 0.15 0.34 
1 Riser 4 1.75 2.05 0.42 0.96 
2 Tread 5 2.25 2.00 0.47 1.07 
2 Tread 6 2.75 1.96 0.43 1.00 
2 Tread 7 3.25 1.87 0.34 0.78 
2 Tread 8 3.75 1.86 0.33 0.76 
2 Tread 9 4.25 1.94 0.41 0.94 
2 Tread 10 4.75 2.25 0.72 1.66 
2 Tread 11 5.25 2.75 1.22 2.82 
2 Tread 12 5.75 2.80 1.27 2.92 
2 Riser 13 6.25 1.61 0.19 0.43 
2 Riser 14 6.75 1.50 0.30 0.68 
2 Riser 15 7.25 1.54 0.55 1.28 
2 Riser 16 7.75 1.63 0.86 1.98 

100.0 1 Riser 1 0.25 2.06 -0.24 -0.55 
1 Riser 2 0.75 1.98 -0.10 -0.23 
1 Riser 3 1.25 1.99 0.13 0.31 
1 Riser 4 1.75 2.03 0.39 0.90 
2 Tread 5 2.25 1.97 0.44 1.02 
2 Tread 6 2.75 1.93 0.40 0.93 
2 Tread 7 3.25 1.82 0.29 0.67 
2 Tread 8 3.75 1.80 0.27 0.62 
2 Tread 9 4.25 1.86 0.33 0.75 
2 Tread 10 4.75 2.14 0.61 1.41 
2 Tread 11 5.25 2.78 1.25 2.89 
2 Tread 12 5.75 2.92 1.39 3.21 
2 Riser 13 6.25 1.71 0.29 0.66 
2 Riser 14 6.75 1.66 0.46 1.05 
2 Riser 15 7.25 1.67 0.68 1.57 
2 Riser 16 7.75 1.78 1.02 2.35 

120.0 1 Riser 1 0.25 2.06 -0.23 -0.53 
1 Riser 2 0.75 1.99 -0.08 -0.20 
1 Riser 3 1.25 2.00 0.15 0.34 
1 Riser 4 1.75 2.05 0.41 0.96 
2 Tread 5 2.25 1.98 0.45 1.05 
2 Tread 6 2.75 1.94 0.41 0.95 
2 Tread 7 3.25 1.85 0.32 0.73 
2 Tread 8 3.75 1.83 0.30 0.69 
2 Tread 9 4.25 1.87 0.34 0.79 
2 Tread 10 4.75 2.23 0.70 1.61 
2 Tread 11 5.25 2.81 1.28 2.95 
2 Tread 12 5.75 3.04 1.51 3.49 
2 Riser 13 6.25 1.86 0.44 1.01 
2 Riser 14 6.75 1.78 0.57 1.32 
2 Riser 15 7.25 1.71 0.72 1.67 
2 Riser 16 7.75 1.90 1.13 2.62 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

20.0 11 Riser 1 0.25 2.88 0.11 0.26 
11 Riser 2 0.75 2.66 0.11 0.26 
11 Riser 3 1.25 2.43 0.10 0.24 
11 Riser 4 1.75 2.32 0.21 0.48 
12 Tread 5 2.25 2.29 0.28 0.64 
12 Tread 6 2.75 2.32 0.31 0.71 
12 Tread 7 3.25 2.31 0.30 0.69 
12 Tread 8 3.75 2.29 0.28 0.64 
12 Tread 9 4.25 2.31 0.30 0.68 
12 Tread 10 4.75 2.31 0.29 0.67 
12 Tread 11 5.25 2.62 0.60 1.38 
12 Tread 12 5.75 2.63 0.60 1.39 
12 Riser 13 6.25 2.00 0.09 0.20 
12 Riser 14 6.75 1.78 0.08 0.18 
12 Riser 15 7.25 1.56 0.08 0.19 
12 Riser 16 7.75 1.51 0.25 0.58 

40.0 11 Riser 1 0.25 2.67 -0.10 -0.22 
11 Riser 2 0.75 2.54 0.00 0.00 
11 Riser 3 1.25 2.53 0.20 0.46 
11 Riser 4 1.75 2.55 0.44 1.02 
12 Tread 5 2.25 2.53 0.52 1.20 
12 Tread 6 2.75 2.54 0.53 1.23 
12 Tread 7 3.25 2.54 0.53 1.22 
12 Tread 8 3.75 2.52 0.51 1.18 
12 Tread 9 4.25 2.50 0.48 1.11 
12 Tread 10 4.75 2.80 0.78 1.80 
12 Tread 11 5.25 3.07 1.05 2.41 
12 Tread 12 5.75 2.91 0.88 2.03 
12 Riser 13 6.25 1.83 -0.08 -0.20 
12 Riser 14 6.75 1.70 0.00 0.00 
12 Riser 15 7.25 1.67 0.19 0.44 
12 Riser 16 7.75 1.67 0.40 0.93 

60.0 11 Riser 1 0.25 2.69 -0.08 -0.18 
11 Riser 2 0.75 2.55 0.01 0.02 
11 Riser 3 1.25 2.50 0.17 0.39 
11 Riser 4 1.75 2.50 0.38 0.89 
12 Tread 5 2.25 2.58 0.56 1.30 
12 Tread 6 2.75 2.52 0.51 1.17 
12 Tread 7 3.25 2.44 0.42 0.98 
12 Tread 8 3.75 2.52 0.51 1.17 
12 Tread 9 4.25 2.89 0.87 2.01 
12 Tread 10 4.75 3.29 1.28 2.95 
12 Tread 11 5.25 3.26 1.24 2.85 
12 Tread 12 5.75 3.03 1.00 2.32 
12 Riser 13 6.25 1.83 -0.09 -0.20 
12 Riser 14 6.75 1.75 0.05 0.12 
12 Riser 15 7.25 1.71 0.22 0.52 
12 Riser 16 7.75 1.76 0.50 1.15 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

80.0 11 Riser 1 0.25 2.70 -0.06 -0.14 
11 Riser 2 0.75 2.59 0.05 0.12 
11 Riser 3 1.25 2.54 0.21 0.48 
11 Riser 4 1.75 2.65 0.54 1.24 
12 Tread 5 2.25 2.56 0.55 1.27 
12 Tread 6 2.75 2.49 0.48 1.10 
12 Tread 7 3.25 2.36 0.35 0.81 
12 Tread 8 3.75 2.39 0.38 0.87 
12 Tread 9 4.25 2.62 0.60 1.39 
12 Tread 10 4.75 3.20 1.18 2.72 
12 Tread 11 5.25 3.54 1.52 3.51 
12 Tread 12 5.75 3.43 1.40 3.22 
12 Riser 13 6.25 1.81 -0.10 -0.24 
12 Riser 14 6.75 1.74 0.04 0.10 
12 Riser 15 7.25 1.69 0.21 0.49 
12 Riser 16 7.75 1.76 0.49 1.14 

100.0 11 Riser 1 0.25 2.74 -0.02 -0.05 
11 Riser 2 0.75 2.59 0.05 0.11 
11 Riser 3 1.25 2.54 0.21 0.49 
11 Riser 4 1.75 2.71 0.60 1.37 
12 Tread 5 2.25 2.58 0.57 1.31 
12 Tread 6 2.75 2.36 0.35 0.81 
12 Tread 7 3.25 2.28 0.27 0.62 
12 Tread 8 3.75 2.37 0.35 0.81 
12 Tread 9 4.25 2.69 0.67 1.55 
12 Tread 10 4.75 3.44 1.43 3.29 
12 Tread 11 5.25 4.06 2.04 4.71 
12 Tread 12 5.75 3.73 1.70 3.93 
12 Riser 13 6.25 1.85 -0.06 -0.14 
12 Riser 14 6.75 1.73 0.03 0.07 
12 Riser 15 7.25 1.69 0.21 0.48 
12 Riser 16 7.75 1.81 0.54 1.25 

120.0 11 Riser 1 0.25 2.76 0.00 0.00 
11 Riser 2 0.75 2.54 0.00 0.00 
11 Riser 3 1.25 2.48 0.15 0.34 
11 Riser 4 1.75 2.77 0.66 1.53 
12 Tread 5 2.25 2.62 0.61 1.40 
12 Tread 6 2.75 2.32 0.31 0.71 
12 Tread 7 3.25 2.28 0.26 0.6~ 
12 Tread 8 3.75 2.40 0.39 0.90 
12 Tread 9 4.25 2.80 0.78 1.81 
12 Tread 10 4.75 3.68 1.67 3.85 
12 Tread 11 5.25 4.39 2.37 5.47 
12 Tread 12 5.75 4.05 2.02 4.66 
12 Riser 13 6.25 1.86 -0.06 -0.13 
12 Riser 14 6.75 1.68 -0.02 -0.05 
12 Riser 15 7.25 1.62 0.14 0.32 
12 Riser 16 7.75 1.84 0.58 1.34 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) . (ft of water) 

20.0 20 Riser 1 0.25 2.50 0.07 0.17 
20 Riser 2 0.75 2.30 0.09 0.20 
20 Riser 3 1.25 2.09 0.10 0.23 
20 Riser 4 1.75 2.05 0.28 0.64 
21 Tread 5 2.25 2.05 0.37 0.86 
21 Tread 6 2.75 2.05 0.38 0.87 
21 Tread 7 3.25 2.07 0.38 0.88 
21 Tread 8 3.75 2.06 0.37 0.86 
21 Tread 9 4.25 2.04 0.36 0.82 
21 Tread 10 4.75 2.21 0.52 1.21 
21 Tread 11 5.25 2.48 0.80 1.84 
21 Tread 12 5.75 2.33 0.64 1.48 
21 Riser 13 6.25 1.70 0.13 0.29 
21 Riser 14 6.75 1.48 0.13 0.29 
21 Riser 15 7.25 1.26 0.13 0.29 
21 Riser 16 7.75 1.08 0.15 0.36 

40.0 20 Riser 1 0.25 2.45 0.03 0.06 
20 Riser 2 0.75 2.34 0.13 0.30 
20 Riser 3 1.25 2.33 0.34 0.78 
20 Riser 4 1.75 2.33 0.56 1.29 
21 Tread 5 2.25 2.33 0.65 1.50 
21 Tread 6 2.75 2.34 0.66 1.52 
21 Tread 7 3.25 2.33 0.65 1.50 
21 Tread 8 3.75 2.31 0.63 1.46 
21 Tread 9 4.25 2.31 0.62 1.44 
21 Tread 10 4.75 2.50 0.82 1.89 
21 Tread 11 5.25 2.94 1.25 2.89 
21 Tread 12 5.75 2.76 1.07 2.47 
21 Riser 13 6.25 1.62 0.05 0.11 
21 Riser 14 6.75 1.42 0.07 0.15 
21 Riser 15 7.25 1.39 0.25 0.58 
21 Riser 16 7.75 1.38 0.46 1.07 

60.0 20 Riser 1 0.25 2.47 0.05 0.11 
20 Riser 2 0.75 2.38 0.17 0.40 
20 Riser 3 1.25 2.46 0.47 1.08 
20 Riser 4 1.75 2.48 0.70 1.61 
21 Tread 5 2.25 2.39 0.71 1.65 
21 Tread 6 2.75 2.31 0.63 1.46 
21 Tread 7 3.25 2.30 0.61 1.41 
21 Tread 8 3.75 2.37 0.69 1.59 
21 Tread 9 4.25 2.47 0.78 1.80 
21 Tread 10 4.75 2.69 1.01 2.33 
21 Tread 11 5.25 3.04 1.35 3.13 
21 Tread 12 5.75 2.79 1.10 2.53 
21 Riser 13 6.25 1.57 0.00 0.00 
21 Riser 14 6.75 1.52 0.17 0.39 
21 Riser 15 7.25 1.57 0.44 1.01 
21 Riser 16 7.75 1.57 0.65 1.50 
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Stepped Spillway Tests, h = 2 ft 
Distance Total Pressure 

Discharge Step Tap Tap along step above trans. Pressure at Step Pressure at Step 
(cfs) Number Location Number (ft) (psi) (psi) (ft of water) 

80.0 20 Riser 1 0.25 2.49 0.07 0.16 
20 Riser 2 0.75 2.41 0.20 0.46 
20 Riser 3 1.25 2.46 0.47 1.08 
20 Riser 4 1.75 2.32 0.54 1.25 
21 Tread 5 2.25 2.31 0.64 1.47 
21 Tread 6 2.75 2.27 0.60 1.37 
21 Tread 7 3.25 2.23 0.55 1.27 
21 Tread 8 3.75 2.27 0.58 1.35 
21 Tread 9 4.25 2.49 0.81 1.87 
21 Tread 10 4.75 3.23 1.54 3.56 
21 Tread 11 5.25 3.49 1.80 4.17 
21 Tread 12 5.75 3.18 1.49 3.43 
21 Riser 13 6.25 1.65 0.08 0.18 
21 Riser 14 6.75 1.55 0.19 0.45 
21 Riser 15 7.25 1.56 0.42 0.97 
21 Riser 16 7.75 1.54 0.61 1.42 

100.0 20 Riser 1 0.25 2.50 0.07 0.16 
20 Riser 2 0.75 2.40 0.19 0.43 
20 Riser 3 1.25 2.37 0.37 0.86 
20 Riser 4 1.75 2.45 0.67 1.55 
21 Tread 5 2.25 2.35 0.67 1.55 
21 Tread 6 2.75 2.21 0.53 1.22 
21 Tread 7 3.25 2.10 0.42 0.97 
21 Tread 8 3.75 2.14 0.46 1.06 
21 Tread 9 4.25 2.40 0.72 1.65 
21 Tread 10 4.75 3.02 1.33 3.08 
21 Tread 11 5.25 3.80 2.12 4.89 
21 Tread 12 5.75 3.57 1.88 4.33 
21 Riser 13 6.25 1.60 0.02 0.06 
21 Riser 14 6.75 1.48 0.13 0.30 
21 Riser 15 7.25 1.46 0.33 0.75 
21 Riser 16 7.75 1.53 0.61 1.40 

120.0 20 Riser 1 0.25 2.54 0.11 0.27 
20 Riser 2 0.75 2.39 0.18 0.41 
20 Riser 3 1.25 2.36 0.37 0.85 
20 Riser 4 1.75 2.52 0.74 1.71 
21 Tread 5 2.25 2.40 0.72 1.67 
21 Tread 6 2.75 2.19 0.51 1.17 
21 Tread 7 3.25 2.06 0.38 o.8r 
21 Tread 8 3.75 2.10 0.42 0.96 
21 Tread 9 4.25 2.43 0.75 1.72 
21 Tread 10 4.75 3.19 1.51 3.48 
21 Tread 11 5.25 4.03 2.35 5.42 
21 Tread 12 5.75 3.92 2.23 5.16 
21 Riser 13 6.25 1.62 0.05 0.12 
21 Riser 14 6.75 1.48 0.12 0.28 
21 Riser 15 7.25 1.42 0.28 0.66 
21 Riser 16 7.75 1.58 0.66 1.53 
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Standard Step Method; Stepped Spillway Design Example 
q = 25 cfs/ft e = 26.6° step height h = 1.0 ft 

Height fl'ictlon Station 
Step Number H factor s As dw Uavg U .. a•2/2g 

N (ft) Nh/yc f (ft) (ft) (ft) (Ills) (ft) S, Avg. S1 S0 E h1 E AE 
1 0 0.00 0.25 0.0 0.0 2.69 9.29 1.34 0.03 0.50 4.03 
3 2 0. 74 0.25 4.5 4.0 2.65 9.43 1.38 0.03 0.03 0.50 6.03 0.13 4.16 -0.13 
5 4 1.49 0.26 8.9 4.0 1.54 16.25 4.10 0.17 0.10 0.50 7.64 0.40 6.04 -0.01 
7 6 2.23 0.25 13.4 4.0 1.33 18.75 5.46 0.26 0.21 0.50 8.79 0.85 7.64 0.00 
9 8 2.97 0.25 17.9 4.0 1.23 20.30 6.40 0.32 0.29 0.50 9.63 1.16 8.79 0.00 

11 10 3.72 0.25 22.4 4.0 1.17 21.32 7.06 0.38 0.35 0.50 10.23 1.40 9.63 0.00 
13 12 4.46 0.25 26.8 4.0 1.14 22.00 7.51 0.41 0.39 0.50 10.65 1.58 10.23 0.00 
15 14 5.20 0.26 31.3 4.0 1.11 22.46 7.83 0.44 0.43 0.50 10.94 1.71 10.65 0.00 
17 16 5.95 0.25 35.8 4.0 1.10 22.77 8.05 0.46 0.45 0.50 11.15 1.80 10.94 0.00 
19 18 6.69 0.26 40.2 4.0 1.09 22.98 8.20 0.47 0.46 0.50 11.29 1.86 11.15 0.00 
21 20 7.43 0.26 44.7 4.0 1.08 23.13 8.31 0.48 0.48 0.50 11.39 1.90 11.29 0.00 
23 22 8.18 0.25 49.2 4.0 1.08 23.23 8.38 0.49 0.48 0.50 11.45 1.93 11.39 0.00 
25 24 8.92 0.25 53.7 4.0 1.07 23.29 8.43 0.49 0.49 0.50 11.50 1.95 11.45 0.00 
27 26 9.68 0.25 58.1 4.0 1.07 23.34 8.46 0.49 0.49 0.50 11.53 1.97 11.50 0.00 
29 28 10.41 0.25 82.8 4.0 1.07 23.37 8.48 0.50 0.49 0.50 11.55 1.98 11.53 0.00 
31 30 11.15 0.25 67.1 4.0 1.07 23.39 8.50 0.50 0.50 0.50 11.57 1.98 11.55 0.00 
33 32 11.89 0.25 71.6 4.0 1.07 23.41 8.51 0.50 0.50 0.50 11.58 1.99 11.57 0.00 
35 34 12.83 0.25 78.0 4.0 1.07 23.42 8.52 0.50 0.50 0.50 11.58 1.99 11.58 0.00 
37 36 13.38 0.26 80.5 4.0 1.07 23.43 8.52 0.50 0.50 0.50 11.59 1.99 11.58 0.00 

N 39 38 14.12 Q.25 85.0 4.0 1.07 23.43 8.52 0.50 0.50 0.50 11.59 2.00 11.59 0.00 ct 41 40 14.86 0.25 89.4 4.0 1.07 23.43 8.53 0.50 0.50 0.50 11.59 2.00 11.59 0.00 

Bulking Coefficent; Stepped Spillway Design Example Energy Dissipation; Stepped Spillway Design Example 
Height Bulking Height 

Step Number H dw Coefficient y90 Step Number H dw Uavg Eo E1 Eo-El Eo-El 
N (ft) Nh/yc (ft) e (ft) N (ft) (fl) (Ills) (ft) (ft) (ft) Eo 

1 o o.oo 2.e9 1 o 2.69 9.29 4.04 4.04 o.oo o.oo 
3 2 0.74 2.65 3 2 2.65 9.43 6.04 3.75 2.29 0.38 
5 4 1.49 1.54 5 4 1.54 16.25 8.04 5.48 2.56 0.32 
7 6 2.23 1.33 7 6 1.33 18.75 10.04 6.65 3.38 0.34 
9 8 2.97 1.23 9 8 1.23 20.30 12.04 7.50 4.53 0.38 

11 10 3.72 1.17 1.75 2.05 11 10 1.17 21.32 14.04 8.11 5.93 0.42 
13 12 4.46 1.14 1.76 1.99 13 12 1.14 22.00 16.04 8.53 7.51 0.47 
15 14 5.20 1.11 1.75 . --1.95 15 14 1.11 22.46 18.04 8.83 9.21 0.51 
17 16 5.95 1.10 1.76 1.92 17 16 1.10 22.77 20.04 9.03 11.00 0.55 
19 18 6.69 1.09 1.75 1.90 19 18 1.09 22.98 22.04 9.17 12.86 0.58 
21 20 7.43 1.08 1.75 1.89 21 20 1.08 23.13 24.04 9.27 14.76 0.61 
23 22 8.18 1.08 1.75 1.88 23 22 1.08 23.23 26.04 9.34 16.70 0.64 
25 24 8.92 1.07 1.711 1.88 25 24 1.07 23.29 28.04 9.39 18.65 0.67 
27 26 9.66 1.07 1.75 1.87 27 26 1.07 23.34 30.04 9.42 20.62 0.69 
29 28 10.41 1.07 1.75 1.87 29 28 1.07 23.37 32.04 9.44 22.60 0.71 
31 30 11.15 1.07 1.75 1.87 31 30 1.07 23.39 34.04 9.45 24.58 0.72 
33 32 11.89 1.07 1.75 1.87 33 32 1.07 23.41 36.04 9.46 26.57 0.74 
35 34 12.63 1.07 1.75 1.87 35 34 1.07 23.42 38.04 9.47 28.57 0.75 
37 36 13.38 1.07 1.75 1.87 37 36 1.07 23.43 40.04 9.48 30.56 0. 76 
39 38 14.12 1.07 1.75 1.87 39 38 1.07 23.43 42.04 9.48 32.56 0.77 
41 40 14.86 1.07 1.711 1.87 41 40 1.07 23.43 44.04 9.48 34.56 0.78 



Standard Step Method; Stepped Spillway Design Example 
q = 25 cfslft 0 = 26.6° step height h = 2.0 ft 

Height fl'lctlon Station 
Step Number H factor s AS dw U.,a UovgA2/2g 

N (ft) Nh/yc f (ft) (ft) (ft) (Ills) (ft) s, Avg. S1 s. E hr E 11.E 
1 0 0.00 G.25 0.0 0.0 2.69 9.29 1.34 0.03 0.50 4.03 
2 2 0.74 0.25 4.5 4.0 2.65 9.43 1.38 0.03 0.03 0.50 6.03 0.13 4.16 -0.13 
3 4 1.49 0.25 8.9 4.0 1.54 16.25 4.10 0.17 0.10 0.50 7.64 0.40 6.04 -0.01 
4 6 2.23 0.25 13.4 4.0 1.33 18.75 5.46 0.26 0.21 0.50 8.79 0.85 7.64 0.00 
5 8 2.97 0.25 17.9 4.0 1.23 20.30 6.40 0.32 0.29 0.50 9.63 1.16 8.79 0.00 
6 10 3.72 0.26 22.4 4.0 1.17 21.32 7.06 0.38 0.35 0.50 10.23 1.40 9.63 0.00 
7 12 4.46 0.26 26.8 4.0 1.14 22.00 7.51 0.41 0.39 0.50 10.65 1.58 10.23 0.00 
8 14 5.20 0.25 31.3 4.0 1.11 22.46 7.83 0.44 0.43 0.50 10.94 1.71 10.65 0.00 
9 16 5.95 0.26 35.8 4.0 1.10 22.77 8.05 0.46 0.45 0.50 11.15 1.80 10.94 0.00 

10 18 6.69 0.25 40.2 4.0 1.09 22.98 8.20 0.47 0.46 0.50 11.29 1.86 11.15 0.00 
11 20 7.43 0.25 44.7 4.0 1.08 23.13 8.31 0.48 0.48 0.50 11.39 1.90 11.29 0.00 
12 22 8.18 0.25 49.2 4.0 1.08 23.23 8.38 0.49 0.48 0.50 11.45 1.93 11.39 0.00 
13 24 8.92 0.26 53.7 4.0 1.07 23.29 8.43 0.49 0.49 0.50 11.50 1.95 11.45 0.00 
14 26 9.66 0.26 56.1 4.0 1.07 23.34 8.46 0.49 0.49 0.50 11.53 1.97 11.50 0.00 
15 28 10.41 0.25 62.6 4.0 1.07 23.37 8.48 0.50 0.49 0.50 11.55 1.98 11.53 0.00 
16 30 11.15 G.215 67.1 4.0 1.07 23.39 8.50 0.50 0.50 0.50 11.57 1.98 11.55 0.00 
17 32 11.89 0.25 71.6 4.0 1.07 23.41 8.51 0.50 0.50 0.50 11.58 1.99 11.57 0.00 
18 34 12.63 0.25 76.0 4.0 1.07 23.42 8.52 0.50 0.50 0.50 11.58 1.99 11.58 0.00 
19 36 13.38 0.25 80.5 4.0 1.07 23.43 8.52 0.50 0.50 0.50 11.59 1.99 11.58 0.00 

N 20 36 14.12 0.25 85.0 4.0 1.07 23.43 6.52 0.50 0.50 0.50 11.59 2.00 11.59 0.00 

t 21 40 14.86 0.26 69.4 4.0 1.07 23.43 8.53 0.50 0.50 0.50 11.59 2.00 11.59 0.00 

Bulking Coefficent; Stepped S11lllwa~ Design Exam~e Ener~ Dlssi11at1on; Ste!!~ S11illwa~ Design Exam11le 
Height uiklng Height 

Step Number H dw coemclent Yao Step Number H dw Uova Eo E1 Eo-EI Eo-El 
N !II! Nh/~ !Ill 6 !Ill N !Ill !Ill !Ills! !II! !Ill !Ill Eo 

1 0 0.00 2.69 1 0 2.89 9.29 4.04 4.04 0.00 0.00 
2 2 0.74 2.65 2 2 2.65 9.43 6.04 3.75 2.29 0.38 
3 4 1.49 1.54 3 4 1.54 16.25 6.04 5.48 2.56 0.32 
4 6 2.23 1.33 4 6 1.33 18.75 10.04 6.65 3.38 0.34 
5 6 2.97 1.23 5 6 1.23 20.30 12.04 7.50 4.53 0.38 
6 10 3.72 1.17 1.76 2.05 6 10 1.17 21.32 14.04 8.11 5.93 0.42 
7 12 4.46 1.14 1.75 1.99 7 12 1.14 22.00 16.04 8.53 7.51 0.47 
6 14 5.20 1.11 1.75 1.95 6 14 1.11 22.46 18.04 8.83 9.21 0.51 
9 16 5.95 1.10 1.75 1.92 9 16 1.10 22.77 20.04 9.03 11.00 0.55 

10 18 6.69 1.09 1.75 1.90 10 16 1.09 22.98 22.04 9.17 12.86 0.58 
11 20 7.43 1.08 1.75 1.69 11 20 1.08 23.13 24.04 9.27 14.76 0.61 
12 22 6.16 1.08 1.75 1.86 12 22 1.06 23.23 26.04 9.34 16.70 0.64 
13 24 6.92 1.07 1.75 1.66 13 24 1.07 23.29 28.04 9.39 18.65 0.67 
14 26 9.66 1.07 1.75 1.67 14 26 1.07 23.34 30.04 9.42 20.62 0.69 
15 26 10.41 1.07 1.75 1.87 15 28 1.07 23.37 32.04 9.44 22.60 0.71 
16 30 11.15 1.07 1.75 1.67 16 30 1.07 23.39 34.04 9.45 24.58 0.72 
17 32 11.89 1.07 1.75 1.87 17 32 1.07 23.41 36.04 9.46 26.57 0.74 
18 34 12.63 1.07 1.7& 1.87 18 34 1.07 23.42 38.04 9.47 28.57 0.75 
19 36 13.38 1.07 1.7& 1.87 19 36 1.07 23.43 40.04 9.48 30.56 0.76 
20 38 14.12 1.07 1.7& 1.67 20 38 1.07 23.43 42.04 9.46 32.56 0.77 
21 40 14.86 1.07 1.7& 1.87 21 40 1.07 23.43 44.04 9.48 34.56 0.78 



Standard Step Method; Smooth Spillway Example 
q = 25 cfs/11 e = 26.6° smooth spillway 

Height friction Station 
H factor s AS dw Uovg Uavg •2/2g 

(ft) Nh/yc f (ft) (ft) (ft) (ft/s) (ft) S, Avg. S, S0 E h, E AE 

0 0.00 0.071 0.0 0.0 2.69 9.29 1.34 o.61 0.50 4.03 
2 0.74 0.071 4.5 4.0 2.71 9.24 1.32 0.01 0.01 0.50 6.03 0.04 4.07 -0.04 
4 1.49 0.071 8.9 4.0 1.48 16.88 4.43 0.05 0.03 0.50 7.91 0.12 6.03 0.00 
6 2.23 0.071 13.4 4.0 1.23 20.28 6.38 0.09 0.07 0.50 9.62 0.29 7.91 0.00 
8 2.97 0.071 17.9 4.0 1.10 22.80 8.07 0.13 0.11 0.50 11.17 0.45 9.62 0.00 

10 3.72 0.071 22.4 4.0 1.01 24.82 9.57 0.17 0.15 0.50 12.57 0.60 11.17 0.00 
12 4.46 0.071 26.8 4.0 0.94 26.47 10.88 0.20 0.19 0.50 13.83 0.75 12.57 0.00 
14 5.20 0.071 31.3 4.0 0.90 27.85 12.04 0.24 0.22 0.50 14.94 0.89 13.83 0.00 
16 5.95 0.071 35.8 4.0 0.86 29.01 13.06 0.27 0.25 0.50 15.93 1.01 14.94 0.00 
18 6.69 0.071 40.2 4.0 0.83 29.98 13.96 0.30 0.28 0.50 16.79 1.13 15.93 0.00 
20 7.43 0.071 44.7 4.0 0.81 30.81 14.74 0.32 0.31 0.50 17.55 1.24 16.79 0.00 
22 8.18 0.071 49.2 4.0 0.79 31.52 15.42 0.35 0.33 0.50 18.22 1.33 17.55 0.00 
24 8.92 0.071 53.7 4.0 0.78 32.12 16.02 0.37 0.36 0.50 18.80 1.42 18.22 0.00 
26 9.66 0.071 58.1 4.0 0.77 32.63 16.53 0.38 0.37 0.50 19.30 1.50 18.80 0.00 
28 10.41 0.071 62.8 4.0 0.76 33.07 16.98 0.40 0.39 0.50 19.74 1.56 19.30 0.00 
30 11.15 0.071 87.1 4.0 0.75 33.44 17.37 0.41 0.41 0.50 20.11 1.62 19.74 0.00 
32 11.89 0.071 71.6 4.0 0.74 33.78 17.70 0.42 0.42 0.50 20.44 1.67 20.11 0.00 
34 12.63 0.071 76.0 4.0 0.73 34.04 17.99 0.43 0.43 0.50 20.72 1.72 20.44 0.00 
36 13.38 0.071 80.5 4.0 0.73 34.27 18.24 0.44 0.44 0.50 20.97 1.76 20.72 0.00 

N 38 14.12 0.071 85.0 4.0 0.73 34.47 18.45 0.45 0.45 0.50 21.17 1.79 20.97 0.00 
~ 40 14.86 0.071 89.4 4.0 0.72 34.64 18.63 0.46 0.45 0.50 21.35 1.82 21.17 0.00 

Bulking Coefficent; Smooth Spillway Example Energy Dissipation; Smooth Spillway Example 
Height Bulking Height 

H dw Coemclent Yeo H dw U..,g Eo E1 Eo-El Eo-El 
(ft) Nhfyc (ft) s (ft) (ft) (ft) (ftls) (ft) (ft) (ft) Eo 

0 0.00 2.69 0 2.69 9.29 4.04 4.04 0.00 0.00 
2 0.74 0.07 2 2.71 9.24 6.04 3.74 2.29 0.38 
4 1.49 0.o7 4 1.48 16.88 8.04 5.75 2.29 0.28 
6 2.23 0.07 6 1.23 20.28 10.04 7.49 2.55 0.25 
8 2.97 0.07 8 1.10 22.80 12.04 9.06 2.98 0.25 

10 3.72 0.07 1.75 0.12 10 1.01 24.82 14.04 10.47 3.57 0.25 
12 4.46 0.07 1.75 0.12 12 0.94 26.47 16.04 11.73 4.31 0.27 
14 5.20 0.07 1.75 . il.12 14 0.90 27.85 18.04 12.85 5.19 0.29 
16 5.95 0.07 1.75 0.12 16 0.86 29.01 20.04 13.83 6.20 0.31 
18 6.69 0.07 1.75 0.12 18 0.83 29.98 22.04 14.70 7.33 0.33 
20 7.43 0.07 1.75 0.12 20 0.81 30.81 24.04 15.47 8.57 0.36 
22 8.18 0.07 1.75 0.12 22 0.79 31.52 26.04 16.13 9.90 0.38 
24 8.92 0.07 1.75 0.12 24 0.78 32.12 28.04 16.71 11.32 0.40 
26 9.66 0.07 1.75 0.12 26 0.77 32.63 30.04 17.22 12.82 0.43 
28 10.41 0.07 1.75 0.12 28 0.76 33.07 32.04 17.66 14.38 0.45 
30 11.15 0.07 1.75 0.12 30 0.75 33.44 34.04 18.04 16.00 0.47 
32 11.89 0.07 1.75 0.12 32 0.74 33.76 36.04 18.36 17.67 0.49 
34 12.63 0.07 1.75 0.12 34 0.73 34.04 38.04 18.65 19.39 0.51 
36 13.38 0.07 1.75 0.12 36 0.73 34.27 40.04 18.89 21.15 0.53 
38 14.12 0.07 1.75 0.12 38 0.73 34.47 42.04 19.10 22.94 0.55 
40 14.86 0.07 1.75 0.12 40 0.72 34.64 44.04 19.28 24.76 0.56 






