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A~STRACT 

A study is reported herein of the performance of either an abrupt rise 

or a partial transverse sill as a part of a culvert energy dissipation 

scheme in which flow parallel to the culvert axis is transformed into super­

critical radial flow. Energy dissipation is accomplished by means of a 

hydraulic jump which was formed as a result of the combined effect of radial 

flow and a transverse sill. A sill or an abrupt rise was introduced just 

downstream from the radial channel transition in .an effort to reduce the 

velocity of flow and impart stability of the jump position in addition to 

that provided by radial flow characteristics alone. Experimentation was 

carried out to determine the jump stability and velocity reduction achieved 

by means of the geometric configuration consisting of either a sill or a 

rise. 

J.J 



TABLE OF CONTENTS 

LIST OF FIGURES 

GLOSSARY OF SYMBOLS 

INTRODUCTION . . 1 

OBJECT AND SCOPE 2 

PREVIOUS STUDY . 5 

DESIGN AND CONSTRUCTION OF MODEL 15 

ANALYSIS .. 24 

EXPERIMENTAL PROCEDURE 28 

EVALUATION OF RESULTS 

I. Structure With Abrupt Rise 33 

A. Tailwater Requirements and Jump Stability 33 
B. Magnitude and Distribution of Velocities . 57 
C. Comparison of the Performance of the Radial 

Flow Energy Dissipation Structure With and 
Without an Abrupt Rise in the Apron . . . . . . . . 69 

D. Comparison of the Performance of the Radial 
Energy Dissipation Structure Incorporating 
the Abrupt Rise With the St. Anthony Falls 
Ba sin . . . . . . , . . . . . . . , . . . . . . . . 72 

E. Effect of the Abrupt Rise in Reduction of 
the Required Drop Between Culvert Outlet 
and the End of Structure .. , , , .. , . 74 

F. Problems of Ponding and Debris Accumulation 
Immediately Upstream of Abrupt Rise 74 

II. Structure With Partial Transverse Sill 75 

CONCLUSIONS 83 

BIBLIOGRAPHY . 86 



Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

LIST OF FIGURES 

Schematic Layout of Model With Sill 

Schematic Layout of Model With Abrupt Rise • 

Definition of Parameters for Model of Aguirre 

Definition of Parameters for Abrupt Rise in 
Rectangular Channel Investigated by Forster 
and Skrinde • • • • • • • • • • • • • • • 

Flow Boundaries and Variables for Vertical 
Sill Model Investigated by Rand ••• • • . . . . 
Details of Removable Entrance Channel Bottoms 

Center Section of the Apparatus 

Plan View of the Model With Sill, Showing 
Location of Velocity Measurements 

Plan View of the Model With Abrupt Rise, 
Showing Location of Velocity Measurements 

· . . . . . . . . . 

Page 

3 

4 

9 

11 

13 

17 

18 

20 

21 

10 Details of Nominal 2-Inch High Rise With 450 

11 

12 

13-20 

21-29 

30 

Beveled Face • • • 

Definition of Parameters • 

Plan View of Model With Abrupt Rise, Showing 
Location of Radial Velocity Measurements • 

Variation of Y3/Yt vs Ft for Values of 
and ~/L . . . . . . . . · 
Variation of Y3/Yt vs x/Yt for Values of 
and LR/L . . . . . . . · . 

23 

25 

31 

~/L . . . . . • 35-42 

~/L . . . . • 43-51 

Variation of (~+ Y3)/Yt vs x/Yt for Different 
Values of ~/L • • • • • • • • • • • • • • • • • 54 

v 



31 Variation of Y/Yt vs x/Yt for Rise, 
~/L = 0.147, Wl.th and Without Beveled Face · · · · · · · · 56 

32 Variation of Y3/Y t vs x/Yt for Different 
Values of LR/L • • • • • • • . . · · · · · · · · · · 58 

33-36 V/V vs B /B for Values of ~/L · · · · · 60-63 
m v 

37 Centerline Profile Showing Variation of 
V/V vs L /L With Jump Position · · . · · · · · · · · · · 65 m v 

38 Centerline Profile Showing Variation of 
V,fps vs L /L For Different Values of ~/L · · · · · · · 67 v 

39 Comparison of the Distribution of V/V for 
th5 Rise, ~/L = 0.147 With and WithoWt the 
45 Beveled ace. • • • • • • • • • • • · · · · · · · · · · 68 

40 Comparison of the Lateral Distribution of 
Velocities for Different Heights of Measurement 
for ~ = 0.137 ft , ~/L = 0.110 · · . · · · · · · · 70 

41 V/V vs B /B for Sill With Ft = 1. 76 x/Y = 1.49 76 m v t 

42 v/V vs B /B for Sill With Ft = 1. 76 x/Yt = 2.33 77 m v 

43 v/V vs B /B for Sill With F = 2.62 x/Yt = 1.18 78 m v t 

44 V/v vs B /B for Sill With F = 2.62 x/Yt = 1.80 79 m v t 

45 v/V vs B /B for Sill With F = 4.08 , x/y t = 1.38 80 m v t 

46 V/v vs B /B for Sill With F = 4.08 , x/Y t = 2.10 81 m v t 

vi 



Symbol 

b 

B 

B 
v 

g 

H 
s 

L 

L 
s 

L v 

Q 

r 

S 

v 

V m 

GLOSSARY OF SYMBOLS 

Definition 

Width of the entrance channel, ft 
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INTRODUCTION 

As a result of the high flow velocities which often exist in single 

pipe or box highway culverts in mountainous country, a large potential for 

scour is often created at culvert outlets, The flow as it enters a channel 

maintains a concentrated jet for some distance downstream, thus creating a 

separation zone between the flow and the wingwa11s. Unless controlled by 

raising the tai1water, the flow will persist down the channel at high 

velocity and low depth. This presents the optimum condition for scouring 

to occur. The primary purpose, therefore, of various methods of energy 

dissipation is to achieve tranquil flow conditions as the flow enters the 

downstream channel and to convert as much of the kinetic energy of the flow 

as possible into turbulent energy and ultimately into heat. 

Usually the most effective means of attaining this energy dissipation 

is through use of a hydraulic jump. When a jump is formed on a horizontal 

apron made of smooth material, the jump often is unstable and will drift 

upstream or downstream unless some means is employed to hold it in place. 

Stilling basins employing special geometric configurations are often used 

to accomplish this aim. For economic reasons stilling basins are designed 

to be as short as possible with excavation, forming, and construction held 

within practical limits. 

This paper introduces the concept of combining the effect of an abrupt 

rise or sill, with the phenomena of radial spreading action as an economical 

means of effectively dissipating outlet flow energy with a stabilized hydrau­

lic jump. 
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OBJECT AND SCOPE 

The object of this study is to investigate by model simulation, the 

performance of a partial transverse sill or an abrupt rise in the apron of 

an outlet structure which incorporates radial spreading action, A schematic 

layout of the model with the inclusion of a sill is shown in Figure 1. while 

Figure 2 presents a schematic layout of the model with an abrupt rise 

included, 

This scheme combines three features which bring about reduction of flow 

velocity, dissipation of energy~ and jump stability within a short length of 

stilling basin, High pressure with some associated energy reduction is pro­

duced as the flow impinges on the basin floor and is spread rapidly, Radial 

flow produces in general, reduction in water depth as the flow progresses 

forward. For this reason, a hydraulic jump formed in a radial basin will 

have improved stability characteristics, The third feature which aids in 

energy dissipation and jump stability is a sill or an abrupt rise, Either 

form of this feature produces a stabilizing ,;force due to dynamic pressure 

developed at the face, as well as pressure inherent in the increased eleva­

tion head, 

The purpose of this study was to determine the energy dissipation and 

jump stability characteristics of this basin and to provide usable informa­

tion for field design purposes, 
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PREVIOUS STUDIES 

Numerous technical papers have been devoted to the study of different 

types of stilling basins at culvert outlets, A number of these have been 

summarized in a report by Aguirre
l

, Many of the basins which have been 

designed are of a standardized form making use of such devices as blocks, 

sills, and baffles to reduce culvert flow energy, Although these basins 

are designed generally to meet varying conditions. they often are limited 

by safety considerations or economic factors to a certain range of outlet 

flow conditions, 

Two simple energy dissipation devices in existance are the straight 

drop spillway developed by the United States Soil Conservation Service
2

, 

and an ungrouted rock-lined depression made in the outlet channe1
4 

The 

former is installed in small drainage structures where the topography is 

steep enough so that a straight drop can be employed at the culvert outlet. 

The ungrouted depression has the advantage of providing complete drainage 

of the pool left after a flood. 

For flow from pipe culvert outlets ''lith lmv specific energy, a concrete 

stilling basin has been developed by the Public Works Department of New 

South Wales, Australia5 . The basin has vertical 'valls which flare out from 

the end of the pipe at an angle of 17 0 from the centerline, The bottom of 

the basin slopes downward from the end of the pipe at a slope of 1:4 (ver­

tical to horizontal) for a distance of 2D (pipe diameter), continues 

horizontally for a distance of 1,5D and then slopes upward at a slope of 

1:1.5 over a distance of Q,5D. The basin slope terminates at a vertical 

sill, Q,17D high. Flows into this basin are limited to a Froude number 
< -1.4. 

1 Numbers refer to references listed at the end of the report. 
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Impact type energy dissipators such as the Bradley-Peterka design of 

the Bureau of Reclamation Basin6 are particularly well-suited for flows 

with Froude numbers of 3 and greater. A transverse impact wall or baffle 

is placed across the flow to force it to change direction. The flow, 

thereby, dissipates a portion of its energy before it is discharged in the 

original flow direction into a concrete basin. This type of basin is most 

effective at higher Froude numbers when all of the flow strikes the impact 

wall. 

Th C C · d" 7 1 e ontra osta ~mpact type energy ~ss~pator emp oys two transverse 

walls, which extend completely across the bottom of a trapezoidal concrete 

outlet channel. Satisfactory results have been obtained from laboratory 

testing of this device over a broad range of outlet flow depths and Froude 

numbers. Field data on the operation of this device is not available 

however. 

Other types of stilling basins have been designed by the United States 

Bureau of ReclamationS making use of chute blocks, baffle piers, and end 

sills. In these designs, flow entering the basin is split and aerated by 

"triangular chute blocks" mounted at the l:-ase of the slope. To protect the 

bed from direct current action, part of the flow leaving the basin is 

directed upward and away from the unpaved riverbed by the end sill arrange-
9 ment. Henderson suggests that another purpose of the end sill is to set in 

motion a reverse roller which by directing bed material back towards the 

basin prevents undermining of the structure. Baffle piers are installed 

downstream of the chute blocks in the Type III basin. This basin is 

designed for low enough velocities so that the baffle piers will not be 

severely damaged by scouring, The piers offer added resistance which 

permits the use of a shorter basin with lower tailwater level. 

Another well-known standard design has been developed at the St. 

Anthony Falls Hydraulic Laboratory, University of Minnesota, for the United 

States Soil Conservation Service and has been described by Blaisdel13 , It 

is designed for use with low~head structures, as is the United States Bureau 

of Reclamation Basin III. however, it is applicable over a wider range of 

upstream Froude numbers. The St. Anthony Falls basin has a steep chute 

which runs into a horizontal apron. The sidewalls may be parallel or 



diverging in plan. Chute blocks are utilized at the end of the chute, with 

floor blocks downstream from the end of the chute a distance of one-third 

the length of the basin. The basin is terminated with an end si11,which 

extends over the full width of the basin. The St. Anthony Falls basin has 

another advantage over the Bureau of Reclamation Basin III, in that it is 

shorter in length. As pointed out previously, these basin designs are 

standard for generalized situations. Special circumstances of a specific 

project have often dictated that model studies be employed to test and 

develop more specific design of arrangements. 

For a jump to form unaided, the floor of the stilling basin must be 

placed a substantial distance below tai1water level. The required excava-
9 .tion for this may make the basin very expensive, Henderson indicates that 

excessive depth of excavation can be avoided by widening the stilling basin, 

This suggests not only that the basin should be as wide as possible, but 

also that if it were tapered in plan with the width increasing downstream, 

then the jump would remain stable in one position for given values of . 

upstream and downstream depths, Radial free surface flow has not only 

been studied by Davis
10

, who investigated transition phenomena in radial 

free surface flow, but also by Saddler and Higgins
11

, The purpose of the 

investigation by Saddler and Higgins was to predict quantitatively the 

surface curves and hydraulic jump heights with any axially symmetric bottom 

configuration for radial free surface flows and to provide a working compu­

ter program from which additional values might be calculated. The Chezy 

method for introducing roughness was utilized in devising the differential 

equation from which their theoretical curves were computed. Saddler and 

Higgins found in general, good agreement between their theory and experi­

ments. 

In radial flow, the Froude number and depth of flow vary much more 

than they would in the same length of a uniform channel, In addition, 

both Froude number and depth of flow may decrease as flow progresses down­

stream. These factors permit the required sequent depth Y2 to decrease 

rapidly within a short length of basin, This characteristic of radial 

flow produces a degree of hydraulic jump stability which cannot be 

achieved with the common parallel flmv hydraulic jump on a horizontal basin 

7 



floor. With this as a basis, a model study was performed by Aguirre
l 

to 

analyze the performance of a new type of culvert flow energy dissipator in 

which flow parallel to the culvert axis was transformed into supercritical 

radial flow. The outlet structure of the model allowed flow to drop along 

a steep slope into a horizontal basin with flared wingwalls, producing 

radial flow. The basic model geometry and parameters tested are shown in 

Figure 3. Experiments were performed to ascertain the jump stability, 

velocity reduction, and degree of angular uniformity of the radial flow 

attained from the various geometric schemes. 

In order to analyze the jump stability, the parameters x and y 

were varied over a certain range while Vt and Y2 were held constant. 

The absolute value of the slope of each curve of x/Y2 vs Y2/Yt was 

analyzed as an indication of the degree of stability of the hydraulic jump. 

A study of these curves indicated that the hydraulic jump was highly stable 

within the region of the basin with flared wingwalls. As the jump moved 

into the zone with parallel training walls, the absolute value of the slope 

of the curve decreased rapidly. Another variation of the parameters which 

was plotted was that of Y2/Yt VB Ft for constant values of x/Yt 

From an analysis of the behavior of the various parameters for each 

geometric combination tested, certain observations were made. It was 

observed that the performance of the entrance channel bottom with !3 = 00 

was comparable to that for S ~ 60°. In addition, it appeared that the 

wingwall flare angle e had more of an effect on the formation of the 

jump near the basin entrance than the entrance channel angle S Better 

spreading action was observed with the larger flare angle of 45°, In 

general, taihrater requirements at small values of x/Yt >v"ere lower for 

arrangements with 8 = 45
0

• At values of x/Yt of 5 and larger, it was 

observed that the lowest Y2/Yt requirements were for arrangements with 

B/b of 6, 

The type of structure studied in this model is only applicable when 

the topography permits a steep drop from the culvert outlet into the main 

channel. In order to alleviate the need for such a large difference in 

elevation between the culvert outlet and the channel and to provide addi­

tional energy dissipation, an abrupt rise has been added to the geometric 



--
I 

P.C. 

x 

PLAN 

ELEVATION 

Leading 
W-4--Edge of 

Hydraulic 
Jump 

FIGURE 3- DEFINITION OF PARAMETERS FOR MODEL OF AGUIRRE 

9 

B 



10 

model of Aguirre
l 

in the study reported herein. The abrupt rise as well as 

the abrupt drop, and sharp edged and broad crested weirs have been studied 

as means of insuring the formation of a jump and the control of its position 

under a broad range of probable operating conditions. 

The stabilizing effects of an abrupt drop in a channel bottom was 
12 

investigated by Rouse, Bhoota, and Hsu , From their investigation they 

observed that two flow situations are possible, In the first flow case, 

the toe of the jump is upstream of the drop and the thrust on the drop is 

determined by the depth downstream from the drop, In the second flow 

situation, the toe of the jump is at the edge of the drop. In this case, 

the thrust on the drop is determined by the depth of flow upstream from the 

drop. An undular wave was found to characterize the transition from one 

type of flow to the other, The type of flow which would exist was found to 

depend upon ~hether the downstream depth was above or below the depth 

required for formation of the undular standing wave. It was determined 

that experimental measurements must be relied upon in lieu of momentum and 

continuity relationships in predicting the conditions which would produce 
13 theundular stage. Moore and Morgan reported results of an experimental 

study related to the behavior of a hydraulic jump at an abrupt drop in the 

channel bottom. The study emphasized the characteristics of the jump, 

when th€ drop is located within the length of the jump. It was'observed 

that the pressure on the face of the drop was hydrostatically distributed 

under a piezometric head, hD' which changed with the location of the jump 

relative to the drop. An important characteristic of the jump observed in 

this experimental scheme was that it formed-over a wide range of Y2!Yl _ for 

the whole range of entering Froude numbers encompassed by the experiments. 

In order to demonstrate the effectiveness of the different types of 

jumps in decreasing the flow velocity along the channel bottom, this 

velocity was plotted against distance from the drop. The jump designated 

type B, in which the jump forms downstream from the edge of the drop, pro­

duced relatively high velocities along the channel bottom. On the basis of 

the study, three conclusions were arrived at. 

(1) An abrupt drop in the bottom of a rectangular channel provides 
an effective means of stabilizing a hydraulic jump over a 
large and continuous range of relative do,vnstream depths. 



(2) As the hydraulic jump passes through its three different forms 
while moving progressively downstream under reduced downstream 
depths the corresponding pressure on the face of the drop 
decreases continually. 

(3) An analysis based on luomentum principles, including the effect 
of the pressure force on the vertical face of the drop, pro­
vides results which are consistent with the experimental 
observations. 

Forster and Skrinde
14 

have developed diagrams, from experimental data 

and theoretical analysis for the sharp crested weir, broad crested weir and 

the abrupt rise, showing the relations of the important flow parameters. 

For the abrupt rise. the diagram demonstrates the relations among Fl , 

Y3/Yl ,and h/Yl for an abrupt rise with x = 5(h + Y3) . 

The parameters investigated in this study are shown in Figure 4. 

t 

/1 
I I 

I I V 
/ I~ 

------~~~ / I 
v I ,J ;;' I 

f.----~----~~----~,-----------
/---1"'"" 

1----<"'""' 

F 4., Definition of parameters for abrupt rise in 
rec lar channel [after Forster and 
Skrinde, (14)] , 

A diagram allows the prediction of the stabili effect of a given rise 

11 

height at the end of a jump when Vl , Yl Y2 (the sequent depth), Y3' 

and h are known. Experimental results indicate values of tailwater depth 

required to stabilize the jump, which are less than those obtained by apply­

ing the momentum equation between sections 1 and 3. The authors attributed 

the difference between the experimental and theoretical curves to the pres­

ence of a non-uniform velocity distribution at the ratio x/(h + Y3) ==- 5 , 

They stated that better verification uf experime]ntal results would be 

obtained when x/(h + Y3) approaches 10, Forster and Skrinde assumed that 

the thrust on the face of t:he rise vIaS due to the hydrostatic head created 



by the sequent depth of Y2 0 However, all of the discrepancy cannot be 

attributed to the non-uniform velocity distribution. Others 9 ,16 have 

12 

pointed out that it is not permissible to omit the dynamic force on the face 

of the abrupt rise, This force, although small at times, becomes very signi­

ficant when the jump is located close to the rise. Laushey16 states that "as 

long as x is greater than the length of the jump, the assumption can be 

made that the jump is not changed by the rise that follows." Another source 

of error in the e~perimental work of Forster and Skrinde was the measurement 

in general of very small Dl values. Boundary layer effects as well as 

depth fluctuations appear to limit the accuracy of their measurements of DI 
17 'for these small depths. Moore and Morgan have performed addit.ional inves-

tigation of the characteristics of the hydraulic jump at an abrupt rise. 

Their study reports measurements of the pressure on the face of the rise for 

different positions of the jump. In addition, velocity distributions were 

determined within the jump, before, at, and after the rise. One of the 

dimensionless parameters investigated in their work was .' hD/Yl' hD being 

the pressure head on the rise and YI the upstream depth. It was noted in 

their investigation that a reduction in the relative downstream depth pro­

duces an increase in hD/YI to maintain a stable jump. Their results 

reflected the fact that art increase in dynamic pressure takes place as the 

jump approaches the rise, This increased head results in a lower tailwater 

depth requisite for jump stability than that which is predicted from hydro­

static conditions. Experimental results of this study more closely verified 

theoretical analysis than the results obtained by Forster and Skrinde l3 

Some evidence has beEn seen in field applications that under low flow 

conditions. a flow obstruction such as an abrupt rise may cause accumula­

tion of debris. This debris which accumulates immediately upstream ofa 

rise may create a reduction in flow area and hamper the dissipation of 

energy in the basin until swept out by high flow conditions. Normal flow 

velocities. however, usually prevent any Significant accumulati6n:.of debris .. 

R d l8 . . d h -1 ' I 11 h I an ~nvestl.gate t e t ow ever a vertl.ca si in an open c anne . 

In this investigation a model was adopted that consisted of a vertical gate. 

of a movable apron with an adjustable sill. and of a gate for tailwater 

control. These components were all built into a glass-walled flume. The 



sluice gate produced a nearly horizontal flow for depths to 1.2 inches and 

its downstream edge served as an observable reference line for the stabili­

zation of the jump a.t its basic position at the gate entrance. It was 

assumed that the tangent tCI the flow surface must be parallel to the bottom 

at the entrance section. The depth, therefore, at this point would be the 

smallest flow depth in this region. 

Seven variables were used to describe the non-uniform flow which 

existed between the entrance and tailwater sections, These variables and 

the flow boundaries are shown in Figure 5. F, Lslol , and 0101 were 

the independent variables studied, while S/Ol and Lt/ol were the 

dependent variables which were determined, 

f'o11er 1 Holler 2 

~I , l1ottom Holler 

________ :_'c~L ______ __ 

Figure 5, Flow boundaries and variables for vertical 
sill model [after Rand, (18)], 

A forced hydraulic jump was stabilized at thE; entrance section of the 

flow by proper adjustment of tailwater depth for any given and S 

The forced hydraulic jump which was studied produc.ed either supercritical: 

or subcri tical tailwater depths, When suberi tical tai lw'ater conditions 

existed, two rollers were observed, one upstream and one downstream of the 

sill. It was established that the jump could be stabilized in the basic 

position at the flow entrance provided a particular height of the sill was 

used. If the sill, 

was discovered that 

S, 
J 

L 
s 

is allowed to approach the entrance section, it 

and S. decrease Simultaneously until a minimum 
J 

13 



L and a critical sill height S s c are reached. A slightly lower sill 

would produce a ski jump flow over the sill and the jump surface roller 

would vanish. When the sill was allowed to move in the downstream direc­

tion and its height increased to hold the jump in its basic position, a 

maximum L 
s 

and maximum S value were obtained. The sill, in this posi-

tion, acted in the manner of a true weir. The forced hydraulic jump 

became nearly a natural hydraulic jump. The upstream depth remained 

practically constant when the sill was moved further downstream from this 

point. Computed values of the maximum sill height, based on the papers, 

of Forster and Skrinde. and Kandaswamy and Rouse, agreed closely with the 

experimentally determined values from Rand's study, The maximum sill 

height is normally computed on the basis of the sill being considered as 

a low weir. 

14 



DESIGN AND CONSTRUCTION OF MODEL 

The model utilized in this study was identical to the one used by 

Aguirre
l

, with the exception that a rise or sill was added to the stilling 

basin section. The components of this model as used by Aguirre are a 

horizontal bottom stilling basin and downstream channel, an entrance 

channel with a curved bottom and a tank for stilling and control of the 

upstream flow. The horizontal bottom and vertical sides of the stilling 

basin and downstream channel were constructed of 3/4-inch plywood. Control 

of the tailwater depth was accomplished by means of a 36-inch long flap gate 

placed at the end of the channel. 

As mentioned previously in the review of Aguirre's work,he varied the 

geometric configuration of the model in order to determine the most effec­

tive design. Based on his evaluation of these variations, one particular 

scheme was selected for use in the present investigation. This scheme con­

sisted of two fixed parallel channel walls, 26 inches long, and 36 inches 

apart. The angle of the flared walls at the upstream portion of the still­

ing basin was 450 measured from the channel centerline. 

Two removable bottoms were utilized as a part of the model during the 

experimental work, as shown in Figure 6. One of the bottoms with the angle 

~ 600 as shown, was used in conjun.ction with testing of the model with a 

sill installed. The other bottom with ~ o was placed in the model for 

the majority of the testing which incorporated an abrupt rise at the end of 

the apron. The bottom with S 0 is preferable since it produces results 

which are comparable to those obtained with the other bottom and it is 

simpler and more economical to construct. 

The removable bottom of the entrance channel used with the abrupt rise 

consisted of 3/4-inch plywood sides which were used as templates set 6 

inches outside to outside. A horizontal bottom 6 inches above the stilling 

basin bottom was formed by these templates. Downstream and tangent to the 
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horizontal portion, the bottom formed a circular vertical curve with a 9-inch 

radius and 600 deflection angle. The downstream end of the vertical curve 

and the horizontal basin floor were connected by a short tangent. This 

removable bottom was of such a shape that, at any point along its surface, 

a transverse horizontal line would be a straight line. The other removable 

bottom which was used in testing the sill consisted of a sheet metal tem­

plate placed along the bottom centerline with a vertical curve and end tan­

gent identical to those of the plywood template on the sides. The point of 

curvature and point of tangency of the center template were at the same 

elevation as the corresponding points on the side templates but were dis­

placed a fixed distance downstream. This distance was such that, when pro­

jected on a horizontal plane, a horizontal line connecting any point on the 

center template to a similar point on the outside curve of the side template 

would form an angle of 300 with a horizontal straight transverse line. 

Therefore, two such horizontal lines from corresponding points on the side 

templates would intersect at the center template forming a 600 deflection 

angle shown as angle a in Figure 6. The bottom was constructed in such 

a manner that the intersection of either side slope with the stilling basin 

bottom was l/2-inch downstream from the intersection of the entrance channel 

walls and the flaring basin walls, measured parallel to the channel center­

line. 

A center section of the apparatus is shown in Figure 7. As seen in 

this figure, a 6-inch-wide control tank containing five wire mesh screens 

was used for stilling action. The tank outlet was an opening 6 inches wide 

by 6-1/4 inches high. A sluice gate constructed of l/8-inch-thick brass 

was installed to control the depth of flow out of the tank. An instrument 

carriage was provided to aid in measurement of water depths as well as 

positions of the jump and flow velocities. The carriage was composed of 

two separate frames, consisting of a c9mbination of steel pipe and 

structural steel shapes. 

Measurements of water depths and the location of jump positions were 

made with a Lory Type "A" point gage mounted on the top frame of the 

instrument carriage. Velocity measurements were taken by a Pran<.:ltl-type 

Pi tot tube. mounted also on the top frame of the instrument carriage. 
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Tai1water depth measurements were. made with a piezometer installed in the 

downstream channel bottom. The piezometer was located 8 inches upstream 

of the control gate, on the channel centerline. It was connected to an 

open manometer which was supported on one of the channel sides. 

The model waS connected to the laboratory constant head tank. Flow 

19 

into the model from this tank was regulated by means of a 3-inch gate valve. 

Discharge measurements were made using a Venturf~or.ffH:e ~ type meter connected 

to a differential water manometer. 

The first geometric feature which was added to the model scheme pre­

viously described was a partial transverse sill. This sill built of wood 

was rectangular in cross section and was 3/4-inch high and 3/4-inch thick. 

The sill was two feet long and left an opening of 6 inches between the end of 

the sill and the channel walls at either end. rhe face of'the sill w.as 

placed at the downstream end of the flare of the stilling basin wingwa11s, 

at the section where the wingwa11s intersected the parallel channel walls. 

The sill was waterproofed with fiberglass and painted. All joints were 

caulked and smoothly finished. As previously noted, the sill was placed in 

the model which included the entrance channel bottom with a 60 0 deflection 

angle. Figure 8 shows a plan view of the model stilling basin with the sill 

included. 

The sill was removed from the model after completion of testing with it 

in place. Tests were then made using a succession of four abrupt rises. 

The. first test was on a rise approximately 1/2- inch high. Following these 

tests, the rise was increased successively to 1, 1-1/2, and 2 inches nominal 

height. Each rise was installed and tested at two different positions. One 

position of the rise was at a distance of 6 inches from the section where 

the flared wingwalls intersected the parallel channel walls, measured 

parallel to the.channe1 wall. The second position of the rise was such that 

this distance was 9 inches. The rise extended continuously the entire width 

and length of the downstream channel. The rises were constructed of 1/2-

inch-thick plywood and were waterproofed with a fiberglass coating and then 

painted. All joints were caulked and smoothly finished. Figure 9 shows a 

plan view of the model stilling basin with the rise in the two positions at 

which it was tested. 
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At the completion of the experiments with the 2-inch rise, a beveled 

° face at a 45 angle was added to the rise at its position 9 inches from the 

end of the flared wingwa11s. The beveled face intercepted the basin bottom 

at a vertical angle of 45°. A side view as well as a plan view is shown in 

Figure 10. This approach was the last feature added for the experimental 

program. 
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ANALYSIS 

Analysis of the radial flow stilling basin with an abrupt rise 

indicated the significance of a number of variables,' The tailwater depth, 

Y3 ' is expressed as a function of the other variables as follows: 

where 

Y 3 f (V t' Y t' t~, L , ~, x, B, b, Z, r, (II, p, g, and e) 

tailwater depth, 

velocity of flow at the beginning of the vertical curve. 
Location of this point is shown in Figure 9 as the P,C. 
of the vertical curve of the entrance channel bottom, 

Yt the depth of flow measured at the section where Vt occurs, 

g gravitational accelerat'ion, 

HR height of abrupt rise, 

distance from the downstrea:n end of the flared ~ving"Jalls 
to the abrupt tise, measured parallel to the channel 
centerline, 

L distance betHeen the upstream and dmmstre.am end of the 
flared wing~valls measured parallel to the channel center­
line, and 

x dis tance from the upstream end of the flared wing\lalls to 
the leading edge of the hydraulic jump measured parallel 
to the channel centerline, 

3, l3, b, Z, r 

defined in Figure 11. 

a ,and B* are constant in this model and are 

*~ = 60° for tests with partial sill J 0 ri.se. 
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From these variables the following dimensionless variables were 

obtained from dimensional analysis: 

x 

V2 
t r 

r ' and Z 
g 

~ 
L 

] 
b ' 

e, a, 

In this experimental work, BIb, ~, a, a, and r/Z were held con­

stant, while the effects of changes in z/Yt and V~/rg were not of 

significance in this study. Therefore, the dimensionless parameters which 

were of interest in this study were: 

The Froude number is included as one of the dimensionless variables 

since the flow is governed primarily by gravity forces in both the model 

and prototype structure. The fluid property of viscosity must be considered 

as to its significance. Reynolds number is the dimensionless parameter used 

to ascertain the relative importance of viscosity. Viscous effects can be 

neglected if the minimum Reynolds numbers are sufficiently high so that com­

pletely turbulent flow exists. Preliminary analysis of the expected flow 

conditions in the model indicated a minimum Reynolds number of approximately 

1 X 1:,5 which is well into the turbulent flow range for the modeL 

The pressure on the face of the abrupt rise may be due to both dynamic 

pressure and hydrostatic pressure. Dynamic pressure is created as a result 

of the thrust on the face of the rise by the high velocity upstream jet. 

The pressure distribution on the face of the rise will be predominately 

hydrostatic if the toe of the jump is sufficiently far away from the face 

of the rise. If .this pressure distribution is assumed to be hydrostatic 

for the model reported herein under a head of hD' if the shear stress 

along the solid boundaries between the sections at Yt and is 
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neglected, and if the momentum coefficients at these sections are assumed as 

unity, the momentum equation for the sections at Yt and Y3 may be 

written as: 

::: ::i. Q(V - V ) 
g 3 t 

(1) 

in which y is the specific weight of the fluid and Q is the discharge. 

The continuity equation may be written as: 

Q 

Combining Equations I and 2 and reorganizing, the following equation may 

be written relating the aforementioned variables: 

r 
2 I 

L 
b 
- - I 
B ] 

(2) 

(3 ) 

The pressure head on the face of the rise, h
D

, was not measured in 

this experimental program, however, it may be calculated by assuming hydro­

static pressure conditions at the rise, with the tailwater depth Y3 

assumed to be approximately equal to the water depth at the face of the rise. 

This variable is not mentioned in the preceding dimensional analysis, since 

it will be another dependent variable and will be a function of the other 

variables. 

As in the work of Aguirre l , values selected in the experimental program 

for dimensionless variables were such that they would be compatible with 

normal fie leI conditions, and in the case of the geometric variables ,vould 

lead to a design that would be relatively simple and economical to construct. 



EXPERIMENTAL PROCEDURE 

Tests were conducted to determine the performance of rises of four 

different heights as well as the performance of a sill. The rise heights 

tested were 0.042 feet (nominal 1/2 inch), 0.092 feet (nominal 1 inch), 

0.13 7 feet (nominal 1-1/2 inch), and 0.184 feet (nominal 2 inch). Each 

rise was tested at two positions, 6 inches and 9 inches away from the down­

stream end of the flare. After the rise of 2-inch nominal height was 

tested, a 450 beveled end sill was added to the face of this rise at its 

positon 9 inches from the end of the flare. 

Measurements were made to determine jump stability and selected veloci­

ties in the channel for each rise at both positions. The hydraulic jump 

stability was determined by measuring the longitudinal change in jump posi­

tion resulting from a change in tailwater depth. The jump position was 

measured by placing the point gage directly over the leading edge of the 

jump. The jump position was indicated on a calibrated tape placed on the 

side of one of the longitudinal tracks. Since the jump position oscillated 

somewhat, a visual temporal average of its position was observed. The tape 

on which the jump position was indicated was read to the nearest 0.01 foot, 

but the actual average position was determined to approximately ±0.04 feet. 

A tailwater depth was measured by means of a piezometer for each adjusted 

jump position. The piezometer was located at x 6.0 ft. and was connected 

to a manometer which was read to the nearest ±0.002 foot. 

The tailwater was adjusted for each magnitude of rise so that the 

leading edge of the jump moved from an initial position of x = 0.17 feet 

near the beginning of the flared basin to the fartherest position down­

stream where a true jump would be maintained. Several intermediate jump 

positions were set and the corresponding tailwater depths measured. 

Jump stability determinations were made in this manner for six 

values of F
t 

the Froude number at the downstream end of the horizontal 
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position of. the entrance channel. Ft ranged from a low of 1.63 to a high 

of 2.94. ' The different values of Ft were obtained by varying both the 

discharge and the depth of flow Yt . 
Two values of discharge, 0.64 and 0.72 cubic feet per second were used. 

For each discharge setting, three values of Yt were used to obtain the 

desired Ft' The minimum Yt setting was 0.195 feet, while the maximum 

Yt setting was the free entrance flow depth with no sluice gate control. 

Velocity measurements were made in the channel section past the rise 

to determine the velocity distribution in the channel and the energy reduc­

tion created by the action of the hyd,raulic jump and the abrupt rise. 

Velocity measurements were taken at a Froude number of 2.94, in order to 

observe the maximum velocity condi~ions. It was of primary interest to 

investigate the velocity near the channel bottom which was taken as an 

indicator of the potential for scour. For this reason all but one set of 

velocity measurements were taken at a height of 0.02 feet, measured from 

the bottom of the Pitot tube to the channel bottom. The vertical distance 

from the channel bottom to the centerline of the Pitot tube was approxi­

matelyO.025 feet. 

Prior, to the reading of velocity measurements for each rise, the jump 

was stabilized at its fartherest position downstream in order to determine 

the ~orst velocity conditions which could occur. In the case of the two 

larger,rises, 0.137 feet and 0.184 feet high respectively, excessive ski 

jump flow resulted in a large concentration of flow as far as 1.5 feet 

downstream from the face of the rise with the jump in its fartherest down­

stream position. For this reason, the jump was moved back upstream by 

adjustment of the tailwater depth until the flow was more uniformly distri­

buted and also of a reduced velocity in the channel section. In this posi­

tion velocity measurements were again taken in the channel. Velocity 

measMrements were also taken for 'the rise .042 feet high with the jump 

positioned back upstream from its maximum possible downstream setting. For 

this rise, with the jump at its maximum downstream position, velocities as 

high as 4 feet per second were recorded near the face of the rise. 

As shown in Figure 9, the principle velocity measurements were taken 

on a rectangular grid. Measurements were taken at longitudinal distances 



of 0.25, 0.50, 1.00, and 1.50 feet from the face of the rise. Velocity 

measurements Were taken at the channel centerline and at lateral distances 

of 0.40, 0.80, and 1.30 feet to the left and right of the centerline. To 

give a better indication of the velocity distribution in the channel 

resulting from the spreading action of the radial stilling basin, a number 

, of radial velocity profiles were obtained. As shown in Figure 12, the 

velocity measurements were taken at the intersection of a circular arc of 

radius 2.125 feet with the previously established lateral stations. The 
o 

circular sector was one with a central angle of 90 , the same angle as the 
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one formed by the projected intersection of the flared wingwalls. Radial 

measurements were made in the region of concentrated flow. For the rise 

0.042 feet high, the arc was constructed so that it intersected the channel. 

walls 0.25 feet from the face of the rise, while the arc constructed for 

measurements points for the 0.137 foot and 0.184 foot high rises intersected 

the channel walls 0.50 feet from the face of the rise . 

. Another special velocity profile was taken for the 0.137 foot high rise 

in its position 0.50 feet from the downstream end of the flare. Velocities 

were determined for this rise with the centerline of the Pitot tube 0.055 

feet above the channel bottom. A lateral profile was taken for the seven 

lateral stations at a longitudinal distance of 1.0 feet from the face of 

the rise. The purpose of these measurements was to compare the velocity 

distribution in the middle of the flow stream at this height with the 

velocity distribution obtained at the measurement height of 0,02 feet. 

In the case of the model with the partial transverse sill included, the 

experimental program consisted of a series of velocity measurements taken in 

the channel section past the sill. As shown in Figure 8, velocity measure­

ments were taken on a rectangular grid similar to the one for the abrupt 

rise. The lateral points of measurement were at the centerline, and 0.40, 

0.80, and 1.30 feet to the right and left of the centerline. Longitudinal 

points were 0.50, 1.00, and 1.50 feet from the intersection of the flared 

wingwalls with the parallel channel walls measured parallel to the centerline. 

Measurements of velocity were taken 0.02 feet from the bottom of the Pitot 

tube to the channel bottom, except for one special set of measurements. 
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Velocity measurements were obta.1ned for six different values of Froude 

number, Ft , ranging from 1.76 to 2.94. The Froude number was varied in a 

manner similar to that,for the abrupt rise, in that the differen~ values of 

Ft were arrived at by varying both the discharge and the depth of flow Yt . 

The minimum setting was 0.195 feet, while the maximum setting was 

the free entrance flow depth with no sluice gate control. For each value of 

F
t 

' velocity measurements were taken with the jump at three different posi­

tions. 



EvALUATION OF RESULTS 

Performance characteristics of both the abrupt rise and partial 

transverse sill will be discussed in the following portion of the report: 

I. Structure With Abrupt Rise 

Performance of the abrupt rise was evaluated on the basis of jump 

stability characteristics and tailwater requirements as well as the magni­

tude and distribution of velocities. 

A. Tailwater Requirements and Jump Stability 

1. General Characteristics 

One indication of the performance of the structure with the abrupt rise 

is the degree of stability of the jump position for a variable tailwater 

depth. This characteristic was studied for each of the four rises (1/2, 1, 

1-1/2, and 2 inches nominal height) at two positions, 6 and 9 inches from 

the downstream end of the flare. Stability of the jump is represented by 

the change in position of the hydraulic jump corresponding to a given change 

in tailwater depth. The jump position denoted as x, was defined as the 

distance from the beginning of the flared wingwalls to the leading edge of 

the jump. 

As mentioned previously in the analysis, the required tailwater depth, 

Y3 ' for the specific basin and channel geometry required to stabilize the 

jump at the position x depends on Vt ' Yt' g, L, LR , and ~. 

The entrance channel width, b was added to these variables to form the 

dimensionless variables Y3/Yt' x/Yt' Ft , Ytlb, LR/L , and HR/L . 

To investigate jump stability, the parameter x and correspondingly 

Y3 were varied for each rise at each of the two positions, while V
t 

and 
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were maintained constant. From this procedure, could be 

expressed as a function of x/Yt 
for several constant values of Ft 

and 

Yt/b , in the case of each value of ~/L and LR/L . As cited in the 

procedure, for each of two discharge rates, three values of Yt 
were set, 

so that for each rise in one of its positions, six different values of Ft 
were investigated. These functions for each rise including the ones for the 

2-inch nominal high rise with the 45 0 beveled face are shown in Figure 21-

29. 

As was demonstrated in the results presented by Aguirrel , the degree 

of jump stability may be expressed by the absolute value of the slope of 

each curve of x/Y
t 

vs y
3

/Y
t

• Several general characteristics of these 

curves may be observed which were similar to those for the structure without 

the rise. For each rise, curves of y3/Y
t 

vs x/Y
t 

indicate that for a 

certain value of x/Yt ' a higher value of Y3 /Y t is required to stabilize 

the jump in a certain position as F
t 

is increased. The absolute slope of 

these curves for constant values of ~/L and LR/L , appears to be 

approximately the same for each value of All of the curves indicate 

that as x/Y
t 

is increased, the absolute value of the slope decreases. 

This change in slope is much more pronounced, however, for the lower rises 

of 1/2-inch (~/L = 0.034) and I-inch height (~/L = 0.074). 

Another expression of these parameters is that of y3 /Y t vs Ft' For 

a particular Froude number, Ft , Y3/Yt 
values were determined for each 

corresponding x/Yt value, with the jump position ranging from a nearly 

submerged position close to the entrance channel to its extreme downstream 

position. The limiting values of Y3/Yt within which the jump would form 

at given entering flow conditions are thus shown, as seen in Figures 13-20, 

for each ~/L and ~/L value. In the case of the rises of 1/2-inch, 

1-1/2-inch, and 2-inch nominal height, the lowest y3/Y
t 

values designated 
-.......-,-,-.-~.~~--- -"-'" / _ ... --" 

by a dashed line are not desirable for purposes of satisfactory design, 
-". -~---- _ -~. _ ""'::......> ""'-""--:' - --........ -~-' ---- ~'- ... 

since high velocities near the bottom are encountered in a portion of the 

channel with the jump in its extreme downstream position. This concentration 
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FIGURE 25 - VARIATION OF Y3 / Yt VS. X /Yt FOR 
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(Nom. 1.5 inch) 
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LR = 0.50 ft 
HR = 0.184 f t 

( Nom. 2 in c h ) 
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FIGURE 27 - VARIATION OF Y3!Yt vs. X I Yt FOR 

HR/ L=0.147, LR/ L =0.40 



2.0 LR = 0.75 Ft 

HR =0.184 Ft 
(Nom. 2 inch) 

HR/L =0.147 

LR/L =0.60 
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2.0 r----.----.-------,----L----------, 
R III 0.75 Ft 

HR III 0.184 Ft 
( Nom. 2 inch) 

With 45° Beveled Face 
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FIGURE 29 - VARIATION OF Y3/Yt vs. XlV, FOR 

HR L=O.l47, LR L=O.60 

WITH 45° BEVELED FACE 



of velocity is a result of ski jump action by the flow jet after it strikes 

the rise. A more satisfactory velo~ity distribution was obtained with the 
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jump further upstream, as reflected by higher values of Y3/Yt This posi-

tion of the jump has been designated as the extreme downstream position for 

optimum design. It is indicated on the graphs of Y3/Yt va Ft as a 

solid line, denoting the 10vler limit of y 3/y t for best performance. 

The results presented in this manner are directly applicable to the 

design of a stilling basin structur,e of this geometric configuration, 

incorporating an abrupt rise. These results may be applicable in two basic 

situations. The range of permissible tailwater depths for a given entering 

discharge and water depth, Yt' may be obtained for a rise of given height. 

In addition, these results may be utilized to determine the most suitable 

rise height and position, if the range of tailwater depths and entrance flow 

conditions are known. 

lies to the left and above the upper limiting 

line of the design band, the rise is too h:Lgh, and the jump will be forced 

upstream and may finally be drowned. If the Y3/Yt point is to the right 

and below the lmver limiting line of the design band, either the jump will 

be forced downstream toward the abrupt rise and be washed out or a true jump 

will essentially disappear and flow will shoot over the rise. 

As mentioned, a y,) y point may be high enough to permit a jump to be 
.J t 

held within the basin but may result in excessive velocities near the bottom 

of the channel past the rise, due to the close proximity of the jump to the 

rise. An example of this type of application of the curves of Y3/Yt vs 

F t for values of l-~/L and LR/L is as follovls: 

Given: Q and V 
J t such that F

t 
2.00 

and min y /y 1.BO 
3 t 

Trying HR/L = 0.034 for both LR/L 0_' 0.40 and 0.60 it is seen in Figures 

13 and 14 that the point is outside of the design range. 

Utilizing Figures 15 and 16 for ~/L = O. 074 ~"ith LR/L = O,L:·O and 

0.60 , respectively it is seen that the point is within the design range for 

both rise positions. 

r. 
f, 
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3. Comparison of the Four Test Rise Heights 

A comparison of the minimum tailwater requirements for the various rise 

heights from the plots of Y3/Yt vs Ft shows that significantly lower 

values of tailwater are required to hold the jump in the basin as the rise 

height is increased. A part of this difference in tailwater requirement 

is a result of the increased elevation of the channel bottom in relation to 

the total head. However, the effect of dynamic pressure also appears to 

account for some of this difference. An indication of the effect of increased 

dynamic pressure as the rise height is increased is given in Figure 30, where 

(~ + Y3)/Yt is plotted as the ordinate with x/Yt ' the dimensionless jump 

position variable as the absicca. A comparison is made between rises of 

~ cc 0.042 feet (nominal 1/2- inch height) , and ~ 0.184 feet (nominal 2-

inch height) for each of the two rise positions. The spreading of the two 

curves, as the jump is allowed to move downstream toward the rise, indicates 

that dynamic pressure acts in addition to the h~drostatic pressure to resist 

the movement of the jump downstream. In this figure, ~ + Y3 is only an 

approximation of the hydrostatic head on the face of the rise, since the 

elevation of the water surface drops somewhat from the face of the rise to 

the point where the tai1water was measured. As would be expected, the 

spread between the curves was greater for LR/L ~ 0.40 than for LR/L = 0.60 

This is a result of the rise being closer to the jump with LR/L = 0.40 for a 

given value of x 

A comparison of the performance of the various rise heights in stabi­

lizing the jump can also be accomplished by comparing the absolute value of 

the slope of the Y3/Yt vs x/ Yt 
curves for a given value of Ft In 

general, these curves displayed a, sharp degree of curvature for low values 

of x but approached a nearly linear slope for larger vqlues of x as the 
6Y's/y t 

jump proceeded farthur downstream. For this reason 6x!Yt ratios are com-

pared for the various rise heights over the linear portion of the curves, 

where the x/Yt values are larger as the jump approaches the rise. This 

comparison is shown in Table 1 for LR/L = 0.40 and 0.60 at F
t 

2.94 . 

Comparison of the jump stability characteristics of these rise heights 

for the same rise position clearly shows that improved jump stability is 
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~ HR IL =0.034, HR=0.042 
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TABLE 1. COMPARISON OF JUMP STABILITY 

HR HR LR x Range [~J 6Y3 r6Y
/

Yt
] 

L L Yt Yt L6X/Yt 

0.042 0.0% 0.40 4.0 - 6.0 2 0.13 0.065 

0:11. 60 4.0 - 6.0 2 0.10 0.050 

0.092 0.C74 o ,L:·O 3.2 - 5.2 2 0.21 0.105 

0.60 4.0 .. 6.0 2 0.15 0.075 

0,137 0.110 0,<'.0 2.8 - 4.8 2 0.30 0.150 

0.60 2.8 - 4.8 2 0.22 ,0.110 

0.184 0.147 0.40 1. 8 - 2.8 1 0.25 0.250 

0.60 1. 6 - 2.6 1 0.26 0.260 

achieved by increasing the rise height. From the standpoint of jump stabil­

ity characteristics, the rise of 0.184 feet (nominal 2-inch height) is the 

most desirable of the rises which were tested. One undesirable feature of 
• ~ - - '$ 

the 0.184 foot and 0.137 foot high rises is the demonstrated fact that they 

are applicable over a more limited range of tailwater values. 

4. Comparison of the 2-inch Nominal Rise With and Without 
the 45 0 Beveled Face 

Figure 31 gives a comparison of the tailwater requirements of the 0.184 

foot high rise, (~/L = 0.147), with those of this rise with a 45
0 

beveled 

face added. The jump stability performance of this rise is also compared 

to that of the rise with the 45
0 

beveled f~ce. Plots of Y3/Yt vs x/Yt 

are shown for F t :::; 2.44 and 2.94. Noticeably lower taihorater values are 

required for this rise without the sloping face. In addition, the absolute 

values of the slope of the curves, which is indicative of the jump stability, 

are somewhat greater for the rise without the sloping face as the jump moves 

closer to the rise. 
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5. Comparison of the Two Rise Test Locations 

As is shown in Table 1, significantly better jump stability is achieved 

for an LR/L of 0.40 in the case of the rises 0.042, 0.092, and 0.137 feet 

high. However, for the highest rise, 0.184 feet high, there is virtually no 

improvement in jump stabilization at the more upstream rise position with 

~/L 0.40 . 

A comparison of tai1water requirements for the two rise positions is 

shown in Figure 32, for ~~' 0.092 feet and ~ cc 0.184 feet. The two 

lower rises, 0.042 and 0.092 feet high, both require lower tai1water values 

for a given jump position with the rise located 9 inches away from the end 

of the flare at ~/L "" 0.60. This behavior is contrary to what might be 

expected. One reason for this might be the reduced effect of dynamic pres­

sure with the smaller rises. For the two higher rises, 0.137 and 0.184 feet 

high, however, this behavior reverses and slightly lower tai1water values 

are required for the rise location of ~/L == ·Q-.. "40 The difference in 

tai1water requirements is more pronounced for larger x/Y
t 

values. The 

most desirable rise location, therefore, based on jump stability and tai1-

water requirements is dependent to some degree, upon the height of rise 

desired. The rise location, ~/L = 0.40 , is definitely more desirable for 

a rise height of ~/L 0.110 (~ 0.137 feet) and slightly more desirable 

for 1\/L '" 0.ll~7 (1\ ;= a.18t} feet) The most desirable location of the 

rise for the two lower rises, based on these two characteristics, will be at 

~/L 0.40 , if the minimum tai1water conditions expected are high enough 

to permit the jump to be held in the basin. 

B. Magnitude and Distribution of Velocities 

As mentioned in the experimental procedure, velocity measurements were 

obtained at several. sections in the channel to ascertain the longitudinal 

and transverse distribution of velocities for each of the rises tested. 

Ve10ci ty measurements for each rise were t.aken at F t == 2. 9/} and with the 

jump stabilized at its farthest position downstream in order to determine 

the Horst velocity conditions which could occur. As discussed in the 
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procedure, measurements were taken also for the rises 0.042, 0.137, and 

0.184 feet high with the jump positioned farther upstream in a location 

where velocities were significantly reduced and more uniformly distributed. 

Measurements were taken, with the various rises located at each of the two 

test locations of LR/L:::: 0.40 and 0.60 .. 

All velocity measurements downstream from the jump were taken with the 

Pitot tube aligned parallel to the channel centerline. Since flow with 

lateral velocity components continues into the downstream channel, the Pitot 

tube was not always aligned in the direction of the principal velocity 

vector. This error in measurement becomes more pronounced in the flow 

regions near the channel walls, where the principal velocity vector deviates 

the most from a directLon parallel to the centerline. Trial measurements 

indicated, however, that this error was not of great significance in this 

study since in the region near the walls the magnitude of the velocity was 

small. 

1. Evaluation of the Transverse Distribution of Velocities 

Figures 33 through 36 demonstrate the transverse distributions of 

velocities for each rise at the sections where the highest velocities were 

encountered. Except in the case of the nominal 1!2-inch high rise, veloci­

ties are indicated with the jump located in the downstream position for 

optimum design, as previously described, where velocities were significantly 

reduced and fairly uniformly distributed as compared with more extreme down­

stream location of the jump. The velocity distribution shown for the nominal 

1/2~inch high rise (H
R 

:::: 0.042 feet) was with the jump positioned in its 

extreme downstream position so that the velocities although reduced were not 

as well distributed as if the jump were positioned farther upstream. 

Velocities are shown for both rise positions. Velocities are plotted in' 

terms of the mean channel velocity, V 
m 

The velocity distributionSclearly indicate the concentration of flow 

velocities in the center portion of the channel, with a sharp velocity 

reduction toward the sides of the channel. Radial velocity measurements 

taken, as described in the procedure section, showed a more uniform trans­

verse distribution of velocities in the center portion of the channel but 
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also indicated a sharp reduction in velocities toward the channel sides. 

Part of this concentration of flow in the center is a result of non-

uniform spreading in the supercritical flow region of the basin, with more 

flow proceeding parallel to the basin centerline down the center of the 

basin. Another factor which appears to add to the concentration of flow in 

the center of the basin is reflection of the supercritical flow off of the 

radial side walls. Since the flow following impact on the channel bottom 

is not spread to the outside perfectly, so that streamlines are exactly 

parallel with the radial basin walls, a portion of the spreading super­

critical flow will strike the walls forming a wave reflection back toward 

the center of the basin. This effect although not of a large magnitude 

increases the flow concentration in the center and helps 00 create a zone 

of very low velocity along the channel walls. 

2. Variation of the Longitudinal Distribution of 
Velocities With Jump Location 

Variation of the longitudinal velocity distribution with jump position 

is shown in Figure 37, for the rises of height, ~:= O.O/}2 <feet and 0.137 

feet at the rise location LR/L O~ 0.60. A centerline profile is shown of 

V Iv ,comparing itc;' IbngitmHila:l distribution .at th'~ extreme downs:tr.eam 
m 

jump position ,'lith its longitudinal distribution at the extreme dmmstream 

position for optimum design, Although velocities are reduced in the case 

of ~ 0.042 feet , the velocity distribution is virtually unchanged by 

moving the jump upstream. In the case of the rise 't'lith ~ == 0.137 feet , 

for both jump positions, the flow shoots over the rise giving high veloci­

ties dmmstream from the face of the rise. As the jump is moved upstream 

from the rise, this concentration of velocity is moved upstream and reduced 

in magnitude. Since the variation of V/V is shown in this figure, a 
m 

larger difference would exist between the actual velocities in feet per 

second of the two jump positions than is indicated by the V/V curves. 
m 

The velocities, V for the more downstream jump positions, are 

significantly higher than velocities for the more upstream jump position. 

This difference is more pronounced than for V/V since the jump in the 
m 
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Ff = 2.94 
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(b) HR/L =0.110, HR =0.137 Ft. 

FIGURE 37 - CENTERLINE PROFILE SHOWING VARIATION 
OF V/Vm vs. Lv/L WITH JUMP POSITION 



more downstream position also results in a higher value of 

jump in the more upstream position. 

3. Comparison of the Four Test Rise Heights 

V m 
than the 

Figure 38 shows the centerline profile of the actual flow velocities 

in feet per second for the four rise heights tested at LR/L = 0.60 . 

Profiles are shown for the jump in its extreme downstream position as well 

as at the position for optimum design. For both jump positions, the rise 

vlith ~!L 0.03[, shows high velocities near the face of the rise. The 
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extreme downstream jump position is taken also as the best design position 

for the rise with HR/L "" Cl.074 , since a comparatively uniform distribution 

of velocity is achieved '-lith the jump in this position. The two higher rises 

of "&/L = 0,110 and O.1Lf7 indicate significantly lower velocities with the 

jump positioned farther upstream. If the jump is allowed to proceed no 

further than its indicated extreme position for optimum design, the highest 

rise of lIa/L:::; 0.lt.7 'vill be the most desirable since it exhibits lower 

velocities. At the extreme do,vnstream jump positions, the rise of "&/L 

0.074 shO\vs the 10\"est maximum velocity. 

4. Comparison of the 2-inch Nominal Rise With and Without 
the 45 0 Beveled Face 

Figure 39 ives a comparison of the distribution of v/v for the rise 
m 

~/L " O.lL,7 , (I~ =c 0.184 feet) with and Tilithout the Lt-SO beveled face, for 

the jump in its extreme downstream position. Both the longitudinal and 

transverse profiles indicate significantly lm-ler velocities arc obtained 

in the channel for this rise without the beveled face. Better velocity 

distribution is also achieved without the beveled face. 

5. Comparison of the 'frvo Rise Trc:st Locations 

From Figures 33 through 36 a comparison can be made of the performance 

of each of the rise locations LR/L '" 0 JfO and 0.60 , by comparison of their 

lateral distribution of velocities for each rise height. There is apparently 
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no great difference between the transverse velocity profiles for the two 

positions. Slightly better distribution and generally lower velocities 

are noted in the case of the 1m-Jest rise of ~/L:c: 0.034 ,vith the rise 

9 inches from the em! 'Jf the flare at LR/L:= 0.60. For the other three 

rise heights, hc'\vC'ver, thE;: rise position 6 inches from the end of the flare 

0,1,1) produces slightly l01der velocities and somc,vhat better 

dietribution. 

6. Comparison of the Veloe Profiles at Transverse 
Sectiom' for T'vo H('i~hts ofN(~asurement at HR n.137 Feet 

Figure 40 gives a comparison of the lateral distribution of velocities 

for two different hei~hts of measurement with the rise height = 0.137 feet. 

Velocities were taken 1.00 feet from the face of the rise at the section of 

maximum velocities. The measurement height of 0.05 feet is very close to 

the center of the flmv stream. Although a somewhat more uniform velocity 

profile was noted in the center portion of the channel at the higher mea­

surement position, a sharp drop off in velocity vms noted at both measure-

ment heights as the Pitot tube \!las stationed progressively closer to tile 

channel ,valls. 

C. Comparison of the Perronn,lI1cf' of trw Radial FlmJ 
Di.sstpatton Structur,' ~1i t'1 and lrHthout tm Abrupt Rise 
in the Apron 

The radial flO\'J encrg v diss ipator wi til 3n nbrupt ris<:' is i'up('rior in 

tailwater requirements, jump stability, as well as velocity reduction to 

this same energy dissi or without a rise. This can be seen in Table II. 

which gives a typical comparison of the performance of the structure \-lith 

and without the rises for =:: 2.% This table indicates that there is 
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only slight improvement in tailwater requirement with the addition of a rise 

0.034. No improvement in jump stability as indicated by the 

absolute slope of the Y3/Yt vs x/v .. t curves is achieved by the addition 

of this rise. R'~cltlction in channel velocities is achieved, hO~'lever, as 

seen in Table II addition of thi~ rise. 
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LR • 0.50' LR L = 0.40 Xlvt = 4.97 
B =3.00' 

By/B 
.433 .250 .125 0 .125 .250 .433 V - ____ Q_ 

m - (B)(Y3J 

Y3 • 0.135 ft. 

Vm = I. 77 fps 

70 

LV Lv/L = 0.80 
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TABLE II. COMPARISON OF PERFORMANCE OF THE RADIAL FLOW 
ENERGY DISSIPATOR WITHOUT RISE TO PERFORMANCE 
OF DISSIPATOR WITH VARIOUS RISES AT F == 2.94 , 
y/b == 0.;39 . 

t 

Tailwater Jump Channel Velocities 
Requirements Stabi1i~ x/Yt == 5 L /L 0.60 

Y/Yt for ["Y3 /Y
t 

v 

Structure x/y 3 t:.x/y vt, fps vt/V 't t m 

Without Rise 1. 75 0.065 5.45 6.85 

~/L 0.034 

LR/L = 0.40 1. 68 0.065 

LR/L 0.60 1.61 0.050 2.60 3.21 

~/L 0.074 

LR/L 0.40 1.54 0.105 

LR/L 0.60 1.37 0.075 

~/L 0.110 ft 

LR/L 0.40 1.14 0.150 

LR/L 0.60 1.14 0.110 3.40 2.28 

~/L 0.147 ft 

LR/L 0.40 0.70 0,250 

LR/L 0.60 0.72 0.260 

The centerline velocity, Vc in fps ,and Vc/V the mean channel 
m 
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velocity is shown for x/Yt == 5 and L /L 0.60. L is the longitudinal 
v v 

distance from the downstream end of the flared wingwalls to the point of 

velocity measurement measured parallel to the channel centerline. The other 

three rises sho\v definitely better performance than the structure without an 

abrupt rise. 



D. Comparison of the Performance of the Radial Flow Energy 
Dissipation Structure Incorporating the Abrupt Rise With 
the St. Anthony Falls Basin 
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A better evaluation of the performance of the radial energy dissipation 

structure with an abrupt rise can be made if it is compared with a stilling 

basin which has been investigated and utilized successively in a number of 

applications. The St. Anthony Falls basin is reconnnended for use on small 

structures such as culvert outlet works where the incoming Froude number 

F1 == 1.7 to 17. This incompasses the smaller range of approaching Froude 

numbers 1.7 to 3 investigated in this study. Because of its comparatively 

short length of stilling basin it is frequently used under the aforemen­

tioned conditions of approaching flow. For this reason it is chos.en for 

comparison in an example design. 

For example, given F = 2.94 , culvert outlet width, 
t 

b 4 feet • 

y /b = 0.40 
t 

Yt 

V
t 

Vt 

Q 

Q 

= 

-

(0.40)(4 ) 

(F t ) ( "" gy t ) 

21.1 fps 

(Vt)(b)(Yt) 

304 cfs 

::: 1. 60 feet 

= (2.94) (V(32. 2) (1.60» 

::: (21.1) (6)(2.40) 

1. St. Anthony Falls Basin (With Parallel Basin Side Walls) 

LB (length of basin) ::: 4.5 Y2/F~·76 where Y2 is the theoretical 

sequent depth corresponding to Yt • assuming Yt ~ Y1 . 

(a) == 

(b) 4 5 /F
O. 76 

• Y2 t 

::: 

(4.5)(5.9) 

(2.94)°·76 

5.9 feet 

:= 11. 7 feet 



(c) I (1.10 
2 

6.07 feet I 

Y2 - F /120)Y2 = where Y2 is 

the depth of tailwater above the stilling basin floor 

(d) V 9 P042 12.5 fps == (b)(y~) = (4)(6.07) == m 

(e) Y~/Yt 
6.07 ft 3.8 = 1.60 ft 

:= 

(f) height of chute blocks and floor blocks 

1. 60 feet 

or 

(g) width and spacing of these blocks are approximately 

0.75 Yt or i. 20 feet 

(h) height of end sill, c = 0.07 Y2 = 0.413 feet 

2. Radial Energy Dissipation Structure With Abrupt Rise 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

B :;:: 6b == 24 feet 

L == 1/2 (B - b) := 9 feet 

LR == (LR/L) (L) = (0.40)(9) == 4.0 feet. 

LB == L + LR 14.0 feet 

HR/L chosen as 0.074 minimum, with ~ 0.67 feet 

since this rise height parameter in general exhibits 

superior performance to the ~/L 0.034 in jump 

stabilization as well as reduction and distribution of 

velocities 

Y/Yt range := 1. 27 to 1.83 

min Y3 == (1. 60) (1. 27) 2.03 feet 

V 9 {304} 6.25 fps (B)(y3) = (24)(2.03) = m 
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A comparison of these two designs indicate that there is no appreciable 

difference in the length of basin required. The radial flow energy dissipa­

tion structure will allow much lower minimum tailwater values. Velocity 

data from investigation of the radial energy dissipation structure with the 
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abrupt rise indicates that within the design range, these low tailwater 

values do not result.in excessive velocities near the bottom of the channel. 

In addition, the mean channel velocity of the St. Anthony Falls basin is 

twice that of the radial flow energy dissipator with the abrupt rise. This 

indicates that the scouring tendencies in general are probably greater for 

the St. Anthony Falls basin. A somewhat lower minimum tailwater would 

result for the St. Anthony Falls basin if the side walls were tapered. 

The width ratio, Bib of 6 for the radial flow energy dissipator, may 

be larger than is desirable for the actual channel. A reduction in stability 

of the jump is inherent, however, in any decrease of the width ratio for the 

same length of basin. Investigation of the effect of reducing the width 

ratio, Bib on the performance of the basin, is a possible subject for 

future study. 

Results of this comparison indicate that if low tailwater conditions 

are expected and if fairly low approaching Froude numbers not greatly in 

excess of 3 are expected, the radial flow energy dissipation structure with 

an abrupt rise appears to be more applicable than the St. Anthony Falls basin. 

Since the radial flow energy dissipator with the rise was not tested 

at Froude numbers greater than about 3, it is not recommended for applica­

tion at higher Froude numbers until further experimental investigations are 

carried out for these flow conditions. 

E. Effect of the Abrupt Rise in Reduction of the Required Drop 
Between Culvert Outlet and End of Structure 

The utilization of a structure incorporating an abrupt rise enables 

energy dissipation to be achieved without a significant drop in elevation 

between the culvert outlet and the stream channel. This is of importance 

when the topographic conditions will not permit a large drop in elevation. 

F. Problems of Ponding and Debris Accumulation Immediately 
Upstream of Abrupt Rise 

As cited in the previous study section of this report, accumulation of 

sediment immediately upstream of an abrupt rise has been noted in some cases. 
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Although sediment may settle in the pool upstream of the rise during low 

flow conditions, it appears that the turbulent flow conditions existing with 

normal discharges will quickly clean out the pool. Large pebbles dropped 

into the pool of the model basin for the flow conditions employed during the 

testing were rapidly removed and carried downstream. Ponding of water in 

the basin upstream of the rise may be prevented by the addition of drains. 

II. Structure With Partial Transverse Sill 

The performance of the radial flow energy dissipator with a partial 

transverse sill was evaluated on the basis of its velocity reduction and 

distribution characteristics. Figures 41 through 46 demonstrate these 

characteristics for three of the six Froude numbers, F
t 

which were set. 

Transverse distribution of velocities are shown for two of the jump posi­

tions for each Froude number. Measurements are shown at measurement dis~ 

tances, 

walls. 

L 
v 

of 0.50 feet and 1.50 feet from the end of the flared wing-

Velocities are expressed in terms of the mean channel velocity, V m 
Generally higher velocities are noted for each value of F t at the measure-

ment distance L 
v 

of 1.50 feet. As would be expected, velocities generally 

increased in the channel as the jump was positioned farther downstream. In 

the case of Ft values of 1.76 and 2.62, flow velocities \Vere concentrated 

on one side of the channel. Unusual behavior \Vas noted for F t ::::; 1.76 with 

the jump at x/Yt = 1.49 and for F t = 2.62 with the jump at x/Yt 1,80 , 

in that the lateral profile of velocity was skewed to one side of the channel 

at 

L 
v 

L = 0.50 feet, but was skewed to the opposite side of the channel at 
v 
1.50 feet. This skew in the velocity profile may be a result of poor 

spreading of the tranquil flow in the basin. It may also have been caused 

by reflection of flow from the channel tailgate which caused some eddy 

formation to occur. However, the severely skewed velocity distribution was 

observed with the partial transverse sill and not with the flat apron or 

the abrupt rise. Velocities measured for F
t 

4.08 showed a different 

trend. Velocities at L = 0.5C feet, for this Froude number were very low 
v 

near the bottom of the channel, with some concentration of flow near the 

channel sides at the more downstream jump position. At L ~ 1,50 feet, 
v 
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for this Froude number, flow was concentrated in the center of the channel. 

Although very low velocities were noted near the bottom of the channel in 

some instances at L = 0.50 feet , significantly larger velocities were 
v 

measured at positions higher in the flow stream. This indicated that the 
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major portion of the flow stream was flowing over at a higher elevation from 

the bottom. Maximum velocities measured for the sill were in the order of 

3 feet per second, which compared favorably with the velocities measured 

for the abrupt rise. 

Flow as noted, however, was concentrated in most cases on one side of 

the channel. Tailwater requirements also are greater for jump stabiliza­

tion with the sill. For this reason, the partial transverse sill is 

believed to be less desirable as a device for energy dissipation and jump 

stabilization. If a transverse sill completely across the channel width, 

were utilized in lieu of a partial sill, it may be that better distribu­

tion of flow could be achieved in the channel. 



CONCLUSIONS 

(1) An abrupt rise in the bottom of the channel as a part of the radial 

energy dissipation structure is effective in stabilizing the hydraulic 

jump with satisfactory dissip[ltion of flow energy within the range of 

approaching Froude numbers; 1.76 to 2.9l; considered in this study. 

(2) Uti1i~aUon of an abrupt rise as apart of the radial energy dissipa­

tion structure permits stabilization of the hydraulic jump with low 

values of downstream tailwater depth. 

(3) Significantly lower values of tailwater depth are required to maintain 

the jump in the basin as the rise height is increased. This lower 

tailwater requirement for abrupt rises of increased height is a result 

of both the increased elevation of the channel bottom and the effect 

of dynamic pressure on the upstream face of the rise. 

(4) Comparison of the jump stability characteristics of each rise height, 

as indicated by the movement of the jump resulting from a given 

decrease in tailwater depth, clearly shows that improved jump stabil­

ity is achieved by increasing the height of the abrupt rise. 

(5) From the standpoint of tailwater requirements and jump stability 

characteristics, the two highest rises, 0.184 feet and 0.137 feet 

high, are the most effective of the rises tested even though they are 

applicable over a more limited range of tailwa ter values. 

(6) Selection of the more desirable rise location of the two locations 

test,ed, based on jump stability and tailwater requirements, is 

dependent upon the height of rise chosen. The rise location, 

LR/L 0.40 is more desirable for the two higher rises of ~/L 
=: 0.110 (~ '" 0 .137 feet) and BR/L C~ 0.147 (~ 0= 0.184 feet), The 

best rise location for the two lower uses tested, ~/L 0" 0.034 

0\ o . (.l~2 feet) and R IL :::: 
R 

0.074 (RR =:0 0.092 feet) will be at 
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LR/L = 0.40 if effective jump stability is the characteristic 

desired. If low tailwater depths are expected for these lower two 

rises, however, LR/L 0.60 is a sometvhat more desirable rise 

location, since it permits the jump to be held in the basin with 

lower tailwater depths than the rise location ~/L of 0,40. 

(7) Transverse distributions of velocities for each rise tested, clearly 

indicate that for a structure of geometry similar to the one investi­

gated, flow will be concentrated in the center portion of the channel 

with a sharp velocity reduction toward the sides of the channel. An 

improvement in velocity distribution in the channel will be achieved 

as the jump is moved upstream toward the entrance channel. 

(8) Based on the comparative magnitude of velocities near the bottom of 

the channel, which may be considered as an index of the scouring 
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power of the flow leaving the jump, and the distribution of these 

velocities, the rise location LR/L of 0.60 produces slightly better 

results for the smallest rise height tested, HR/L = 0.034. The rise 

location LR/L of 0.40 produces better results for the other three 

rises tested. 

(9) An evaluation of the comparative performance of a rise of height 
o 

HR/L = 0,147 , with and without a 45 beveled face, clearly shows 

that the rise without the sloping face is superior in both jump 

stability performance and reduction of flow velocities, 

(10) The tailwater requirements, jump stability characteristics and 

velocity reduction of the radial energy dissipator are improved by 

the addition of rises of height, ~/L = 0.074, HR/L = 0,110 , and 

0.147 Although velocities are reduced in the channel by 

addition of a rise of height ~/L = 0.034 , there is little or no 

improvement in tailwater requirements or jump stability over that for 

a flat apron, 

(11) Although debris may accumulate in the basin imnediately upstream of 

this structure with an abrupt rise during low flow periods, it 

appears that the turbulent flow conditions existing with normal dis­

charges will quickly clean out this debris. 
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(12) The utilization of a structure incorporating an abrupt rise enables 

energy dissipation to be achieved without a large drop in elevation 

between the culvert outlet and the stream channel. 

(13) Although maximum velocities near the bottom of the channel attained 

with the partial transverse sill included were no greater than those 

attained with the rise, the partial transverse sill is less desirable 

than the abrupt rise as an energy dissipation device because of 

skewed velocity characteristics and higher tailwater requirements. 

For this reason the abrupt rise is recommended in lieu of the 

partial transverse sill. 
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