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PREFACE 

The research reported herein is a study of the performance 

of a rectangular end sill as a method for restoring the flow leaving a 

broken-ba c k c ircular culvert to a condition with an energy level 

c omparable to that of the existing natural channel. With a sill of 

proper height located between the flared wing walls at the culvert outlet, 

the supercritic al flow usually present in a broken-back culvert can be 

changed to subcritical through a forced hydraulic jump within the pipe. 

Thus the flow at the culvert outlet could be distributed uniformly 

across the downstream channel width within a shorter distance. 

Experiments with model broken-back culverts were run to determine 

the sill height to culvert geometry relationship, the most desirable sill 

location within the wing walls, and the effectiveness of a rectangular 

sill in distributing the culvert flow. 

This study was initiated under an agreement between 

the Texas Highway Department, the Bureau of Public Roads, and the 

Center for Highway Research at The University of Texas at Austin. 

Special acknowledgement is made to personnel of the Texas Highway 

Department for their valuable suggestions and comments during the 

inve stigation. 

Special thanks are due Drs. Walter L. Moore and Carl 

W. Morgan of The University of Texas and Dr. Bobby E. Price of 

Louisiana Polytechnic Institute for their valuable suggestions during 
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various stages of this investigation. The authors also wish to thank 

Me ssrs. M. Narayanan, Kenneth Shuler and Ed Bruce for their 

assistance in construction of the models and collection of the data. 

The authors wish to thank the Bureau of Engineering Research at The 

University of Texas for assistance with drafting and to Mrs. Judy Brandes 

and Mrs. Virginia Thomas for typing the manuscript. 
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ABSTRACT 

An experimental investigation was made to determine the 

effectiveness of a rectangular end sill in stabilizing a hydraulic jump a 

prescribed distance inside a broken-back culvert and in distributing the 

fl ow at the culvert outle t acroSS the downstream channel width. In this 

way, t he supercritical, high velocity flow usually characteristic of a 

broken-back culvert could be released to the downstream channel so that 

the flow condition and energy level of the natural channel could more 

readily be resumed. A major objective of this study was to experimentally 

determine the relationship between the sill height and the controlling 

variables associated with forcing a hydraulic jump inside a broken- back 

culvert without an improved inlet and for a given range of dis cha r ge 

factors, Q/D2. 5. For this portion of the inve stigation, the discharge 

fac to r, culvert geometry, and s ill location we re all varied systematically 

so that each of their effects on the sill height to hydraulic jump relation­

ship could be determined. Velocity and depth measurements acros s 

various sections in the channel downs t reaITl of the sills were useful in 

determining the most desirable sill location within the flared wing walls 

and in estimating the effectiveness of the sills in distributing the flow. 

For the data collected during this study, a consistent 

relationship appears to exist between sill height and cul ve rt geoITletry 

fo r a given discharge factor and a given sill location. Relating sill 
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height to specific energy upstream of the jump results in a family of 

curve s of constant H/D values for a given discharge factor. For a 

cul vert of given geometry without an improved inlet and closed to the 

atmosphere except at it s two ends, the sill height required to stabili ze 

a jump a given distance inside the pipe increases with dis c harge fo r 

Q/D 2 . S~ 2.5. At Q/D 2 • 5;:> 2.5 the headwater submerges the culve rt 

entrance, and the air entrained by the jump inside the pipe cause s a 

partial vacuum to develop adding an upstream force to aid the sill in 

stabili z ing the jump. Thus le ss s ill height i s required. 

Considerin g the si ll l ocation s, the sill at the c ulvert outlet 

is probably the least desirable because of the maintenance problems it 

poses whe n debris and eroded material are deposited by flood waters 

inside the culvert. The sill at the mid-point of the flared wing walls 

appears to be the most desirable since less addi tional channel protection 

immediate l y downstream of such a sill i s required . Protection in the 

form of a concrete apron or rip rap is usually supplied between the wing 

walls soerosion by the flow over a sill at the mid-point of the wing walls 

would be limited. Slightly less sill height is required by a sill at the 

mid -point of the wing walls than one at the end of the wing walls, howeve r, 

the sill at the end o f the wing walls is more effe c t i ve in spreading the 

flo w across the downstream channe l within a shorter distance. At 

distances of ten to twelve pipe diameters from the sills, t he difference 

in flow patterns does n ot appear to be appreciable . With the sill located 

at either the mid-point or end of the wing walls, an average of 800/0 energy 
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reduction was measured between the end of the sloped portion of the 

broken-back culvert and a section downstream of the sills. 
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INTRODUCTION 

With over three and one-half million miles of highways and 

rural roads extending acroSS the United States, it is inevitable that 

portions of such a vast system should cross mountainous or hilly terrain. 

In these areas drainage facilities along and under roadways must be 

designed not only with the capability of controlling the rapidly rising, 

high volume flows characteristic of such regions, but also for releasing 

these flows to downstream channels such that allowable velocities and 

shear stresses are not exceeded. Drainage facilities in mountainous 

or hilly terrain often involve culverts which confine and pass flood flows 

down steep grades. The broken-back circular culvert used by the Texas 

State Highway Department is an example of this type of facility. In 

detail, this culvert is a continuous circular pipe consisting of three 

constant-slope sections with the middle section set on a much steeper 

grade than the two mildly-sloped end sections . Often the upstream mild 

sloped section is omitted all together. Typical of the usage of broken­

back culverts is the Austin, Texas, area where there are twenty-nine 

culverts on steep grades on the east Loop around the city many of which 

are circular culverts. One of these is a 550 foot long, 60 inch culvert 

with a t o tal fall to culvert size ratio approximately equal to four. 

One problem with the USe of broken-back culverts occurs 

in the natural channel immediately downstream from the culvert outlet , 

When supercritical flow exists in the natural channel prior to the 
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installation of a broken-back culvert, the grade of t he channel is usually 

classified as a hydraulically s teep slope. L i kewi se the slope of the 

middle section of a broken-back culvert is also steep since it is usually 

set near or greater than the grade of the natural channel. In the absence 

of tail water at the c ulvert outlet, super c ritical free surface flow may 

exist throughout the length of the culvert with attendant high velocities. 

Another effect of any culvert is to confine the natural flow 

of an existing channel. Since the flow conditions in the case of the 

broken-back culvert both within the culvert and in the natural channel 

are usually supercritical, the momentum and erosion pote ntial of the 

flow leaving the culvert outlet are likely to be even greater than that 

of the natural channel flow. With the concentration of flow in the central 

portion of the channel immediately downstream from the culvert outlet, 

the occurrence of exce ss ively high velocities is possible . Unde r these 

conditions, scouring of the channel bed downstream of the culvert outlet, 

as well as, undermining of the culvert itself may result . Thus a major 

problem associated with the use of broken-back culve rts on steep grades 

w here no tail water exists is one of returning or spreading the culvert 

flow back to the original condition of the natural channel without an 

appreciable gain of kinetic energy. It is important from the standpoint 

of channel stability that the original flow condition and flow width of the 

natural channel upstream of the culvert also be maintained downstream 

of t he culvert. It is primarily this idea that serves as a basis for the 

subject of this research study. 
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One way that the energy level of the flow leaving the culvert 

can be modified is for a hydraulic jump to be formed within the pipe. 

The hydraulic jump has long been used as an energy dis sipator in open 

channel flow. With the existence of a jump within the culvert, the flow 

passes from supercritical to subcritical conditions in the barrel, and a 

reduction in flow momentum, as well as, a loss of energy results. 

Ideally, with the passage of this subcritical flow through the flared portion 

of the culvert outlet and into the downstream channel, the establishment 

of conditions and flow patterns similar to those of the natural channel 

can be accomplished within a short distance of the culvert outlet. 

In a cui vert with a geometric configuration similar to that of 

the broken-back culvert, the natural formation of a hydraulic jump within 

the culvert usually does not occur without sufficiently high tail water to 

force the jump. In the absence of tail water, a jump will form naturally 

within the pipe only after the energy losses due to friction around the 

wetted perimeter of the pipe have sufficiently reduced the momentum of 

the upstream super critical flow. In order for frictional energy losses 

within the pipe to be sufficiently high to produce a natural jump , the 

downstream mildly-sloped section of the broken-back culvert mu s t be 

either very long or very rough . Usually the physi c al dimensions of a 

culvert site and the desirability for setting the s t eep sloped portion 

near the natural grade limit the length of this downstream portion of the 

culvert such that under the design conditions, a natural jump will not 

form, and supercritical flow will exist throughout the entire length of 
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the culvert. This suggests that some artificial or external means 

should be used to force the hydrauli c jump to form within the prescribed 

length of culvert so that the flo w leaving the culvert will spread and 

reduce both its velocity and erosion potential. 

The placing of a rectangular sill either at the culvert outlet 

or in the flared wing wall portion of the outlet structure will force a 

jump to be formed within the pipe if the sill is of sufficient height. This 

is true since the criterion for the forma tion and existence of a hydraulic 

jump is that pressure-plus-momentum be equal on both sides of the 

jump. The presence of a s ill at the pipe outlet provides additional 

external force in the upstream direction acting against the supercritical 

pressure-plus-momentum. Thu s for a given set of design conditions and 

culvert geometry, there should be some optimum sill height that would 

force a jump to form and stabilize within the culvert. 

This study was initiated to investigate the relationship 

between the height of end sills and the for ced hydraulic jump in the 

broken-back CUlvert . The feasibility of using end sills to force the jump 

and some o f the problems that the y might create were also considered. 

Such information should be valuable to the highway engineer confronted 

with the design of draina ge facilities in areas where steep grades exist. 

Objectives 

This study was primarily an experimental investigation to 

establi sh the relationship between the height of a rectangular end sill 

and the controlling var iable s associated with a forced hydraulic jump 
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In a broken-back culvert. Specifically, it wa s desirous t o determine 

the necessary sill height that would force and stabili z e a hydraulic jump 

fo r a given discharge factor, Q/D2 . 5 , insi de a culvert of given geometry 

at a prescribed distance from t he culvert outlet. Al so of particular 

intere s t dur ing the study was the effect that a sill ne ar t he end of a 

broken-back cul ve rt might have on the flow conditions downstream of 

the s ill. A lthough the main purpose o f the sill is to aid in s preading the 

culvert fl ow across the width of the downstream c hannel. it seems 

poss ible tha t if the sill gets too high, potential energy is converted to 

kineti c ene r gy, and a p roblem similar t o that o f supercritical fl ow 

s hooting directly out of the culvert outlet can be created. A third phase 

of the experimental portion of thi s study was t o inves t igate the effects 

that different sill l ocation s within the flared wing walls at the culve rt 

outlet have on downstream energy levels, and, if possible, to determine 

the most desirable l oc ation for the sill. 

Devising a useful and con c ise means o f pres enting the results 

of this study. particularly the relationship between sill height, discharge 

factor, and culvert g eometry, was an important factor in fulfilling the 

basic objecti ves of this investigation. S u c h presentatio n sche m es could 

prove useful to the highway eng ineer as design aids when confronted with 

drainage problems in hilly or mountainous terrain. 

Scope and Limitations 

In accordance wi th t he major objective of thi s study, the 

height o f e nd sill requ ired to fo r ce and s tabilize a hydraulic jump inside 
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the culvert was determined for a range of discharge factors, various 

cul ve rt geometrie s, and diffe rent sill locations. Although the relations hips 

between sill height and the pertinent variables associated with stabilizing 

a jump inside the culvert were established only for 0 / 0
2

. ~ 2.5, additional 

data were taken at Q / D2. 5 = 3 and 3.5 so that the effect of the subatmospheric 

pressures developed within culverts without improved inlets at these higher 

discharge factors could be determined. Tests with and without artificial 

ventilation of the culvert were run at these higher discharge values. In 

changing the geometry of the model broken-back culverts, three different 

lengths of downstream horizontal section were used with each of several 

differently sloped middle sections of varying length. The total fall over 

the entire length of the culvert was varied by using different lengths and 

slopes of the middle unit of culvert since the slopes of the two end sections 

of culvert were maintained horizontal. The total fall of the culverts was 

limited to about two feet or a fall to pipe diameter ratio of approximately 

four. Only one diameter of pipe (six inch) was used to construct the model 

broken-back culverts. 

For each culvert geometry configuration and discharge value, 

the required sill height was determined experimentally with the sill 

located at the mid-point and end of the flared wing wall portion of the 

culvert outlet and at the end of the downstream horizontal section of the 

culvert. With the sills located at the mid-point and end of the wing walls, 

tests were run at the higher discharge values for several of the culvert 

geometries both with and without artificial air ventilation of the plpe. 



7 

The culverts were ventilated by means of a 1-1 /2 inch hole in the crown 

of the upstream ho rizontal section of pipe. Transverse velocity and 

depth distributions at sections downstream of the sills we re also 

determined at these higher discharge factors and sill locations. These 

data were useful in determining energy levels in the downstream channel, 

as well as, the distance from the various sill locations that uniformly 

distributed flow was re -established in the channel. 

Only one type of end sill was used for all of the experimental 

tests run . A rectangular sill, uniform in both height and thickness, was 

placed vertically acroSs the entire width of the c hannel between the flared 

wing walls and perpendicular to the longitudinal axis of the culvert. 

Different sills of various heights were used in a trial and elimination 

pro c e ss to determine the prope r sill height that would for c e and stabilize 

the hydraulic jump a given distance upstream from the culvert outlet for 

a particular discharge factor and culvert geometry. 

Throughout the entire experimental portion of the study, 

visual observations were made of the flow patterns in the vicinity of the 

sills located at various positions. The water su rface profile of the flow 

immediately upstream of and over the sill s , the degree of flow conc en­

tration over the sills, the effectiveness of each of the si lls in spreading 

and distributing the flow acros s the width of the channel, and the 

ho riz ontal distance traveled by the flow from the top of the sills to the 

channel floor were all observed during the experiments. All of these 

fa ctors were impor tant in determining which of the various sill locations 
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might be the most effective in aiding the flow leaving the culvert to re sume 

the nu rnlal flow patterns and conditions of the natural channel. 



EXPERlMENTAL PROGRAM 

The collection of experimental data in the laboratory comprised 

a majo r portion of this study. The culvert models were constructed in 

the Hydraulics Laboratory of the University of Texas with the same test 

set-up used by Price (1967)* in his experiments with the broken-back 

culvert. This set-up made use of the pumps, piping system, £low meters, 

and gages existing in the laboratory. 

Experimental Equipment 

A schematic sketch of a typical broken-back culvert model 

is shown in Figure l. The outlet and sill locations within standard THO 

(Texas Highway Department) wing walls are shown in detail in Figure 2. 

Photograph s of the test stand and the outlet structure with sill in place 

are shown in Figures 3 and 4, respectively. The test stand consisted 

of a 7 foot long by 3 foot wide by 4 foot high smooth plywood storage tank; 

a 6 foot long by 2 foot wide by 2 foot high smoo th plywood table which 

served as the upstream approach channel; a series of 8 foot long by 2 foot 

wide steel tables for suppo rting the plexiglas culvert model; and a 6 foot 

long by I foot-IO 1/2 inch wide by I foot-6 inch high smooth plywood 

table which served as an outlet c hannel for the culvert. Standard THO 

" References are listed alphabetically by author in the 
Bibliog raphy. 
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wing walls were constructed inside of this outlet channel making an 

o 
angle of 30 with the longitudinal axis of the culvert. The outlet channel 

table could also be raised and lowered to vary the total fall of the culvert 

by adjusting bolt-slot connections on the table supports. 

Variations in the slope of the middle section of the culvert 

were obtained by placing c radle supports of required heights on the 

suppo rting tables. When change s in the total length of the cuI ve rt we re 

made, suppo rting table s were either removed or attached as required to 

provide sufficient support for the plexiglas culvert. In order to obtain 

greater total fall of the culvert, the supporting tables for both the pipe 

and the downstream outlet channel were removed for several of the tests. 

Floor supports were used in this case to achieve desired elevations. 

The plex iglas pipe used for the culvert model had a n ominal 

inside diameter of 6. 125 inches with a maximum variation of + 0.004 inches. 

Pipe sections were bolted together by plexiglas flanges chemically bonded 

to the ends of the pipe sec tions. Along the bottom of the entire length of 

the plexigla s pipe were mounted piezometer s which were used to measure 

hydrostatic water depths and pressure heads . The piezometers were 

located a t intervals not exceeding 6 inches and were connected by "Tygon" 

tubing to 1 /2 inch glass tubes on a manometer board. Strips of engineer ' S 

tape graduated to 0 . 01 feet were attached beside all 1 /2 inc h tubes, and 

the water levels were read with a vernier . Desired pipe slopes were 

easily checked wHh the piezometers. Figure 5 shows the manometer board 

with water levels indicating the profile of the water surface in the culvert. 
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(o) WATE R SU R FACE PRO FI LE 

(b) BOTTOM OF CULVERT 

FIGURE 5. PHOTOGRAPHS SHOWING 
WATER LEVELS ON 
MANOMETER BOARD 



A recir culating water system with a constant head storage 

tank supplied water for the test set-ups. Volume rates of flow were 

regulated by a va l v e located between the constant head tank and the 

head water tank of the test stand. Volume rates of flow were measured 

with a calibrated 4-7/8 inch orifi ce plate installed in a venturi-orifi ce 

meter in the pipe system of the laboratory. The water discharging into 

the head storage tank of the test stand from an 8 inch supply pipe was 

stilled and the turbulence level in the approach channel reduced by a 

baffle constructed of two alternating layers of vertical wood slats pla c ed 

6 feet upstream from the c ulve rt entrance. 
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As was previously mentioned, re ctangul ar sills that spanned 

the width of the outlet channel between the wing walls were used to for ce 

the hydraulic jump in the pipe. The sills were made of 1/4 and 3/8 inch 

plywood with their length equal to the width of the outlet c hannel at the 

required location between the wing walls. No appreciable effe ct was n oted 

in the position of the jump due to the use of sills of s lightly different 

thicknesses. Availability of materials was the only reason for the 

difference in sill thickness. Vertical braces were fixed to the wing walls 

at their mid-point and downstream end for the purpose of holding the 

sills in an upright position perpendicular to the flow. Sills l ocated at the 

cul vert outlet wer e held in pos i tion with bolts attached t o the headwall 

of the outlet c hannel. Selection of the proper si ll to stabilize a jump at 

a given distance from the cul ve rt outlet was a trial and error process 

utilizing an assortment of varying sill heights. Sill heights were 
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measured with a point gage mounted on the tailwater table. The point 

gage was also used to measure water depths above the sill and in the 

downstream c hannel. A Pitot tube was also installed on a sliding frame 

on the tailwater table such that velocity measurements could be made 

of the water flowing over the sill and in the downstream channel. 

Figure 6 shows this apparatus in position over a sill. 

Experimental Procedure 

Since this study was primarily empirical in nature, data 

collection was a detailed proc ess. All quantities pertinent to the 

stabilization of the jump by the sill had to 'be varied in an organized 

manner so that their individual effects on the sill to jump location 

relations hip could be determined. In thi s re spe c t, the dis charge, cui ve rt 

geometry, and sill location were all varied systematically. 

The dis c harge factor, Q/D 2 . 5 , was varied in inc rements 

of 0.5 over the range of 1. 0 to 3.5. This gave six different discharges 

at which various sills could be used to force the jump in the pipe for a 

given culvert geometry. This discharge range was used for all experiments 

run with the sills located at the mid-point and end of the wing walls with 

and without artificial ventilation being supplied to the culvert at the 

higher Q/D 2 . 5 values. With the sill located at the pipe outlet, the maximum 

discharge factor was limited to 2.5 for several of the tests because of 

difficultie s encounte red in selecting the exac t sill height that would 

stabilize the jump only in the downstream horizontal section of culvert. 
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The discharge factors and corresponding discharges for the six inch pipe 

expressed in units of cubic feet per second are listed in the following 

table. 

Table 1. Discharge Values Used in the Experiment 

Q/D 2 . 5 Q(cfs) 

1.0 0.186 

1.5 0.279 

2.0 0.372 

2.5 O. 465 

3.0 0.558 

3. 5 0.651 

Although basic data were collected during the experiment for 

discharge factors ranging up to 3.5, the determination of the relationship 

between sill height and the controlling variables involved in stabilizing 

2.5 
the jump a prescribed dis tance inside the culvert was limited to Q/D S;2.5. 

This upper limit is usually accepted as the point near which the culvert 

flow at the inlet changes from weir type flow to the slug and mixture type 

flow as described by Blaisdell (1966). Figure 7 summarizes Blaisdell's 

results of culvert flow on a steep-sloped section of pipe. It can be noted 

that HW /D=1. 1 approximately when Q/D 2 . 5= 2. 5. With a jump forced 

into a broken-back culvert operating at a discharge factor greater than 

2.5, subatmospheric pressure develops within the culvert when air from 

the space above the free surface of the s upercritical flow is entrained 

by the jump. Since both the inlet and outlet of the culvert are submerged, 
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no air is available to replenish that entrained by the jump, and a partial 

vacuum is developed within the pipe. Thus to avoid the additional 

problems as sociated with the subatmospheric pre s sure, the relationship 

between sill height and the hydraulic jump within the pipe was developed 

only for discharge factors less than or equal to 2.5. Although data were 

collected at higher discharge factors (Q/D 2 . 5 2.5, 3, 3.5) both with 

and without ventilation of the pipe, it was used primarily in a qualitative 

way to better define the sill relations near the discontinuity between 

atmospheric pre ssure and low pre ssure conditions. A culvert operating 

at a discharge factor greater than 2.5 and without any artificial ventilation 

will require Ie s s sill height to stabilize a jump at a particular location 

inside the pipe than would a similar culvert that was artificially ventilated. 

One reason for this is that the subatmospheric pressure developed within 

the unventilated pipe provides an additional force in the upstream direction 

that aids the sill in forcing the jump. Although higher velocities in the 

supercritical flow of the subatmospheric pressure region might result, 

their effect on inc reasing the momentum of the supe rcritical flow is 

minor when compared to the additional force of the low pressure region. 

In order to incorporate into the study the effect of culvert 

geometry, the lengths of all three sections of the broken-back culvert, 

the slope of the middle section, and the total fall of the culve rt ove r its 

entire length were all changed systematically. Pipe diameter was not 

changed. A summary of all of the test set-ups used in the study appears 

in Tables 2 and 3. For each of the two different nominal slopes of the 



Table 2. Experimental Culvert Set-Ups Used With the Sill 

Located at the Mid-Point and End of the Flared Wing Walls 

Designation S2 (0/0) Ll (ft) L2 (ft) L3 (ft) H (ft) 

A-I 10.85 1. 76 5.49 3. 17 0.60 

A-2 10.85 1. 76 5.49 7.42 0.60 

A-3 10.85 1. 76 5.49 18. 70 0.60 

B-1 4.00 4. 75 11. 06 2.90 0.44 

B-2 4.00 4. 75 11. 06 4.99 0.44 

B-3 4.00 4. 75 11. 06 9.45 0.44 

C -1 11. 29 4.75 11.06 4.99 1. 26 

C-2 11. 29 4. 75 11.06 9. 12 1. 26 

C-3 11. 29 75 11. 06 13.46 1. 26 

D-l 11. 29 4. 75 14.02 4.99 1. 58 

D-2 11. 29 75 14.02 9.12 1. 58 

D-3 11. 29 4. 75 14.02 13.46 1. 58 

E-l 11. 29 4. 75 18.42 4.99 2.08 

E-2 11. 29 4. 75 18.42 9. 12 2.08 

E-3 11. 29 4.75 18. 42 13.46 2.08 

22 
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Table 3. Experimental Culvert Set-Ups Used With the Sill Located 

at the End of the Downstream Horizontal Section of the Culvert 

Designation S2 (%) L 1 (£t) L2 (ft) L3 (£t) H(ft) 

F-l 10.85 1. 76 5,49 3. 1 7 0.60 

F-2 10.85 1. 76 5.49 7.42 0.60 

F-3 10.85 1. 76 5.49 18.70 0.60 

G-l 4.00 4. 75 10.85 2. 17 0.43 

G-2 4.00 4. 75 10.85 4.33 0.43 

G-3 4.00 4. 75 10.85 8.67 0.43 
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middle section of culvert, three different lengths of Unit 3 were used 

for each of the three sill locations. The slopes of the two end sections 

of the culvert were always maintained as near horizontal as possible. 

The basic data collection procedure was the same for all of 

the test set-ups. With the sill removed from the outlet channel and no 

tail-water in the downstream channel, the desired discharge was set 

and allowed to pass through the culve rt until steady state conditions 

were obtained. Under these conditions, supercritical flow existed 

throughout the entire length of the culvert. A trial sill of particular 

height was then selected and placed into the desired location of the 

outlet channel between wing walls. Depending on the height of the sill, 

either a jump was formed and forced upstream in the pipe until pressure­

plus -momentum conditions were satisfied and the jump stabilized, or 

no jump at all was formed and supe rc ritical flow conditions remained 

throughout the entire culvert length. When the total fall of the culvert 

was not too great, a sill could be selected that was high enough to force 

a jump all the way back to the head water tank and thus cause the culvert 

to flow full. The de sired condition was to find the exact sill height that 

would force a jump and stabilize it within the pipe such that its downstream 

end was approximately a distance of two pipe diameters upstream of the 

culvert outlet, The use of a distance of two pipe diameters was arbitrary 

as far as the basic purpose of the experiment was concerned. First of 

all, it was decided that if what was believed to be the end of the jump 

could be located in the vicinity of at least two pipe diameters from the 
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pipe outlet, it was unlikely that such a jump could be washed out of the 

culve rt outlet by the normal fluctuations in jump position. Also during 

the experiments, there was always some uncertainty as to the exact 

location of the end of the jump, and the distance of two pipe diameters 

helped as sure that the end of the jump was always inside the culvert. 

Any sill of greater height than that required to stabilize 

the end of the jump two pipe diameters from the end of the culvert would 

cause the jump to move upstream in the pipe. The desired sill height 

could then be thought of as the minimum sill height that would force 

and stabilize a hydraulic jump within a broken-back culvert of given 

geometry and flowing at a given discharge. 

When the proper sill height was obtained for a particular 

culvert geometry and discharge factor, measurements were made of 

the pres sure head before and after the jump, the location of the upstream 

and downstream ends of the jump, the pressure head in the vicinity of 

the joint between Units 2 and 3 of the culvert, and the sill height. As 

was previously mentioned, selection of the proper sill height for a given 

culvert geometry was carried out over the range of discharge factors, 

1. O~ Q/D2 . 5 ~ 3.5, with the culvert unventilated. For the discharge 

factors of 2.5, 3.0, and 3.5 similar tests were also run with the culvert 

ventilated. These tests at the higher discharge factors were run only 

with the sill located at mid-point and end of the flared wing walls. 

In order to measure the degree of flow concentration above 

the sills and in the channel downstream of the sills, flow patterns were 
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established by taking velocity measurements at the se points with a Pitot 

tube. Vertical velocity profiles were measured above several of the 

sills at even increments of the sill width, and transverse velocity 

distributions were measured across the channel at various sections 

downstream of the sills. Of particular interest during these measurements 

was the downstream section where uniformly distributed flow was 

established in the channel. All velocity measurements were taken at 

discharge factors of 2. 5 and 3.5 since these higher discharge value s 

would create the most critical velocity conditions as far as channel 

erosion is concerned. 



THEORETICAL CONSIDERATIONS 

Although a major portion of this study was experimental, 

an examination and understanding of the variables involved was desirable. 

Interpretation of the data and presentation of the results in a concise 

and useful form necessitated a complete investigation of all of the 

variables involved in the experiment. Selection of a final method for 

presentation of the results was a detailed trial and error process to find 

a combination of parameters that would yield meaningful plots of the 

required variables. A complete and detailed analysis of this phase of 

the study is included in the next chapter; however, the basic theoretical 

considerations involved in the experiment are discussed here. 

One method of solution that often proves useful in open 

channel hydraulics is to write an energy balance between two sections 

of the flow such that the variables in question are included. Referring 

to Figure 8 and assuming that the flow over the sill is uniform and 

parallel, such an energy balance can be written between sections A-A 

and B -B of the broken-back culvert system to yield the following equation. 

2 2 
HW + H + Va /2g = s + h +O<Vs /2g + ~LOSSESA_B (1) 

If the cross - sectional area of the approach channel is large 

compared to that of the pipe, the velocity of approac h, Va' can be as sumed 

2 
to be small and therefore the velocity head in the approach channel, Va /2g, 

27 
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can be neglected. An examination of the individual terms in the energy 

balance equation indicates that the headwater, HW, the total fall of the 

culvert, H, and the sill height, s, could all easily be determined in the 

laboratory from linear measurements. The remaining terms, however, 

could be difficult to evaluate. The water depth, h, and velocity above 

the sill, V s' should be considered simultaneously since established 

uniformly distributed flow does not truly exist over the sill. Some 

averaging technique would have to be utilized in this situation that would 

incorporate the effects of acceleration, curvilinear flow, flow concentration 

to one side or the other of the sill, and varying water depths across the 

length of the sill. 

The most difficult problems arise in the use of the energy 

balance equation when the individual components of the [~LOSSES A-B] 

term are evaluated. Included in this term are contraction los ses at the 

pipe entrance, expansion losses at the pipe outlet, friction losses 

throughout the length of the culvert, energy losses in the hydraulic jump, 

and energy losses due to the turbulent action of the water just upstream 

of the sill. Pipe entrance and exit losses could be obtained by applying 

suitable coefficients to the respective velocity heads, however, the 

determination of the proper coefficients is still a formidable problem. 

Friction losses could be determined from the Darcy-Weisbach equation 

or the Manning equation written for the friction slope. The per cent 

energy loss due to the hydraulic jump could be determined theoretically 

using an equation that involves the conjugate depths of the jump or from 
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the difference in specific energies upstream and downstream of the jump. 

In order to determine the upstream depth so that its conjugate depth 

could be computed, the location of the jump would also have to be 

established. Thus the determination of the [~LOSSESA_B] term of the 

energy balance equation could involve several additional variables and 

an investigation beyond the scope of this study. 

An analysis of all of the problems involved with the use of 

the energy balance equation between sections A-A and B -B to describe 

the flow conditions of the culvert system indicates that it would be much 

too difficult and may have only limited application as a method of solution. 

Another possibility for the use of energy balance type analysis that could 

prove to be more desirable as a measure of the relative effectiveness of 

the various sill locations in spreading the flow would be to consider the 

energy levels at sections C -C and D D in Figure 8. Since both sections 

are at the same elevation, or at least very near the same elevation for 

mildly sloped Unit 3 sections, the difference in specific energies at 

these locations would give a meaningful estimate of the total amount of 

energy dissipated in the jump and in the turbulent flow in the vicinity of 

the sill. Section D -D would have to be located downstream of the sill 

where the flow pattern approaches that of being uniformly distributed. 

Section D-D would also have to be located a fixed distance from the end 

of the wing walls for all of the sill locations in order that meaningful 

comparisons of the energy levels downstream of various sills could be 
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made. Referring to Figure 8, the following expression can be written. 

(2) 

Rewriting in terms of specific energies and letting the change in specific 

energy. AE , between the two sections be equal to the [ ~ LOSSES ] 
C-D C-D 

term, the following form is obtained, 

Rearranging, 

and, 

E 
D 

(3) 

( 4) 

(5) 

The term ~EC_D/EC expressed in per cent would be valuable in an 

analysis of the feasibility of the various sill locations in spreading the 

flow. This term was evaluated from the data taken during several of 

the experiments, and a measure of the relative efficiencies of the sills 

located at the mid-point and end of the flared wing walls was obtained 

2.5 
by plotting AE IE ve rsus aiD . A discus sian of the results 

C-D C 

expressed in these plots is included in the next chapter. 

Since an ene rgy balance type analysis between sections 

A-A and B-B did not appear to be a feasible means of representing the 

relationship between sill height and the variables associated with 

stabilizing the jump inside the culvert, a diffe rent approac h was used 

to try to combine the effects of all of the variables involved. A 

dimensional analysis of all of the pertinent variables involved in 
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stabilizing the jump by an end sill was performed in order that a set 

of dimensionles s parameters might be developed that could be used to 

present the results of the study. The dimensional analysis of the 

variables involved was only a minor portion of this phase of the study 

when compared to the amount of time and effort that was spent in 

utilizing the results of the dimensional analysis in trying to develop 

useful plots to represent the experimental data, 

Rand (1965) gives a detailed description of his dimensional 

analysis of the variables involved in forcing a jump in an open channel 

using a vertical sill, The fact that the study here is concerned with 

stabilizing the jump within a circular culvert requires that several 

additional variables be included in the dimensional analysis. Figure 9 

is a schematic of the culvert with a hydraulic jump located within the 

length of Unit 3, The required sill height, s, is a function of the following 

quantitie s: 

In this equation, Q is the discharge flowing through the culvert, g is the 

acceleration of gravity, f is the density of the water, and f is the 

friction factor. All other quantities are defined in Figure 9. 

The sill height thus appears to be a function of fifteen 

different variables. Three basic dimensions, space, mass, and time, 

are represented among all of the variables. According to the Buckingham 

Pi Theorem (Henderson, 1966) a total of twelve (15 - 3) dimensionless 

parameters are needed to repre sent all of the variables. Of course it 
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is impossible to represent that many quantities with one graph. Even if 

some of the parameters could be related to one another independently of 

the others, it would still be a difficult task to obtain a concise and 

meaningful representation of all of the variables" Therefore to reduce 

the total number of necessary variables, several modifications were tried. 

First it was decided that the effects of the entire culvert 

geometry and flow conditions upstream of the joint between Units 2 and 3 

could be represented by the specific energy at the downstream end of 

Unit 2. There are many different upstream pipe geometry and discharge 

combinations that could produce the same specific energy value at the 

beginning of Unit 3, Under many conditions, the flow throughout the 

lengths of Units I and 2 of a broken-back culvert should be supercriticaL 

This is true only when the tail water at the culvert outlet is not sufficiently 

high to force a jump back upstream into Unit 2 and when the discharge 

factor, Q!D 2 . 5, is low enough such that subatmospheric pres sures within 

the pipe would not move a jump upstream into Unit 2 and cause full pipe 

flow. Since under these conditions the flow is supercritical, it seems 

that the upstream conditions producing a certain specific energy at the 

upstream end of Unit 3 are immaterial to the downstream conditions. 

The resulting supercritical downstream flow conditions for a given 

specific energy will be the same regardless of the source of the super­

critical specific energy at the end of Unit 2. The components of specific 

energy, flow depth and velocity head, can easily be computed at the 

downstream end of Unit 2 using any of the standard nonuniform flow 
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computation procedures for open channel flow discussed in Chow (1959), 

Henderson (1966), or Morris (1963). Price (1967) has developed and 

verified a computer program capable of computing the water surface 

profile throughout the entire length of a broken-back culvert of any 

geometric configuration. If the specific energy at point e is considered 

to be representative of upstream conditions and if friction in Unit 3 is 

neglected because of its short length, Equation 6 becomes 

( 7) 

Dimensional analysis of the variables in Equation 7 results in the following 

dimensionless parameters: 

These nine parameters are rearranged in the next chapter until a suitable 

scheme for presentation of the results of the experiment is arrived at by 

trial and error. Some of the parameters such as S3 and Ld/D are held 

constant for all of the te st set-ups, further reducing the number of 

parameters involved. 

All of the variables involved in the nine dimensionless para­

meters were measured experimentally in the laboratory except for 

The values of D, g, and x were known prior to the experimentation process. 

Although an extrapolated value of the water depth, Ye' at the downstream 

end of Unit 2 was measured in the experimental procedure, the value of 

specific energy, E e , at that point was calculated by a computer program 

capable of computing the nonuniform water surface profile through the 

pipe. The reason for using the depth Ye as calculated by the program is 
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that acceleration effects due to the abrupt change in slope at section C-C 

made depths read with piezometers in the laboratory appear to be too 

great. Thus in order that consistent values of yc for corresponding 

discharge values and culvert geometries could be used in data analysis, 

the computed value was used. A value for yC was measured in the 

laboratory, but not at the exact location of the desired y C. Usually the 

reading was made at a distance between 2 and 3 pipe diameters downstream 

from the end of Unit 2 to minimize the effects of the abrupt change in slope. 

The computer program used was developed and written by 

Price (1967) during his investigation of the broken-back culvert. One 

change made in P rice I s program was to calculate the friction slope at a 

particular point in the culvert by the Darcy-Weisbach equation using a 

friction factor dependent upon the Reynold IS numbe r. Price calculated 

the friction slope using the Manning equation and a constant roughness "nl! 

value of 0.010, however, better reproduction of the water surface profile 

measured in the laboratory was obtained in this study using the computed 

friction factor. In tests run with smooth lucite pipe, French (1956) 

obtained the following relationship between friction factor and Reynold 1 s 

number: 

f 0.0186 (lOS /Rey) 0,2 ( 8) 

This relationship was used in the computer program instead of Manning's 

"n" when calculating friction slope. Fairly good agreement was obtained 

between the computed value of yC and the extrapolated value of yC 

measured downstream of Section C -C during the experiments. Figure 10 
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is a correlation plot of the two yC values which gives some indication 

of the agreement between the two. The fact that almost all of the computed 

values of yC are within at least 10% of their corresponding values measured 

in the laboratory indicates that the accuracy of the computer program is 

well within the requirements for this study. 



DATA INTERPRETATION AND RESULTS 

An empirical study involving the collection of a large amount 

of data is of little value unless presented in a concise and useful form 

that can be easily interpreted. With the data collection and experimental 

portions of this study completed, an analysis of the data was made using 

the series of dimensionless parameters derived in the previous chapter 

to develop a desirable presentation scheme. 

Beginning with the nine basic parameters listed on page 36, 

a trial and elimination proces s was undertaken that involved plotting 

the data in terms of various combinations of the parameters. This process 

was repeated until a suitable form for the presentation of the results of the 

investigation was obtained. Such a presentation scheme should be as 

general as possible and include the pertinent variables involved in 

stabilizing a jump with an end sill This was a time consuming process; 

however, there were several assumptions and changes made that 

considerably reduced the difficulty of the task. 

The first of these was to further reduce the number of 

parameters involved by assuming several of them to be constant or 

nearly constant for all portions of the experiment. Since the slope of 

Unit 3 of the culvert system was maintained as nearly horizontal as 

possible for all geometry configurations used in the experiment, it could 

39 
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justifiably be removed from the analysis as a non-varying parameter, 

The same is true of Ld/D which was maintained at a value of 2 as a 

necessary condition in the selection of proper sill height. Figure 11 

shows how accurately this criterion was satisfied throughout the 

experiment and indicates the validity of assuming that the distance from 

the downstream end of the jump to the culvert outlet was a constant 

for all of the tests run. Although the error in maintaining the value of 

Ld/D at 2 throughout the experiment appears to be large, a corresponding 

error in the height of the sill does not exist. This is because of the 

sensitivity of the location of the jump inside the pipe to the sill height. 

It was observed throughout the experiment that a slight change in the 

height of sill on the order of only 4 or 5 thousandths of a foot would cause 

the hydraulic jump to move as much as 1-1/2 or 2 feet. Another reason 

for the scatter of points in Figure 11 is that the downstream end of the 

jump could not always be accurately determined. The point where bubbles 

of air entrained by the jump separated with approximately half moving 

upstream and half moving downstream was used as the criterion for the 

downstream end of the jump. Exact determination of this point was always 

subjecti ve and not an easy task. 

Another aid in analyzing the data was to assume that Lu/D 

was a constant. Theoretically this is not true since Lu is equal to the 

sum of Ld plus the jump length. If Ld remains constant as the discharge 

is varied during a series of tests on a given pipe set-up, the jump 

length, L" will vary as the conjugate depths adjust to the change in 
J 
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discharge, thus causing Lu to change. The change in Lu is insignificant, 

however, when com.pared to the accuracy with which the downstream end 

of the jump can be stabilized at a particular location as indicated in 

Figure 11. Figure 12 shows values of Lu measured in the laboratory 

for most of the tests run, and it can be seen that its average location 

is within + O. 75 feet. Again, this wide variation in the location of the 

upstream end of the jump is a direct reflection on the accuracy with 

which the location of the downstream end of the jump was maintained at 

a constant value. 

The location of the sill paramete r, x/D, also remained 

constant for a given set of tests run. Although the sill was placed at 

three different locations in the downstream channel, the data collected 

with the sill at a single location was independent of the data collected 

at other sill locations. Thus analysis of the data for each sill location 

could be performed separately with the x/D parameter held constant. 

Considering the assumptions discussed in the previous 

paragraphs, the basic dimensionless parameters involved in stabilizing 

a jump inside a broken- back culvert reduce to the following terms: 

I 2.5 0.5 s D, Q/D g , EC/D, L3/D, HID 

Rearrangement of several of the se paramete rs and recognizing that the 

acceleration of gravity, g, remains constant for all of the experiments, 

the following forms of the parameters were deduced, 

In the te rms siD and EC ID, the quantity L3 was substituted for D in 

order that the effects of culvert geometry could be better incorporated 
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in the dimensionless parameters. Thus what once was a problem of 

relating sill height to fifteen different variables has been reduced to 

finding the empirical relationship between five dimensionless parameterso 

It should be recognized here that although the original number of variables 

involved in this investigation has been considerably reduced, none of them 

were completely disregarded in the analysis. Those not appearing in the 

five basic dimensionless parameters were either represented by some 

other variable or were considered constant for given test runs. 

Using the data collected in the laboratory, each of the parameters 

was determined for every test run during the experiment. Plotting of 

various combinations of these parameters was then undertaken to find 

the most desirable means of presentation, One of the first observations 

made was that a plot s/L3 versus YC/L3' the depth yC' here being 

substituted for the specific energy, EC' at the end of Unit 2, resulted in 

a unique set of curves for a constant discharge factor, Q/D2.5, and 

sill location. It appears that for constant discharge factors, data plotted 

as nearly straight lines for a given pipe geometry upstream of Unit 3. 

Figures 13 through 19 are examples of this type of plot. The family of 

curves in anyone of these plots is associated with one particular sill 

location, one diameter of unventilated pipe, and one value of total fall 

over the length of the culvert, HID. In these figures, solid lines represent 

constant discharge factors and dashed lines represent constant L3/D values~ 

These plots of s/L3 versus YC/L3 were useful qualitative 

checks on the accuracy of the data taken for a given pipe set-up and sill 



~ 
..J 

45 

v~~ ______ ~ ____ ~ ______ ~ ____ ~ ____________ ~ 

L3 /O =S.2 
2.5 A-I 

Or--+------~----~--~~L-_+-~-----~------~ 

....... f.D 
~ o~-+------~~~~--~--~~~-+-----~------~ 

L3 /O =3S.S 
A-3 

L3 10 = 14.5 
A-2 

TOTAL FALL TO PIPE 
OIAM ETER RATIO = I.IS3 

X - VENTILATED 

O~~------~----~------~----~----~------~ 

.01 .02 .03 .OS .07 

FIGURE 13 s / L3 VS Yc / L3 FOR TEST 

SET-UP A WITH SILL AT 

M 10 - POINT OF WING WALLS 



,.,., 
-I 
....... 

46 

v~----~----~------~----~----~------~~ -. 
TOTAL FALL TO PIPE DIAMETER RATIO = 0.866 

k,3.5 
~ t-----+----+--------1 2.5 ,,,,X"'3"'-'\ 

/ \ ~ 
/' \ VENTILATED 

\ 
\ 

o~----~--~-~~+----~\3 

3.5 

- /, \ 
Q/D 2.5 I " 

1/ 

PIPE 

co 
O~--~-----*~~-~~--~----~----4-~ 

f/) c.o 
O,~-----r--+M~~-r--T------r------~----~~ 

V 
or----~~~~~---~---~----~--4-~ 

C\J 
o~-~~---~------~--~-----~----4-~ 

O~----~----~------~----~----~------~~ 
o .02 .04 .08 .10 .12 

FIGURE 14 s/L 3 vs Yc I L3 FOR TEST SET-UP 

B WITH SILL AT MID - POINT OF 

WING WALLS 



47 

v~----~----~----~~----~~--~------
2.5 <:- ~ 3.5 
" .,. ,3 VENTI LA TED 

2 " PIPE 

N~----4------+----~~--~~----~----~ 

1.5 

OO~----+-----+r~~~~----~-----r----~ 
o 

rt). 

-.J 

to J------4---I-+-I---hf---+--­
o 

v~ ____ ~~~-+ ______ ~ ____ ~ ____ -+ ____ ~ 
o 

Nr-----+_-----+----~~I-----+_----_r----~ o 
TOTAL FALL TO PIPE DIAMETER RATIO = 0.866 

o~----~----~----~------~----~----~ o .02 .04 .06 .08 . ro 
Yc / L3 

FIGURE 15 s I L3 vs Yc I L3 FOR TEST SET-UP 

B WITH SILL AT END OF WING WALLS 



48 

<D 
rt) 0 I------+--+-+--H--.~-_F__~---+_--___+_---I 

..J . 

........ 
U) 

C\I o r------:~+--- L3 /0=26.3 
C-3 

o~----~----~----~------~----~----~ 
o .01 

FIGUR E 16 

.02 .04 .05 

s/L 3 vs Yc I L3 FOR TEST 

SET-UP C WITH SILL AT 
MID - POIN T OF WING WALLS 



TOTAL FALL TO PIPE DIAMETER RATIO = 3.100 
I 

() 2.5 

Q/02.5 

L3 /O =9.8 
~ 1-----+-----tT+-I---T-i---fll--1 0-1 

3.5 

Vl--__ ~+_~ ____ 

() 

(\J L3 /D =26.3 
() I--___ -+-- D-3 

() 

0 .01 .02 .03 .04 .05 

Yc / L3 

49 

FIGURE 17 s / L3 vs Yc / L3 FOR TEST SET-UP 

D WITH SILL AT MID-POINT OF 

WING WALLS 



2.5 

01-----+------1 

3.5 

L3 10 = 9.8 

E -I 

50 

CD 
O~---+-----~~~~----+-----~--~ 

CD 
~ ~~---4-~~~~~-~----4-----+-~ 

~ E-2 
..... L3 10 =17.8 
f/) 

N~~~4_---+-----~---4_----+-~ o 

TOTAL FALL TO PIPE DIAMETER RATI0=4.070 

o~----~----~------~----~----~--~ 
a .01 

FIGURE 18 

.02 

s/L3 vs 

SET- U P 

.05 

Yc 1L3 FOR TEST 

E WITH SILL AT 

MID-POINT OF WING WALLS 



51 

N ~----~----~----~------~----~----~ __ 

o TOTAL FALL TO PIPE 
DIAMETER RATIO = 0.843 

00 I--------i 
o Q/D 5/2 

, , 
\ L3/D =4.3 
\ F-I 
\ 

W~----+-____ ~~~~~ ____ r-~ __ ~ ____ ~~ 
rt)q 

..J 

" U') 

L3/D = 17.0 

F-3 

L3/D = 8.5 

F-2 

o~----~----~----~------~----~----~~ 
o .02 

FIGURE 19 

.04 .06 .08 .10 .12 

s I L3 VS Yc 1L3 FOR TEST 

SET-UP F WITH SILL AT 

CULVERT OUTLET 



52 

location. It should be emphasized here that the basic shape of these curves 

is highly dependent upon the fact that the data were collected with no 

artificial ventilation supplied to the pipe. Two distinctive characteristics 

of these particular plots were checked on all of the data collected. The 

first was that lines of constant discharge factor plotted as nearly straight 

lines or at least very smooth curves for given x/D ratios. The second 

check was that the maximum required sill height for any given length of 

Unit 3 associated with a particular geometry upstream of Unit 3 occurred 

at Q/D2 • 5 = 2.5. This is the point where the flow at the culvert inlet 

changes from weir type flow to slug and mixture type flow in an unventilated 

pipe. At discharge factors greater than 2.5, the subatmospheric pressure 

developed within the culvert aids the sill in stabilizing a jump such that 

less sill height is required at these higher discharge values than that 

required at Q/D2 • 5 = 2.5. This effect is illustrated in the plots of 

s/L3 versus YC/L3 by the dashed lines of constant L3/D values. The 

effect of artificially ventilated and unventilated culverts on the sill 

height is also demonstrated in several of the s/ L3 versus yC/ L3 plots. 

Figures 13, 14, 15 and 16 show the higher s/L3 points required at 

given YC/L3 and L/D values for Set-Ups A-3, B-1, B-2, C 1 and C-2 

operating with artificial ventilation at Q/D2. 5 = 3 and 3.5. If the dashed 

lines of constant L3/D values are fitted to these higher s/L
3 

values, 

they appear to continually increase with discharge. There should be 

some limiting Q/D2 • 5 value, however, where once a jump was forced 

into the pipe by a sill, the high tail water level produced by the sill would 
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push the jump upstream to the culvert entrance and cause the culvert to 

flow full. Determination of this point was beyond the scope of this present 

study. Although the plot of s/L3 versus Ye/L3 has unique physical 

characteristics and is helpful in checking data accuracy, its usefulness 

in repre senting the data is limited. The fact that each plot is representative 

of only one culvert geometry and one total fall limits their usefulness as 

possible designs aids in selecting the sill height required by a culvert 

system of any given geometry. 

The plot of s/L3 versus L3/Ee appears to be much more 

useful in this capacity than do any other combinations of the dimensionless 

parameters. Lines of constant HID values, total fall of the culvert to pipe 

diameter ratio, can be represented in these plots with one family of HID 

curves pertaining to one value of discharge factor and sill location. The 

data from all of the tests run during the experiment including all culvert 

geometries and sill locations were plotted in terms of s I L3 versus lEe 

for the range of discharge factors used during the experiments. These 

plots are shown in s 20 through 35. Each plot represents all of the 

sill heights measured in the laboratory for one particular value of discharge 

factor and one of the three sill locations with no artificial ventilation of the 

pipe. 

Analysis of the geometric pattern characteristic of these plots 

indicates that they are in qualitative agreement with the expected 

theoretical results. The fact that all demonstrate the same gene ralized 

pattern illustrates a definite relationship between the height of end sill, 



"'" o 
o 

(0 

o 
o 

If) 

o 
cj 

rt') 

o 
o 

C\I o 
o 

-o 
cj 

o 

~. 

F ~ 

o 

G 

.. 
• 

,\ 

~ 
\ 

;~ 

i 

i 

5 

54 

* SET-UP F, HID = 1.163 

• SET-UP G 

i 

i 

~ 
~ 

~ 
~ 

10 

L3 /E c 
15 

l H 10= 0.842 

i 

I 

~ 
~ 

20 

FIGURE 20 51 L3 VS L3/EC WITH SIL L AT 

CULVERT OUTLET AND 0/0 2 .5 =1.0 



tI) 

m 
o 
o 

00 
o 
o 

I'­
o 
o 

<.0 
o 
o 

If) 

o 
o 

...J V 

........ 0 
en 

tI) 

o 
o 

C\.I 
o 
o 

-o 
o 

o 

55 

~G 
I .. .. SET-UP F , H/D=1.163 

• • SET-UP G, H/D=0.842 
F. 

~ 
~ 

i 

I 
~ 

\ 

\ 
i \ t 

~ i 

I ,: 
I ~ 
I 

.............. 
t-a 

I 
o 5 10 15 20 

L3 lEe 
FIGURE 21 s/L3 vs L3/Ec WITH SILL AT CULVERT 

OUTLET AND Q/D5/2 = 1.5 



56 

0') 
a 

~ G 

o 

(X) 

a 
o 

I'­
a 
o 

CD 
a 
o 

v­
a 
o 

rt') 

a 
o 

N 
o 
o 

-a 
o 

F~ 

o 

FIGURE 22 

* * SET-UP F, H/O: 1.163 

-
• • SET-UP G, H/O=0.842 

~ i 

~ 
I 

'\ I 

\ 
\ 

~ 

i~ ~ 
I 

-....... 
5 10 15 20 

L3 lEe 

s/L3 vs L3/Ec 
CULVERT OUTLE T 

WITH SILL AT 
AND 0/0 5/ 2 =2.0 



rt') 

...J 

........ 
en 

0') 
o 
o 

Q) 

o 
o 

..... 
o 
o 

<D 
o 
o 

if) 

0 
0 

V 
0 

~ G 
I 

i 

i • 

• 

F~ 
\ 

i 

~ 

57 

at. SET-UP F,H/D=1.163 

• SET-UP G, HID = O. 8 4 2 

! I 

I 

I 

0 

rt') 

o 
o 

i\ I 

i 

C\I 
o 
o 

o 
o 

o I 

o . 5 

FIGURE 23 s/ L3 vs 

OUTLET 

\ i 

~ 

~ r---..... 
10 15 

L3 lEe 

L3/Ec WITH SILL 
AND a/D5/2= 2.5 

~ 

20 

AT CULVERT 



fI') 

..J 
"-
(/) 

:'8 

C\I -
SET-UP H/O 

• • A 1.163 ... .. B 0.866 
0 • • C 2.455 -

A )( )( 0 3.100 

~ E 4.070 

co L3 10 =6 
0 

\ 
lO 0 
0 

C\I~------~--~~~=---~ 

o 

o~ ______ ~ ______ ~ ______ ~ ______ ~ ____ ~ 
o 5 10 15 20 

L3 lEe 

FIGURE 24 s/L3 vs L3/Ec WITH SILL 

AT MID-POINT OF WING WALLS 

AND 0/0
5

/
2 = 1.0 



59 

v~------~~--~+-------~------~----~ 
o 

L 3 /D=18 

(\J~ ____ -+-_____ -+-__ --=:....:::::=:.~~ 
o 

L3/D = 26 

o~------~------~------~------~----~ 
o 5 10 15 20 

L 3 I Ec 

FIGURE 25 s/L3 vs L3/Ec WITH SILL AT 

MID - POINT OF WING WALLS 

AND Q 10 5/2 = 1.5 



rr> 
..J 
....... 
en 

60 

(X) 

0 

to "L3/D= 10 
0 . 

vr-------~~--~r_------+_------~----~ o 

(\.11---___ +--___ 1--__ 

o 

o~ ______ ~ ______ ~ ______ ~ ______ ~ ____ ~ 
o 5 10 

L3 lEe 

15 20 

FIGURE 26 5 / L3 VS L 3 / E c WITH SILL 

AT MID-POINT OF WING WALLS 

AND Q /D5/2 = 2.0 



61 

v~------~------~------~------~----~ 

\ A 

\ L3 /D =6 
SET-UP HID 

o 1---------\1 • • A 1.163 
• * B 0.S66 

• • C 2.455 

" " D 3.100 
Q) 

rt') ~ I--------+\-\--;----lv-\--- -0--0- E 4.070 

..J 
"­
en 

<D 
Or---~~~--+-------~----~----~ 

V 
O~------k+~~~+-------~-----~----~ 

-- __ _ L31 D =IS 

L31 D = 26 
NI---______ ~-----+_-----~ o 

O~------~------~------~------~----~ o 5 10 15 20 

L3 IE c 

FIGURE 27 5 / L3 vs L3 IE c WITH SILL 

AT MID-POINT OF WING WALLS 

AND 0/0 5/2 =2.5 



62 

o~----~--------~------~------~----~ 
o 5 10 15 20 

L3 /E C 

FIGURE 28 S / L 3 vs L3 / Ec WITH SILL 

. AT MID-POINT OF WING WALLS 

AND Q / D5/2 = 3.0 



63 

U) 

~ Or---~~r-------r-------+-------+-----~ 

..J 

........ 
en 

V I-----~ ~-----;---------t--------+-------! o 

O~------~------~------~------~----~ o 5 10 15 20 

L3 /E C 

FIGURE 29 s / L3 vs L3/Ec WITH SILL 

AT MID-POINT OF WING WALLS 

WITH Q / D5/2 = 3.5 



rt') 

-.J 
..... 
VJ 

64 

V - SET-UP HID 
• • A 1.163 ... .6. B 0.866 

C\I • • C 2.455 
- )( )( D 3.100 . 

-0--0- E 4.070 

0 -

CD 
0 L 3 /D=6 

to 
0 

V 
O~------~~--~T-------~------4-----~ 

C\I~ ______ +-______ +-____ ~~~~ 
o 

0 
0 5 10 15 20 

L 3 lEe 

FIGURE 30 sl L3 vs L3 I Ec WITH SILL 

AT END OF WING WALLS AND 

0/05/ 2 = 1.0 



rt) 

...J 

...... 
UJ 

65 

v - SET-UP HID 
• • A 1.163 

• • B 0.866 
C\I • • C 2.455 - D 3.100 )( )( 

-0--0- E 4.070 

0 -

Q) 

0 . 

(,0 

0 

C\Ir-------+-------~----~~~~--~----~ o 

0
0 5 

FIGURE 31 

10 15 20 

L3 /EC 

5 / L3 VS L3/Ee WITH SILL 

AT END OF WING WALLS AND 

0/05/ 2 = 1.5 



tf) 
...J 
....... 
en 

66 

or,;t - . 
SET-UP HID 

• • A 1.163 

* * B 0.866 
C\J • • C 2.455 -

)t )t D 3.100 
-0-0- E 4.070 

0 -. 

CD 
0 

L31 D = 10 CD 
q 

C\J 
O~------+-------+-------4-~~--1-----~ 

0 
0 5 10 15 20 

L3 /E c 

FIGURE 32 s / L3 vs L3/ Ec WITH SILL AT 

END OF WING WALLS AND 

Qj OS/ 2 = 2.0 



~ 
..J , 

67 

v -
B SET-UP HID 

• • A 1.163 
\ 

\ at: .. B 0.866 
(\J • • C 2.455 - L3/D =6 

K K 0 3.100 
-0-0- E 4.070 

0 -

(J) 
or---~~~------+-------~-------+----~ 

fI) to 
or-----~~~~--.-------~-------+----~ 

C\I r-------+-------+-----I------=::::~ o ~----~ 

o~------~------~------~------~----~ 
o 5 

FIGURE 33 

10 15 

L 3 /E c 

s I L3 vs L 3 lEe 
AT END OF WING 

01 O
S

/
2 = 2.5 

20 

WITH SILL 

WALLS AND 



rt') 

.....J 

00 
o~---4~+-------~---------r------~----~ 

" CD 
o O~----~~~----~------~-------+----~ 

v 
O~------~~~~~---------------+----~ 

~~------+-------4--------P~----------~ o 

o~------~------~------~------~--__ ~ 
o 5 15 20 

FIGURE 34 5 I L3 VS L3 lEe WITH SILL AT 

END OF WING WALLS AND 

Q I OS/ 2 = 3.0 



rt') 

..J 

" 

69 

V -
SET-UP HID 

\ A • • A 1.163 

• -" 8 0.866 
C\I • • C 2.455 -

)( )( 0 3.100 
-0-0- E 4.070 

0 -

(X) 

Or----w~+_------+_------+_------+_----~ 

en CD 
or-----~~~------------+-------+-----~ 

" L3 10=10 

g~------~~~~+---------------~----~ 
__ L

3
/0=18 

L 3/0=26 

C\lr-------~------+_----~~------+_----~ o 

o~------~------~-------~-------~-----~ o 5 10 

L3 /Ec 

15 20 

FIGURE 35 s I L3 vs L3 lEe WITH SILL 

AT END OF WING WALLS AND 

Q 105/ 2 = 3.5 



70 

the variables associated with the geometry of a broken-back culvert, and 

the discharge factor in stabilizing a hydraulic jump inside the culvert. 

rst, considering the two parameters s/L3 and L3/Ee at a constant 

value of Ee' as L3 decreases to zero, L3/Ee also goes to zero and 

s/L3 approaches infinity. On the other hand, as L3 increases, the effect 

of pipe friction becomes more and more significant in helping to force a 

jump until the length of Unit 3 reaches some finite value long enough such 

that no sill at all is required to force the jump. This upper limit on the 

length of Unit 3 for a given discharge factor and upstream culvert geometry 

can be easily computed using standard backwater calculations. It is 

approximately equal to the distance through which the flow would have to 

pass for the water depth in the pipe to increase from the depth at the end 

of Unit 2 to the critical depth for the given conditions. This distance is 

usually several magnitudes larger than the actual lengths of Unit 3 used in 

the experiment, or for that matter, in most field installations; therefore, 

in presenting the results of the study, the values of L3/Ee in Figures 20 

through 35 were limited to the actual ranges of experimental values. For 

example, it was computed that Set- Up e operating at QID 2.5 = 1.0 required 

a Unit 3 length of approximately 70 feet, or L3/Ee ~ 57, for a jump to 

be formed naturally without the aid of a sill. The longest length of Unit 3 

actually used was only 13.5 feet, or L 3 lEe = 11. 0 as shown in Figures 24 

and 30. Likewise Set- Up A required nearly 40 feet at a discharge factor 

of 2.5 although 18 feet was the longest Unit 3 used during the experiment. 

The effect of increasing the total fall of the culvert also is illustrated 
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consistently in all of the curve s. For any given disc harge factor and 

constant L3/EC value, increasing the total fall to pipe diameter ratio 

of the culvert with a constant value of L3/D being maintained, appears 

to always increase the sill height required to stabilize the jump within 

the pipe. Lines of constant L3/D values are sketched in Figures 24 

through 35 as dashed lines crossing the curves of constant H/D values. 

It should be emphasized that the results presented in Figures 

28, 29, 34, and 35 for Q/D2 . 5 values of 3 and 3.5 correspond to 

unventilated pipe. se plots for highe r discharge factors are included 

only to substantiate the fact that less sill height is required to stabilize 

a jump within the culvert at these higher discharge factors than at 

Q/D
2

. 5 = 2. 5 for unventilated culverts and to help define the discontinuity 

in the sill height to discharge factor relation. Again, the development 

of subatmospheric pressures at discharge factors greater than 2.5 inside 

a culvert with an unimproved inlet is the cause for the discontinuity in the 

sill height relation. This suggests that if it could be certain that a culvert 

was completely closed to atmospheric conditions except through its 

entrance and outlet, then the sill height required by such a culvert 

operating at a discharge factor of 2.5 should be of sufficient height to 

force a jump within the pipe at any other value of Q/D
2

. 5. 

While Figure s 20 through 35 summ.arize all of the basic data 

taken in the laboratory, other measurements were made for several of 

the test set-ups and discharge factors in an effort to determine the 

effectiveness of the end sills in spreading the flow across the downstream 
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channel width and to deterITline which of the sill locations appeared to be 

the ITlost desirable. Although the basic data were taken for three different 

sill locations, it was generally recognized that the sill at the end of the 

culvert was probably the least desirable to use under actual conditions 

because of the possible ITlaintenance probleITls that it posed. AccuITlulation 

of eroded ITlaterial and debris carried by flood waters inside the culvert 

iITlITlediately upstreaITl of such a sill could difficult to reITlove. The 

sills located within the flared portion of the wing walls, however, ITlay be 

ITlore desirable in this regard. For this reason, velocity and energy 

ITleasureITlents taken for the purpose of evaluating the effectiveness of 

the different sill locations were liITlited only to the sills located at the 

ITlid-point and end of the wing walls. 

One probleITl that ITlight be anticipated with the use of a sill 

near the end of a broken-back culve rt is that too high a sill cause s 

potential energy upstreaITl of the sill to be converted to kinetic energy 

downstreaITl of the sill thus producing high velocities. Thus SOITle 

indication of the sill height to sill location relation for given discharge 

factors and given culvert geoITletries would prove to be useful. This 

relationship can be seen froITl the s/L3 versus L3/EC plots in Figures 

20 through 35. However, it appears a plot of siD versus x/D would 

prove to be ITluch ITlore useful. Figures 36 and 37 are such plots for 

a selected nUITlbe r of culvert geoITletries used during the experiITlent. 

An exaITlination of these plots clearly indicates th, t the farthe r downstreaITl 

froITl the end of the culvert the sill is located, the higher the sill height 
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required to stabilize the jump for a given test set-up operating at a 

2.5 
given aiD value. With the elimination of the end of the culvert as 

a possible sill location, these plots suggest that the mid-point of the 

wing walls would be a more desirable sill location than the end of the 

wing walls as far as returning the culvert flow back to the original 

condition of the natural channel is concerned. 

With the sill located at either the mid-point or the end of 

the flared wing walls, cross waves in the flow downstream of the sill 

were noted for distances up to ten pipe diameters fron} the sill. The 
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occurrence of cross waves is illustrated by the transverse velocity and 

corresponding water depth distributions shown in Figures 38 through 45 

for Set-Ups B-1 and B-2. These velocity patterns were measured 

approximately 0.02 feet above the channel bottom for both sill locations 

at three different sections downstream of the sills, and they serve as 

useful qualitative measures of the effectiveness of the different sill 

locations in spreading the flow. Examination of the velocity distributions 

downstream of sills located at the mid-point and end of the wing walls 

for corresponding culvert geometries and discharge factors, such as 

in Figures 38 and 40, indicates that the sill at the end of the wing walls 

appears to be more effective in spreading the flow ac ros s the channel 

width within a shorter distance from the sill than does the sill at the 

mid-point of the wing walls. The difference in velocity patterns at an 

approximate distance of six pipe diameters downstream of the two 
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respective sills does not appear to be appreciable; however, the greater 

effectiveness of the sill at the end of the wing walls in spreading the 

flow across the channel irrnnediately downstream of the sill is expected 

since such a sill spans the entire width of the downstream channel. 

The effect of the different sill locations on the amount of 

energy dis sipated through the hydraulic jump and the turbulence of the 

flow in the vicinity of the sills is demonstrated in Figures 46, 47 and 48. 

These are the plots of AEC_D/EC versus Q/D 2 . 5 for the Set-Ups B-2, 

C 1 and C-2 respectively with section D-D located at a distance of 

approximately four pipe diameters from the end of the wing walls. The 

cross-sectional flow area at section D-D was computed using the average 

depth ac ros s the section as calculated from plots similar to Figure s 43 

and 45. The average velocity, discharge/area, was then used to determine 

the velocity head portion of the specific energy. Figures 46, 47 and 48 

indicate that for either of the two sill locations, there is approximately 

an 80% loss of energy between sections C -C and D-D for the range of 

Q/D2 ,5 values used in the expe riment. Neithe r of the two sill locations 

appears to be more advantageous than the othe r in this regard. For the 

range of Froude numbers encountered in this study, Sylvester (1964) and 

Price (1967) indicate that as much as 40% theoretical ene rgy los s can be 

expected through a hydraulic jump in a circular culvert. This means 

that approximately 40% of the energy level at the end of Unit 2 of the 

culverts in Figures 46 through 48 must have been lost at the culvert 

exit and in the turbulent action of the flow in the vicinity upstream and 
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downstream of the sill since friction losses are very small. One reason 

for the low ene rgy level in the channel downstream of the sills is that 

the width of the channel is nearly four times as great as the pipe diameter 

thus permitting the culvert flow to spread considerably. 

The point where the flow over a sill falls to the floor of the 

downstream channel is important since this area is likely to be subject 

to highly turbulent action, as well as, impact force s which could cause 

excessive eroding and scouring of the channel bed. In order to avoid 

these problems, protection of the channel with erosion-resistant material 

immediately downstream of the sill would be necessary. An indication of 

the distance downstream of the sill that such protection might have to be 

supplied is given in Figure 49. The ratio, wiD, in these plots represents 

the maximum distance downstream of a given sill where the flow strikes 

the channel bed for the given discharge factors divided by the pipe diameter. 

It can be seen that this ratio does not vary appreciably with the sill 

located at the mid-point or end of the wing walls for the higher range 

of discharge factors presented in the plots. 
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CONCL USIONS AND RECOMMENDATIONS 

Having completed the experimental portion of the study and 

having analyzed the data taken during the investigation, the following 

conclusions summarize the results of the study: 

(1) For all of the basic tests run there exists a consistent 

relationship between sill height and the pertinent variables involved in 

stabilizing a hydraulic jump a prescribed distance within the downstream 

horizontal portion of a broken-back culvert for discharge factors ~ 2.5. 

A plot of sill height to length of Unit 3 ratio, S/L3 , versus length of 

Unit 3 to specific energy ratio, L3/EC' appeared to be the most desirable 

form for graphical representation of the data. This relation assumes 

that the los ses from the end of Unit 2 to the toe of the jump are small 

and can be neglected if Unit 3 is short. 

Suc h a plot included a family of curve s of constant total fall 

to pipe diameter ratios, H/D, associated with one discharge factor, 

Q/D 2 . 5, and one sill location to pipe diameter ratio, x/D. Data collected 

for the various culve rt geometries used during the experiment with the 

sills located at the culvert outlet and at the mid-point and end of the 

flared wing walls plotted with a consistent pattern in terms of s/L3 versus 

(2) A rectangular sill placed perpendicular to the flow within 

the outlet structure of a broken-back culvert does appear to be effective 
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in forcing and stabilizing a hydraulic jump in the downstream portion of 

the culvert for the range of discharge factors used. With the jump inside 

the pipe, the sill does aid in spreading the culvert flow across the width 

of the downstream channel and returning the flow to energy conditions 

nearer those of the natural channel. With the sill located at either the 

mid -point or the end of the flared wing walls and a jump stabilized 

within Unit 3 of the culvert, total energy loss of approximately 80% was 

measured between sections C-C and D-D for Set-Ups B-2, C-l and C-2 

and for discharge factors up to 3.5. 

(3) For any given culvert geometry and sill location, for 

the range of Q!D2 . 54 3. 5, the maximum sill height required to stabilize 

the jump a distance of two pipe diameters from the culvert outlet occurred 

at a discharge factor of 2. 5 when the culvert system was not ventilated 

between its two ends. When the culvert was artificially ventilated, the 

required sill height increased with discharge. The development of 

subatmospheric pressures by air entrainment within the jump inside the 

pipe at discharge factors greater than 2.5 accounted for the lower sill 

heights of the unventilated culvert. 

(4) For any given culvert geometry, sill location and discharge 

factor, increasing the sill height above the height required to stabilize 

the jump near the culvert outlet would force the jump farther upstream 

within the culvert. With enough sill height, the pipe could be made to 

flow full. 

(5) For any given culvert geometry and discharge factor, a 

higher sill height was required to stabilize the jump at the desired location 
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within the culvert with the sill located at the end of the flared wing walls 

than with the sill at the ll1id-point of the wing walls. The sill located 

at the culvert outlet required the least sill height of all of the three 

different locations. 

(6 ) With the sills located at either the ll1id-point or the end 

of the wing walls with discharge factors of 2.5, 3.0, and 3.5, no 

appreciable differences were noted in the position downstreall1 of the 

sills where the flow over the sills fell on the bottoll1 of the channel. The 

distance froll1 the sills to this point was usually near one pipe diall1eter. 

(7) Analysis of the transverse velocity distributions at various 

sections downstreall1 of the sills indicate s that the sill located at the end 

of the wing walls was ll10re effective in spreading the flow within a shorter 

distance in the downstreall1 channel than the sill located at the ll1id-point 

of the wing walls. Such a result is expected since the sill at the end of 

the wing walls is fartherest froll1 the culvert outlet and it spans the entire 

width of the downstreall1 channel. At distance s of approxill1ately six to 

eight pipe diall1eters downstreall1 of the end of the wing walls, the 

differences in the flow patterns of the two sill locations did not appear 

to be appreciable. 

Considering the results and conclusions of the study, it is 

recoll1ll1ended that the sill located at the ll1id-point of the flared wing 

walls would be ll10st desirable for stabilizing a jUll1p within the culvert 

and spreading the culvert flow across the width of the natural channel. 

It was generally recognized throughout the study that because of pos sible 
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maintenance problems associated with debris that might be deposited 

inside a culvert immediately upstream of a sill located at the culvert 

outlet, this would be the least desirable sill location. Also because no 

appreciable differences could be noted between such relationships as 

wiD versus x/D, siD versus x/D, and downstream velocity patterns 

versus x/D for the sills located at the mid-point and end of the wing walls, 

the fact that less additional downstream channel protection would be 

required by a sill located at the mid-point of the wing walls made it the 

most desirable location of the three. Since protection against erosion 

and scouring in the form of a concrete or rip rap apron is usually supplied 

between the flared wing walls of the downstream channel, only a short 

distance of additional protection would be required by a sill at the mid­

point of the wing walls compared to that required by a sill at the end of 

the wing walls to assure that flow over the sills does not fall on the 

unprotected natural channel bed. 

Considering the further research on the use of end sills in 

stabilizing a jump within a culvert and spreading the culvert flow, the 

fact that this study was limited to only one diameter of pipe suggests the 

need for similar investigations of culverts whose diameters are within 

the range of those that might be used in practical situations. Such research 

would be useful in verifying the sill height relationships developed in this 

study for pipes of large r diamete rs. Tests involving radically varying 

culvert geometries and culverts with improved inlets might also be useful 

in extending the range of such plots as s/L3 versus L3/Ec' Use of 
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slopes of Unit 2 within the two limits used in this study would be an 

effective way of varying the culvert geometry and total fall of the test 

set-ups. 

The use of types of sills different from those used in this 

study might yield more desirable results with less flow concentration 

over the sills and in the downstream channel. A sill oriented in a 

position other than vertical or fixed at an angle other than perpendicular 

to the culvert flow might aid in this capacity_ One observation made 

during the experiment was that the use of two sills simultaneously, one 

at the mid-point and one at the end of the wing walls, resulted in flow 

that appeared to be nearly uniformly distributed across the width of the 

second sill. Such a combination of sills was also very effective in 

spreading the flow downstream of the sills across the channel width. 

An effect similar to that of using two sills simultaneously might also 

result from placing a rectangular sill within the flared wing walls above 

a channel bottom that is slightly raised (one to two tenths of the pipe 

diameter) above the invert of the culvert outlet. The use of guide vanes 

either upstream or downstream of the sills could also be investigated 

to determine the effect they might have in spreading the culvert flow. 

Debris carried by flood water could be a problem in this situation, 
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