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FOREWORD 

The model investigation reported herein was authorized by the 

Office , Chief of Engineers, on 27 April 1965, at the request of the 

U. S . Army Engineer District, Omaha . 

The studies were conducted in the HYdraulics Division of the U. S. 

Army Engineer Waterways Experiment Station during the period July 1965 
to November 1968, under the direction of Mr . E . P . Fortson, Jr . , Chief 

of the HYdraulics Division , and Mr . T. E . Murphy, Chi ef of the Struc­

tures Branch, and under the general supervision of Mr . J . L. Grace, Jr., 

Chief of the Spill ways and Conduits Section . The engineers in immediate 

charge of the model were Mes&rs. E . S. Melsheimer and B. P. Fletcher, 

assisted by Messrs . H. H. All en and A. C. Spivey . This report was pre­

pared by Mr . Grace . 

During the course of the model investigation, Messrs . Linder, 

Patenode, Thompson, Sveum, Mel lema, Horihan, Staley, Christian, Watson, 

Nobl e, Vovk, and Drake of the Omaha District; Mr . J . W. Nelson of the 

Kansas CLty District; Messrs . Weremy and Harrison of the Missouri River 

Division; Dr . Naudasher of the University of Iowa; and Mr . F . W. 

Blaisdell of the University of Minnesota, St . Anthony Falls HYdraulic 

Laboratory, visited the Waterways Experiment Station to observe tests, 

discuss results , and correlate these results with design studies . 

Directors of the Waterways Experiment Station during the conduct 

of the i nvestigation and the preparation and publication of this report 

were COL John R. Oswal t, Jr . , CE, COL Levi A. Brown, CE, and 

COL Ernest D. Peixotto, CE . Technical Directors were Messrs . J. B. 

Tiffany and F . R. Brown . 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows : 

Multiply 

feet 

mil es (U . S. statute) 

square feet 

pounds 

feet per second 

cubic feet per second 

feet per second 
per second 

, 

By 

0.3048 
1.609344 

0.092903 

0.45359237 
0.3048 
0.02831685 

0.3048 

• • Vll 

To Obtain 

meters 

kilometers 

square meters 

kilograms 

meters per second 

cubic meters per second 

meters per second 
per second 



SUMMARY 

Model investigations of the outlet works for Branched Oak and 
Cottonwood Springs Dams were primarily concerned with hydraulic operat­
ing characteristics over a wide range of heads. Although the structures 
were similar in design and purpose, geometric differences, particularly 
the diameter of the conduits and the height of the riser shafts, re­
quired the use of separate model studies. Both studies were conducted 
with 1 :10- scale models that reproduced portions of the approach area, 
the intake structure, and the outlet conduit . In addition, the Branched 
Oak model reproduced an SAF impact- type stilling basin and the down­
stream exit channel. 

Pressures measured throughout the recommended design outlet works 
were positive with the exception of the square or sharp- edged weir 
crests of Branched Oak, where a minimum pressure of - 7 . 5 ft was recorded 
in the vicinity of the weir crests for discharges at which the weirs 
controlled the f l ow . Rounded or streamlined weir crests such as those 
of the Cottonwood Springs outlet works are not subject to negative pres­
sures in this area . 

Although pressure conditions were satisfactory for both recom­
mended intake structures, undesirable flow conditions (nappe flutter, 
sloshing, gulping, and vibration) were observed with various designs of 
both the 5D riser shaft inlet of Branched Oak and the 9 . 75D riser shaft 
inl et of Cottonwood Springs . 

The following alterations to the original designs of one or both 
structures were investigated: 

a . Removal of cover plate and trashrack . 

b . Install ation of air vents under the crests and through the 
cover plates . 

c . Rounding or streamlining the weir crests . 

d . Installation of a divider wall between the two weir crests . 

e . Variation in length of weir crests and height of cover 
plate above weir crests. 

Of these alterations, those which provided a curved weir crest, divider 
w~ll, and proper cover- plate position were the most satisfactory. At 
the lower flows (weir controll ed), the use of the curved crest 
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eliminated periodic nappe flutter by preventing separation of the dis­
charge nappes from both weir crests. Nappe sloshing, which occurred as 
flow control changed from the weirs to the conduit, was eliminated by a 
divider wall placed between the crests . Gulping beneath the cover plate 
was eliminated by locating the cover plate at an elevation sl ightly 
above the minimum pool elevation required for conduit- controll ed flow 
through the outlet works . 

Performance of the original design SAF basin was satisfactory and 
the height of the basin training walls was sufficient to prevent over­
topping . The exit channel immediately bel ow the stilling basin was 
sloped downward and expanded laterally to provide an exit channel con­
figuration that would permit dissipation of excess energy in turbulence 
rather than direct attack of the channel boundaries . A riprap plan of 
protection was developed for the recommended exit channel configuration. 
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OUTLET WORKS FOR BRANCHED OAK AND COTTONWOOD SPRINGS DAMS 

OAK CREEK , NEBRASKA , AND COTTONWOOD SPRINGS CREEK, SOUTH DAKOTA 

HYdraulic Model Investigation 

PART I : INTRODUCTION 

The Prototypes 

1. The multipurpose Branched Oak Reservoir is located on Oak 

Creek about 3.5 miles* west and 1 mil e north of Raymond, Nebr . (fig . 1, 

l eft) . The Cottonwood Springs Reservoir, a similar project, is located 

on Cottonwood Springs Creek approximately 4.5 miles west of Hot Springs, 

S . Dak . (fig . 1, right) . Both projects have primary functions of flood 

control, water supply, and recreation . 

2 . Both projects, as constr ucted, incl ude a rolled- fill earth 

NEBRASKA 

BRANCHED OAK DAM 

LINCOLN 

SCALE IN MILES 

5 0 5 
H H F3 I 

10 
• 

SOUTH 

SCALE IN MILE'S 

2 0 2 
H R I I 

• I 

DAKOTA 

·. COLD BROOK 
\'.. RESERVOIR 

Branched Oak Cottonwood Springs 

Fig . 1 . Vicinity maps 

*~ A table of factors for converting British units of measurement to 
metric units is presented on page vii . 
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dam an uncontrolled outlet works consisting of a two-way drop inlet, a 
' 

concrete conduit through the embankment, and a parabolic drop to an SAF 

stilling basin at the outlet . A general profile of each structure is 

shown in plates 1 and 2 and details of each structure are presented in 

plates 3 and 4. The Branched Oak outl et works with crest el 1284.0* is 

designed to discharge approximately 1240 cfs at maximum pool el 1314 . 0 . 

The Cottonwood Springs outlet works with the crest at el 3875 . 0 is de­

signed to discharge 500 cfs at the reservoir design pool el 3916. 5 . 

Dissimilarity in the projects results mainly from the riser shaft 

heights and conduit diameters of 5D and 6 ft for Branched Oak and 9.75D 

and 4 ft for Cottonwood Springs, respectively (D is diameter of the con­

duit) . Low- level gate openings are provided in the upstream face of the 

riser shaft of each structure to permit lowering the reservoir to in­

spect the conduit, make shoreline repairs, or control fish population. 

Need for and Purposes of Model Studies 

3 . Although design criteria for the two-way drop inlet or verti­

cal shaft outlet works have been developed by comprehensive testing us­

ing both air and water in models at the St . Anthony Falls HYdraulic Lab­

oratory (SAF) of the University of Minnesota and Swarthmore College, the 

models used were of relatively small scale for study of flow instabil­

ities and of the tendency for surging during transition from weir con­

trol to pressure flow . A 1 :10- scale model was used for specific study 

of performance to be anticipated in both the Branched Oak and Cottonwood 

Springs outlet works, and it was desired that the tests be conducted in 

a manner such that results would have general application to subsequent 

projects. The information desired required study of the overall per­

formance of the structures, which involved investigation of pressures 

and cavitation tendencies throughout the intake and elbow transition, 

determination of losses in the structure, observation of flow conditions 

* All elevations (el) cited herein are in feet referred to mean sea 
level. 
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in the intake structures and conduits, and determination of the adequacy 

of the stilling basin and protective stone requirements in the exit 

channel. 

, 
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PART II: THE MODELS 

Description 

4. The Branched Oak and Cottonwood Springs models, constructed to 

an undistorted scale of 1:10, reproduced sufficient area of the reser­

voirs (fig. 2) to obtain natural conditions of approach flows to the in­

take structures. The intake structures and conduits were constructed of 

transparent plastic (fig. 3). The SAF basin was reproduced and tested 

only with the Branched Oa~ outlet. The stilling basin sidewalls and 

chute were fabricated of sheet metal, the basin and elements were made 

of wood, and the exit channel was molded in cement mortar (fig. 4). 
5. Water used in operation of the models was supplied by pumps 

and discharges were measured by means of venturi meters. Steel rails 

set to grade along the sides of the flume provided a reference plane for 

measuring devices. Water-surface elevations were measured by means of 

point gages and velocities were measured with a pitot tube. Piezometers 

were installed throughout the intake structures and conduits for the 

measurement of pressures. 

Design Considerations 

6 • . In the design of the models, geometric similitude was pre­

served between model and prototype by means of an undistorted scale 

ratio. The accepted equations of hydraulic similitude, based on the 

Froudian relation, were used to express the mathematical relation be­

tween the dimensional and hydraulic quantities of the model and the 

prototype. 

7. To make a valid study of flow conditions in the structures re­

quired that the prototype hydraulic grade lines be simulated in the 

model conduits. It is well known that it is impossible to satisfy the 

requirements of both the Reynolds and Froude criteria for complete si­

militude by using water in a model if water is the fluid in the proto­

type. Since hydraulic similitude between the models and prototype was 
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Branched Oak (with cover pl ate and trashrack) 

Cottonwood Springs 
(without cover pl ate 
and trashrack) 

I 
Fig . 2 . Approach to intake structures 
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Branched Oak, right side Branched Oak, upstream side Cottonwood Springs 

Fig . 3. The 1:10-scale models of Branched Oak and Cottonwood Springs intake structures 
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NOOEL STUDY OF 

BRANCHED OAK OUTLET WORKS 
$AU OtUK "IOJECT. IUIAASKA 

SCALE' 

I PT. (IOODIL) • 10 "· (NATIIAl) 

Fig . 4. The 1:10-scale model of conduit, stilling 
basin, and exit channel, Branched Oak Dam 

1 • 

• 

based on Froudian relations, the neynol ds number of the design flow in 

the model s was l ower than that of the prototypes, with the result that 

the hydraulic friction of the models was disproportionately higher than 

that of the prototype . Therefore, the lengths of the model conduits 

were reduced to compensate for their excessive hydraulic resistance rel­

ative to those anticipated in the prototype conduits . 

,. 
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Scale Relations 

8. General relations for transferences of the Branched Oak and 

Cottonwood Springs data to prototype equivalents are presented bel ow : 

Dimension Ratio Scale Relation 

Length 1 1:10 
r 

Time T - 11/2 1 :3 .162 -r r 

Velocity v - 11/2 1 :3 .162 
r r 

Discharge Qr - 15/2 1 :316.230 
r 

Pressure p - 1 1 :10 
r r 

Roughness N - 11/6 1:1 . 468 -
r r 

9. Quantitative transfer of model data to prototype equivalents 

by the scale relations listed above is considered reliable except for 

negative model pressures which are only qualitatively rel iable . Data 

on scour tendencies provided a basis of determination of the protective 

stone requirements and indicated the areas subject to severe attack. 
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PART III : TESTS AND RESULTS 

Branched Oak Outlet Works 

Description 

10. Details of'the two-way drop inlet or vertical shaft outl et 

works used as an uncontrolled intake structure for the Branched Oak out­

l et works are shown in pl ate 3 . In terms of the 6- ft diameter of the 

conduit, D, the riser shaft is 5D high from the base or invert of the 

elbow (el 1254.0) to the crest of the weirs (el 1284 .0) . The vertical 

rectangular riser shaft is 2D long and lD wide . The weirs on the sides 

of the riser shaft are 2D long, square or sharp- edged, and 2 . 25 ft 

thick . The bottom of the antivortex cover plate is located at el 1287.5, 

3 . 5 ft above the crests of the weirs . A hydraulic transition is pro­

vided between the elbow at the base of the intake structure and the 6-

ft - diam circular outl et conduit . Details of the outlet transition , SAF 

stilling basin, and original design exit channel downstream of the con­

duit outlet are presented in plate 1. 

Approach flow conditions 

ll. Flow patterns in the approach to the intake structure are 

shown in photo 1. Surface and bottom currents were similar and symmet­

rical for all discharges . At the design discharge of 1240 cfs, inter­

mittent surface vortices were observed, generally to the left or right 

and downstream of the structure . The cores of these vortices were 1 to 

2 ft in diameter at the water surface and occasionally extended into the 

intake structure . Vorticity was most pronounced without th~ cover plate 

and trashrack, as expected; however, the effect on discharge character­

istics appeared to be negligible . Vortex action was considerably 

greater with the cover plate attached and the trashrack removed than 

that observed with both devices . It is considered that severe vortex 

action will not be experienced with the original design intake; how-,. 
ever, it is l ikely that some small intermittent vortices will occur . 

Discharge characteristics 

12. General discharge characteristics of the original design 
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outlet works (plate 5) indicate three flow control s will exi st in the 

structure . Flow was regulated by the weirs for all heads and discharges 

up to 3.5 ft and 500 cfs, respectively . The outl et conduit controll ed 

all releases equal to or greater than 1100 cfs when heads on the weir s 

and center of the conduit outlet portal were equal to or greater than 

5.5 and 41 ft, respectively . The cover plate located 3.5 ft above the 

crests of the weirs controlled discharges between 500 and 1100 cfs when 

heads on the weirs ranged from 3.5 to 5.5 ft . Siphonic acti on was de­

veloped under these conditions as the ve r tical riser shaft tended to 

prime and flow full . No noticeable instability of flow was observed 

with the Branched Oak outlet works as the transition from one type of 

flow control to another was encountered ; however , air entrainment was 

observed in the riser shaft during plate- or siphon- controlled flows . 

Conditions observed in the lower portion of the riser shafts with var­

ious types of flow control are presented in photo 2 . Discharge charac­

teristics of the outlet works are satisfied by the fo l lowing relations : 

Q- 2 . 48L~ · 70 (Weir- controlled flow) (l) 

(Conduit- controlled flow) (2) 

where 
Q - total discharge, cfs 

L ~ total length of weir, ft 

1-\J - total head on weir, ft 

A - area of outlet conduit, sq ft 

gravitational constant, ft/sec 
2 g -

H
0 

- total head on center of conduit outlet portal, ft 

Pressures 

13 . Pressures observed throughout the outlet works with piezom­

eters located as shown in plates 6 and 7 are presented in tables l - 4 . 

Pressures in the outlet conduit and elbow were positive during all flow 

conditions . A minimum pressure of -7.4 ft was observed in the vicinity 

of the weir cres t during weir- and plate- controlled flow conditions ; 

:J-0 



however, cavitation is unlikely and adverse instability of f low was not 

apparent. Pressures were positive throughout the structure with all 

conduit-controlled discharges. 

14. Pressures and hydraulic gradients observed with the cover 

plate and trashracks removed, which permitted only weir- or conduit­

controlled f lows with minimum disturbance and air entrainment, are pre­

sented in tables 5 and 6, respectively. Removal of the cover plate 

eliminated piezometers 1-7 and piezometers A, B, C, and D were added in 

the downstream, left, upstream, and right sides of the riser shaft, re­

spectively. Piezometer A was installed at el 1278.0 and piezometers B-D 

were located at el 1276.0. Instantaneous pressures measured with elec­

tric pressure cells located in the crown and invert of the elbow and 

base of the intake structure are presented in plate 8 . Pressures fluc­

tuated from +5.0 to -0. 5 ft of water at the crown (cell 1 ) and from +4 .0 

to +22.5 ft of water at the invert (cell 2) with weir-controlled flows 

falling down the vertical riser shaft . Pressure .fluctuations were not 

discernible with conduit-controlled flows. 

Entrance losses 

15. Pressure gradients were determined for conduit-controlled 

flows assuming that the pressures indicated by piezometers 100-109 were 

within a region relatively free from the effects of boundary layer de­

velopment and acceleration of f low at the entrance and outlet of the 

conduit. The slopes of these gradients were used to compute the resist­

ance coefficient of the conduit and the total entrance loss attributable 

to the intake structure for various discharges. The conduit resistance 

coefficients determined were only slightly greater than those indicated 

by the smooth pipe curve of a Moody diagram for appropriate Reynolds 

numbers and indicated that the conditions of f low in the region between 

piezometers 100 and 109 were essentially as assumed. Values of the to­

tal entrance loss coefficient attributed to the intake structure (table 

7) indicate that the total entrance he ad loss was equal to approximately 

20 percent of the velocity head in the outlet conduit. 

16. Additional tests were conducted in which piezometers in the 

riser shaft at el 1276.0 were read in conjunction with numbers 100-109 
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for the purpose of determining the separate losses in the intake struc ­

ture . Using piezometers 100-109 as a reference, the hydraulic gradient 

was projected to sta 1+43 . 25 U. S., just inside the conduit entrance . 

The hydraulic gradient in the shaft was determined by piezometers lo­

cated at el 1276.0. Using the above information and the pool elevation, 

the separate losses were determined and are presented for discharges 

ranging from 1150 to 1520 cfs in tabl e 8 . The head l osses in the upper 

and lower portions of the intake structure are equal to approximately 

13 and 7 percent, respectively, of the velocity head in the outlet con­

duit and about two- third5 and one- third, respe~tiveiy, of the total en­

trance loss. 

Stilling basin performance 

17. The original stilling basin was designed in accordance with 

the well- known SAF stilling basin criteria developed by Blaisdell . De­

tails of the impact- type basin (fig . 5), which util izes chute blocks, 

,- - --------

I ( ~ 

I fl 2595 -11 

Fig . 5. Original design stilling basin, Branched Oak outlet works 
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baffle piers, and an end sill to force and maintain a hydraulic jump on 

a relatively short horizontal apron, are presented in pl ate 1 . Flow 

conditions observed with various discharges are shown in photo 3 . HY­
draulic jump action was lost and spray was induced when the tailwater 

was lowered 1 . 6 ft below normal with the design discharge . Although 

stilling basin action was very turbulent with the design discharge and 

normal tail water depth, maximum bottom velocities in the exit channel 

immediately downstream of the basin did not exceed 20 fps . In general, 

basin performance was satisfactory, and it appeared that the height of 

the stilling basin walls could be reduced . Water- surface profiles and 

exit channel velocities resulting from discharges of 800, 1240, and 

1500 cfs are presented in plates 9- 11 . 

Exit channel configuration 
and protection 

18 . Since no practical energy dissipater or still ing basin dis­

sipates all of the energy of the released flow, tests were conducted to 

evaluate the concept of providing for or preforming a "local scour hole" 

immediately downstream of the still ing basin in which the f low can ex­

pand and dissipate its excess energy in turbulence rather than in direct 

attack on the channel boundaries . The exit channel was molded in sand 

(fig . 6a) and subjected to flows of 1240 and 1500 cfs for periods of 

about 47 min (prototype), which is equivalent to a model test duration 

of 15 min . This operation time was used since experience indicates that 

sand under direct attack will be moved within this period, although de­

terioration of the channel will continue at a decreasing rate for many 

hours . The condition of the channel resulting from exposure to 1240 cfs 

is shown in fig . 6b . Sand scour patterns resulting from discharges of 

1240 and 1500 cfs for a period of 47 min (prototype) are shown in plates 

12 and 13 . The recommended exit channel configuration (plate 14) was 

developed to approximate the scour hole geometry observed with the de­

sign discharge of 1240 cfs (plate 12) . This plan provided for both ver-
~ 

tical and horizontal expansion of flow and contained the excess turbu-

lence (fig . 7) within the riprapped portion of the channel . The side 

slopes were extended on the 1- on- 3 slope until intersection was obtained 

13 
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b . Configuration resulting from 1240- cfs discharge 
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Fi g . 6. Original design stilling basin and exit channel mol ded in sand 
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Discharge 1500 cfs, TW el 1243 .8 (normal) 
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Condition of scheme B riprap (undisturbed) after exposure to 1500- cfs 
flow and TW el 1243 .8 for 1 hour (model ) or 3 hours (prototype) 

Fig . 7 . Recommended exit channel configuration and 
scheme B riprap (w

50 
= 20 l b) 



along the center line of the exit channel . The bottom protective stone 

immediately downstream of the end sill was sloped 1 on 4 to el 1227.7 

and then was horizontal for a distance of 6 ft . The vertical expansion 

permitted development of a stable back roller that actually caused dep­

osition of sand in the area downstream of the end sill (fig . 7) . Riprap 

termed scheme B (stones with minimum, average , and maximum weights of 5, 

20, and 50 lb, respectively) placed 15 in . thick remained stable with 

discharges as large as 1500 cfs and should be provided downstream to 

sta 3+90. 

Effect of riser shaft height 

19. Although the original design outlet works and the recommended 

exit channel configuration and scheme B riprap protection were consid­

ered satisfactory for the Branched Oak project, it was desired that 

tests and results be generalized as much as possible with available and 

limited resources . It was considered that the height of the riser shaft 

might be an important variable and tests were conducted to investigate 

performance of a similar structure with all dimensions the same as the 

original design except that the height of the riser shaft was 62 ft 

(10 . 33D) rather than 30ft (3D) . 

20 . Discharge characteristics of the outlet works with a 10 . 33D­

high riser s·haft were similar to those observed with the 3D- high riser 

shaft of the original design ; however, the range of heads and discharges 

in which the cover plate controlled flow was increased. The weirs con­

t rolled discharges and heads on the weir crests up to 500 cfs and 3 . 5 ft, 

respectively, and in accordance with equation 1, paragraph 12 . The out­

let conduit controlled all releases equal to or greater than 1460 cfs 

where heads on the weirs and center of the conduit outlet portal were 

equal to or greater than 6 . 5 and 79 . 5 ft, respectively, and in accord­

ance with the following equation : 

Q - 0 . 72A \)2gH
0 

(3) 

Variables are defined in paragraph 12, and equations 2 and 3 differ only 

slightly . The higher riser shaft increased head loss and reduced 
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capacity of the outlet works slightly as expected . The cover plate lo­

cated 3 . 5 ft above the crests of the weirs controlled discharges between 

500 and 1460 cfs when heads on the weirs ranged from 3 . 5 to 6 . 5 ft . 

21 . With heads less than 2 .0 ft, the nappes adhered to the sides 

of the riser shaft ana no noise or vibration was evident; however, as 

the head increased, the nappes separated from the sides of the shaft and 

intersected one another, forming an air seal in the shaft . The pressure 

in the shaft·was reduced as a result until the nappes were drawn down 

sufficiently to break the seal and vent the shaft, and then this cycle 

was repeated rapidly . The rapid fluctuation of the nappes produced a 

popping noise and imparted considerable vibration to the model intake 

structure . As the water surface of the upper pool approached the bot­

tom of the cover plate, the nappe fluctuation ceased; however a gulp­

ing noise and vibration were noted as slugs of air were drawn beneath 

the cover plate . This condition persisted while flow through the riser 

shaft demanded air . Air demand was nonexistent in the outlet works with 

discharges controlled sufficiently by the outlet conduit to raise the 

hydraulic gradient in the riser shaft to an elevation essentially the 

same as that of the weir crest . Thus, it was reasoned that plate­

controlled flow conditions should not be permitted in outlet works of 

this type . This required provision of sufficient length of weirs, ele­

vation of cover plate, and size of given length of conduit such that the 

weirs control flows up to that required to raise the hydraulic gradient 

in the shaft to the weir crests before the upper pool contacts the 

underside of the cover plate . Limited tests conducted with a valve on 

the downstream end of the conduit for regulation of the position of the 

hydraulic gradient indicated that the f low instabilities due to nappe 

flutter and nappe interference persisted with free and submerged weir 

flow conditions, respectively, in the 62- ft - high riser shaft outlet 

works provided with square or sharp- edged weirs . In general , it was 

concluded that the height of the riser shaft and particularly the verti­

cal distance from the center of the conduit outlet portal to the crests 

of the weirs determine the minimum discharge at which the outlet conduit 

controls f low through outlet works of this type . 
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Effect of conduit length 
22 . Tests to investigate the separate effect of conduit length 

were conducted with the original design Branched Oak intake structure, 

which had a riser shaft height of 30 ft or 5D. The model conduit was 

shortened to simulate a prototype length of 153 ft rather than the 

original length of 380 ft . Discharge characteristics of the outl et 

works equipped with a shorter conduit were generally similar to those 

observed with the original length of conduit since the weirs controlled 

discharges up to 500 cfs, the cover plate controlled discharges ranging 

from 500 to 1120 cfs, and the conduit controlled flows in excess of 

1120 cfs . Conduit- controlled discharge characteristics were satisfied 

by the following equation: 

(4) 

Variables are defined in paragraph 12, and equations 2 and 4 differ only 

slightly . The outlet works were slightly more efficient with a shorter 

conduit during conduit- controlled flow conditions since hydraulic losses 

were reduced somewhat, as expected . 

23 . The shortened conduit also increased air demand in the outlet 

works as did the higher riser shaft and nappe flutter was observed with 

heads of 2 . 5 to 3 . 4 ft and free f lows over the square or sharp- edged 

weirs; gulping was experienced with plate- controlled flows . The exces­

sive noise and flow instability generated with both the higher riser 

shaft and original conduit as well as the original riser shaft and a 

shorter conduit were not observed with the original design outlet works . 

The following modifications were attempted and found to be ineffective 

in preventing both nappe flutter with free flow over the square or sharp­

edged weirs and gulping with plate- controlled flows : 

a . Ventilating the structure with either nappe deflectors at 
each end of the weirs , an open manhole, or an elaborate 
aeration system . 

b . Varying the elevation of the weir crests relative to one 
another . 
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c . Opening the low- level gate on the upstream face of the 
riser shaft . 

d . Converting the intake to a siphon by installation of end 
wal ls that extended from the cover plate to the weir 
cr ests . 

Regrettably , additional investigations with the Branched Oak model had 

to be terminated due to limited support funding and the fact that per­

formance of the original des i gn outl et works as proposed was considered 

satisfactory. Fortunately , the Omaha District Office had pl anned and 

designed a simil ar outl et works for the Cottonwood Springs project and 

at thei r request additional model studies of the two-way drop inlets or 

verti cal shaft outlet wor ks were initiated in June 1968 . 

Cottonwood Springs Outlet Works 

Description 

24 . A profile of the original design Cottonwood Springs outlet 

works is shown i n pl ate 2 and detail s of the intake str ucture are pre­

sented in pl ate 4 . In terms of the 4- ft diameter of the outl et conduit, 

D, the riser shaft is 9 -75D high from the base (el 3836 . 0) to the crest 

of' the weirs (el 3875 . 0) . The ver tical rectangular riser shaft is 2D 

l ong and lD wide . The weirs on the sides of the r i ser shaft are 2D 

long, 2 ft thick, and formed of compound radii of 0 . 25 and 1 . 75 ft . The 

bottom of the antivortex cover pl ate is l ocated at el 3878 . 5, 3 . 5 ft 

above the crests of the weirs . A hydr aulic transition is provided be­

tween the base of the riser shaft and the 4- ft - diam circular outlet 

conduit . Details of the transition are shown in plate 4, and those of 

the SAP stil ling basin and exit channel are presented in pl ate 2 . 

25 . The basic riser shaft of the model (fig . 3) was constructed 

of pl astic with weir and cover- pl ate lengths equivalent to 5D; however, 

inserts were provided to permit simulation of various weir l engths and 

cover- plate heights . Model conduits were constructed of l engths of 

38 and 68 ft , respectivel y, sufficient for simulation of the head 

l osses anticipated with the design discharge. (558 cfs) in both rel a­

tivel y smooth (f = 0 . 0085) and rough (f = 0 . 015) prototype conduits 
p p 
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573.5 ft long. Piezometers and pressure cells were located as shown in 

plate 15. It was desired that tests and results be generalized as much 

as possible. 

3D-long weirs and smooth conduit 

26. Initial tests were conducted with the cover plate located 

3 ft above the crests of the compound curve shaped weirs and the shorter 

conduit simulating the relatively smooth prototype conduit. Discharge 

characteristics of the outlet works are presented in plate 16. The 

weirs controlled all discharges less than 430 cfs, that required for es­

tablishment of conduit eontrol. Since 430 cfs was discharged with a 

head on the weirs of about 2.55 ft, the cover plate located 3 ft above 

the weirs did not control flow under any conditions. Discharge charac­

teristics of this outlet works are described by the following relations: 

(Weir-controlled flow) (5) 

(Conduit-controlled flow) (6) 

Variables are defined in paragraph 12. 

27. The nappes did not separate from the compound curve shaped 

weirs (fig~ 8); however, they could be forced to separate with heads on 

the crests in excess of 2 ft by artificial ventilation of the nappes 

with a yardstick or some other object simulating a log or debris. 

Flutter of the nappes could not be detected with the compound curve 

shaped weirs vented or unvented, and flow conditions were stable for all 

weir-controlled flows (heads on the crests and discharges up to 2.55 ft 

and 430 cfs, respectively). 

28. With heads on the crests in the range of 2.6 to 3 ft, the 

nappes were submerged due to the effect of the conduit controlling flow; 

the resulting interference between the nappes produced a periodic slosh­

ing of flow from side to side (fig. 9) and pressure fluctuations in the 

riser shaft of about 5 ft of water. Flow conditions resulting with 

heads in excess of 3 ft with the cover plate located 3 ft above the 

weirs or even removed were stable, and there was no air demand or 
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Adherence of nappes to compound curve shaped weirs 

Nappe separation from square or sharp- crested weirs 

Fig . 8. Free flow (150 cfs) over 3D- long weirs, 
Cottonwood Springs outlet works 



• 

Fig . 9 . Sloshing or interference of nappes due to submergence 
from conduit- controlled discharge of 435 cfs 

gulping experienced with this cover-plate location . Observations of 

general performance with cover- plate heights as small as 1 ft indicated 

that pressures in the riser shaft would be reduced to - 7 ft of water and 

gulping or air demand would be increased as a result . Pressures re­

mained positive throughout the outlet works with the cover plate loca­

ted 3 ft above the weirs . 

29. A 1- ft - thick divider wall was installed in the center of the 

riser shaft that extended from the cover plate to the elevation of the 

weir crests and proved to be ineffective in preventing the unstable 

sloshing action shown in fig . 9 . The wall was extended to a position 

2 ft below the weir crests or to the P. T. of the compound curve shaped 

weirs and the flow instability was eliminated (fig . 10) . A total en­

trance loss equivalent to 0 . 093 of the velocity head in the conduit was 

observed with this design (table 9) . 

30 . In general , these tests indicated that the flow instabilities 
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Fig . 10. Effectiveness of di vider wall in preventing sloshing 
or nappe interference; discharge 435 cfs 

resulting from nappe flutter and interference were eliminated by the 

compound curve shaped weir crests and the divider wall, respectively, 

and those due to excessive a i r demand (gul ping) were prevented by l oca­

ting the cover plate a distance above the weir crests slightly in excess 

of the head required on the weirs to release discharges that are con­

trolled by the outlet conduit . 

31 . Model investigations with various shaped weir crests (square 

or sharp edged, semicircular or cylindrical, and the SAF design which 

utilizes a sharp- edged and f l at upstream quadrant with a simple radius 

equivalent to one - half of the wall thickness downstream quadrant) indi­

cated that the nappes would separate or spring clear of the weir crests . 

Onl y the square crests permitted nappe flutter when separation occurred 

and pressure fluctuations in the base of the riser shaft as great as 

22.5 ft of water were present . All of the shapes permitted the sloshing 
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due to interference of the nappes when submerged and pressure fluctua-__ 

tions of about 5 ft of water occurred. 

32. When the nappes separate from both weir crests and flow down 

the center of the riser shaft, the flow upon entering the water within 

the riser shaft tends to be deflected periodically from side to side and 

considerable vortex generation and shedding occur as the jet is de­

flected and resisted by the sidewalls (fig. 11). It is believed that 

the pulsating pressures and resultant loadings on the sidewalls are the 

forcing functions tending to vibrate such structures. The tendency for 

vibration is not evident when the nappes adhere or follow either one or 

both crests and sidewalls of the riser shaft. Separation of both nappes 

occurred immediately with the square crests. With the other shapes, 

only one nappe separated and the tendency for separation was greater 

with the SAF crest shape than with the semicircular crest shape. The 

compound curve crest shape is less likely to permit separation than any 

of the shapes investigated. 

3D-long weirs and rough conduit 

33. Performance of the 9.75D-high riser shaft with the 3D length 

of compound curve shaped weir crests was investigated with a longer 

model conduit that simulated a 4-ft-diam and 573.5-ft-long prototype 

conduit with a resistance coefficient of 0.015. Discharge characteris­

tics of the outlet works are presented in plate 16. The longer or more 

resistant conduit controlled all discharges in excess of 360 cfs which 

required a head on the weirs of about 2.3 ft; therefore, it was con­

cluded that the cover plate should be located at least 2.5 ft above the 

weirs for a design of this type. A divider wall that exten~ed from the 

bottom of the cover plate down to the P.T. of the compound curve shaped 

weir crests and located in the center of the riser shaft prevented nappe 

interference or sloshing as the control of flow shifted from the weirs 

to the conduit. Positive pressures were observed throughout the outlet 

works under all conditions and a total entrance loss equivalent to 0.110 

of the velocity head in the condu~t was observed with this design. Sep­

arate and total losses attributable to the 9.75D-high intake structure 
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Nappes separated from weir crests; 
note flow down center of riser 
shaft, and deflection of jet and 
vorticity induced as flow plunges 
into water within riser shaft . 
Jet is periodically deflected 
from side to side 

Adherence of nappes to weirs and 
sides of riser shaft; note flow 
in base of riser shaft is more 
stable than that resulting with 
nappes separated from weir crests 

Fig . 11. Flow conditions in riser shaft with and without 
nappe separation from weir crests 
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with the 3D- long compound curve shaped weirs and both lengths of conduit 

are presented in table 9 . 

2D- long weirs and smooth conduit 

34 . Performance of the 9 . 75D- high riser shaft with 20- long com­

pound curve shaped weirs was investigated initially with the model con­

duit simulating a 4- ft - diam, 573 . 5- ft- long prototype conduit with a re­

sistance coefficient of 0 . 0o85 . Discharge characteristics of this de­

sign outlet works are presented in plate 17 . The conduit controlled all 

discharges in excess of 435 cfs that required a head on the weirs and 

minimum cover-plate height of about 4 ft as well as an appropriate di­

vider wall that extended 6 ft below the cover plate . Flow conditions 

were stable and pressures (table 10) throughout the outlet works were 

positive for all ranges of discharge. Separate and total entrance 

losses attributable to the intake structure equipped with both the com­

pound curve and SAF- shaped weirs are presented in table 11 . Performance 

of this design outlet works was satisfactory in all respects . 

2D-long weirs and rough conduit 

35 . Discharge characteristics of the outlet works consisting of 

a 9 . 75D- high riser shaft with 2D- long compound curve shaped weirs and a 

4- ft-diam, 573 . 5- ft - long prototype conduit with a resistance coefficient 

of 0 . 015 are presented in plate 17 . The conduit controlled all dis­

charges in excess of 360 cfs that required a head on the weirs and ~~in­

imum cover- plate height of about 3 . 5 ft as well as an appropriate di­

vider wall that extended 5 . 5 ft below the cover plate . Performance with 

either the SAF or compound curve shaped weirs was satisfactory and sta­

ble during all operating conditions . Pressures were positive throughout 

the outlet works under all conditions of operation. Separate and total 

entrance losses attributable to this design intake structure are pre­

sented in table 12 . 

Recommended design outlet works 

36 . Based upon the results of all tests conducted with outlet 

works similar to the original design proposed for the Cottonwood Springs 

project, it was concluded that an optimum design could be obtained by 

positioning t he cover plate 4 ft rather than 3 . 5 ft above the 20-long 
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compound curve shaped weirs and installing a 1- ft - thick, 6- ft - high, 

2D- long divider wall in the center of the riser shaft beneath the 

cover plate . 
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PART IV : DISCUSSION 

37 . It is recommended that two-way drop inlets or vertical shaft 

outlet works of the type investigated herein be designed and constructed 

to permit f l ow control by weirs and conduit only. For a given height of 

riser shaft and length and resistance of conduit, this requires that the 

conduit be sufficiently small, the weirs be sufficientl y long, and the 

cover plate be located sufficiently above the weirs so that the energy 

gradient in the riser shaft will be positioned at or above the weir 

crests when the minimum outlet works discharge controlled by the conduit 

is released. Conduit- controlled discharge characteristics of these out­

let works are satisfied by the following equation : 

where 

C - dimensionless discharge coefficient equal to ~ 

K- dimensionless loss coefficient equal to H0/(~g); ratio of 
total head to conduit velocity head 

V = average velocity in conduit , fps 

The minimum outlet works discharge controlled by the conduit may be cal­

culated on the basis of the above equation, an estimate of the total 

loss coefficient (K), and an approximate H equivalent to the differ-
o 

ence in elevation between the center of the outlet portal and the crests 

of the weirs . The conduit must be large enough to pass the design dis­

charge with the maximum permissible pool elevation . The minimum desired 

storage or corresponding pool elevation will normally dictate the eleva­

tion of the weir crests . 

38 . It is recommended that the weir crests always be rounded or 

streamlined to prevent separation of flow from the weir crests and pe­

riodic f l utter of the nappes as observed with the square or sharp- edged 

weirs in order to prevent the possibility of excessive noise and vibra­

tion . General discharge characteristics of the streamlined or rounded 

weirs such as those of the Cottonwood Springs intake structure are 
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described by the following equation : 

(5 bis) 

39 . A divider wall should be placed in the center of the riser 

shaft that extends from the bottom of the cover plate to a position 

about 0 . 5D below the weir crests to prevent sloshing due to interference 

of the nappes as the weirs become submerged due to conduit control of 

flow through the outlet works . The bottom of the cover plate should be 

positioned at an elevation about 1 ft higher than the pool elevation re­

quired for establishing conduit- controlled flows through the outlet 

works . A converging transition should be provided between the riser 

shaft and outlet conduit to prevent orifice or inlet control at the con­

duit entrance and adverse pressure and flow conditions downstream . In­

take structures designed on this basis should be relatively free of any 

adverse pressures or periodic flow instabilities such as nappe flutter, 

sloshing, and gulping that may produce objectionable and perhaps danger­

ous levels of noise and vibration . 

40 . The SAF stilling basin, an impact- type basin utili zing chute 

blocks, baffle piers, and an end sill on a relatively short horizontal 

apron , is an effective energy dissipater and particularly suited for 

drainage structures or outlet works with velocities and Froude numbers 

less than 60 fps and 4.5, respectively . The chute blocks and baffle 

piers positioned on the toe of the trajector y and in the upper third of 

the basin, respectively, are effective means of stabilizing hydraulic 

jumps of the oscillating type . Guidance relative to the width of this 

type of basin in terms of the diameter of the outlet conduit for various 

discharges is presented in WES Research Report H- 71- 1 .* 

41 . The effectiveness of providing both vertical and lateral ex­

pansion of the exit area immediately downstream of an energy dissipater 

,. 

* J . L. Grace, Jr . , and G. A. Pickering , "Evaluation of Three Energy 
Dissipaters for Storm- Drain Outlets; HYdraulic Laboratory Investiga­
tion, " Research Report H- 71-1, Apr 1971, U. S . Army Engineer Water­
ways Experiment Station, CE , Vicksburg , Miss . 
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was demonstrated during tests of the Branched Oak outl et works . Protec­

tive stone (50 lb maximum) remained stable in the recommended exit chan­

nel configuration where 400- lb stone was failed in an exit channel plan 

that provided no vertical or lateral expansion . The expansion permits 

dissipation of the excess energy of the flow from an energy dissipater 

of practical design in turbulence rather than in direct attack of the 

channel boundaries . Provision of such expansions makes it possible to 

stabilize the channel with rock of an economical size and provide 

factors of safety against riprap failure and costly maintenance . 
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Table 1 

Pces sures in Branche d Oak Outlet lr1orks I ntake Structure and El bow . ischar es 400 t.o 1 .. o cfs 

Pie zonJ;:ter 
No . r;1 

1 
2 
3 
4 
5 
h 

7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
2Q -30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
44 -A 

45 
46 
47 
48 
49 

!,>0 
51 
52 
53 
54 

55 
56 
57 
58 
.19 

•>0 
1 

C2 

~' 
65 
66 
67 
68 
69 

'(0 

71 
72 
73 
74 
75 

1287. 5 
1287. 5 
128'( . 5 
1287. 5 
1287. 5 

1287. 5 
1287. 5 
1279.0 
1281 .0 
1283 .0 

1283.8 
1283 . 9 
1284 .0 
1284 .0 
1284 . 0 

1283 . 9 
1263 .8 
1283 .0 
1281 .0 
12~9 . 0 

1277.0 
1275 .0 
1271.0 
1269 .0 
1266 .0 

12G6 .o 
126b .O 
l26C .o 
1266 .0 
1265 .0 

1265 .0 
1264 .0 
12•.l4 .0 
12 4 .0 
1264 .0 

1264 .0 
1263 .0 
12G3 .0 
1262 .0 
12o2 .0 

1262 .0 
1262 .0 
l2o2 .0 
l2b2 .0 
1262 .0 

1260 .8 
1259.6 
1260 .0 
126o .o 
1260 .0 

12b0 .0 
1260 .0 
1261.0 
1260 .2 
1259 .2 

1258.0 
1258.0 
1258.0 
1258.0 
l25r .0 

1258 .0 
1? . 0 
1256 .0 
1256 .0 
1256 .0 

1256 .0 
1256 .0 
1256 .0 
1254 .0 
1253 -9 

1253. 7 
1253 .5 
1259-5 
l25tLO 
125G . 5 
1253. 5 

Di s charge 
1240 ·fs 

Pool El 129lJ . 'J 

10. 9 
9.8 
9 . 2 

10 .8 
9 -3 

10. 1 
9 .8 

10 .0 
8 .0 

15 . 7 

10 .2 
10 .6 

3 .0 
5 .0 
4. 5 

0 .1 
1.2 
3 .0 
7 .0 

11.0 

14 .0 
16 . 3 
20 . 5 
22 .6 
28 .0 

27 . 5 
26 . 5 
25 . 5 
19 . 5 
29 .0 

15 .0 
30 . 5 
,0 .0 
29 .0 
26 . 5 

14.0 
31. 5 
14. 0 
33 .0 
32.0 

31.0 
29 .0 
24 .0 
20 .0 
19.0 

22 . 2 
9 .4 

35 .0 
34 .0 
32 .0 

28 . 5 
25 . 5 
24 .0 
22 .8 
19. 3 

37.0 
36 .0 
35 .5 
32 .0 
29 .0 

24 .0 
15 . 5 
39 .0 
37 -5 
35 .0 

31.5 
27 .0 
16 .0 
38.5 
34 .6 

29 . 3 
20 .0 
1.0 
3 .0 

11. 5 
17 .0 

D1Echarge 
1085 cfs 

Foc1 El 1288 .6 

0 .0 
-0 . 2 
-0 .7 
0 . 3 

-0 . 7 

0 .0 
0 .0 
9 .0 
7 .0 
4 . 5 

0 .2 
- 7 . 4 
-4.0 
- 3 . 5 
- 3 . 5 

-"' .4 
-4 .8 
-4.0 
- 2 .0 
2 .0 

5 .0 
7 -5 

11.8 
:~ . 8 
::.8 . 5 

18.0 
17 .0 
15 .8 
12 .0 
20 .0 

8 .0 
21.0 
20 . 5 
19. 5 
17 . 5 

8 .0 
22 .0 
8 .0 

23 .0 
22 . 5 

22 .0 
20 .0 
16. 5 
13.0 
12. 0 

14.2 
5 . 4 

25 . 5 
24 . 5 
23 .0 

20 .0 
17. 5 
16 .0 
15 . 3 
13 .3 

27 . 5 
27 . 0 
25 . 5 
23 .0 
20 . 5 

17.5 
10 .0 
29 . 5 
28 .0 
2o .O 

24 .0 
19.5 
11.5 
29 .0 
26 .6 

22 . 3 
15.5 
0 . 5 
2 .0 
8 .0 

12 .5 

Pressures in Prototvne Fe('t 1' \later 
Discrarg·~ 

1000 d's 
Fool El 1288 .2 

0.0 
- 0 . 5 
- 1.0 
- 0 . 5 
- 0 .8 

- 0.5 
0 .0 
9 .0 
7 .0 
4 . 3 

0 . 2 
- '7 .4 
- 4 .0 
- 2 .0 
- 2 . 5 

- 4 . 9 
-4.8 
- 4 .0 
- 3 .0 
1.0 

2 .0 
5 .0 
') .5 

11.5 
l .0 

1 .0 
1) .0 
13. 5 
10 .0 
17.0 

7 .0 
18 .0 
18 .0 
17 . 5 
1~ . 5 

'{ .0 
19 .0 
7 .0 

20 .0 
20 .0 

19 . 5 
18 .0 
14 . 5 
12 .0 
10 .0 

12 . 7 
'5 .4 

22 . 5 
21.5 
20 . 5 
18.0 
15 .5 
15 .0 
::..4 . 8 
12 .8 

21~. 5 
24 .0 
23 .0 
21.0 
19.0 

1".0 
9 -? 

2t.O 
25 . 5 
24 .0 

21.5 
8 . 5 

11 .0 
27 .0 
24 .1 

20 .8 
14 .5 
1.5 
2 . 5 
8 .0 

12 . 5 

Dis~harge 

Roo ·fs 
Fool El 1287.8 

• 
• 
• 
9 .0 
7 .0 
4 . 5 

1.2 
- 4 .I! 
- 1.5 
0 .0 

-2 .0 

- lL4 
-4.8 
- 4 .0 
_II .0 
- 3 . 5 

- 3 . 5 
- 3 .0 
0 . 5 
1 .0 
8 .0 

8 . 5 
7 . ') 
7.0 
4 . 5 
9 .0 
4 .0 

10 .0 
10 . ) 
10 .0 
8 .0 

5 .0 
12 .0 
r- .o 

13. 5 
13 . 5 

13 .0 
11 .0 
8 .0 
8 .0 
8 .0 

7 . 2 
3 .4 

16 .? 
15 . ) 
14 .0 

12 .0 
9 .0 
8 .0 
8.8 
9.8 

19. 0 
18.0 
17.0 
.!.5 .0 
12 .0 

10 .0 
( .5 

21.0 
19.5 
17 . 5 

15 .5 
12.5 
8 .0 

20 . 5 
J:7 .6 
14 .8 
10.5 
1.5 
3 .0 
5 .0 
8 . 5 

lool El 

• 

• 
8 . 5 

. 5 
4 .? 
2 .2 

- 1.'1 
o.o 
1.7 

-1.0 

- i . t. 
-3 .') 
- 3 .0 
- 2 . ) 
- :? .5 

- 3 .0 
- 3 .0 
- 3 .0 
- 3.0 
~ 

• 

• 

5 .7 
4 .0 

4 .0 
4 .0 
4 . 5 
4 .8 
5 . 3 

6 .5 
11.5 
8 . ) 
b . ) 
5.0 

5 . 5 
4 .0 

::.o .0 
::.4 .0 
9 .0 

/ .0 
' .0 
5 .0 

14 .0 
9 .6 

8 . i 
{.) 
l.5 
3 .0 
V.i 
6.5 

r:cte : Pit!zometer locations arc sho•.m. in plat.e 6 . Elevations are in feet refPrred to ~tear. SPa lev€' l. 
Air entrained in pie::ometer opening . 

Discharrc 
4oo •fs 

I ol E.t. 12 7 JJ 

• 

>i . , 
. ') 

3.8 

2 . 2 
0 . 1 
0 . 5 
0 . 7 
C.J 

-3.9 
-2 .8 
- 3 .0 
-2 .0 
- ' . 5 
- 6 .0 
-2 .0 
-0 . 5 
-1.0 

Y-

0.5 
0 . 5 

0 . 5 
1.5 
5.5 
2 .8 
1.3 

12 .0 
1::> . ~ , 
~ . 

1.1 
2 .0 

1.0 
15 .0 
6 . 5 
2 .0 
3 .0 

3.0 
5 .0 

ll.? 
4. ') 
4 .6 
4.8 
5.0 

0 .3 
3 .5 
b . ) 



Table 2 

Pressures in Branched Oak Outlet Works Circular Conduit 2 Discharges 400 to 1240 cfs 

Pressures in Prototype Feet of Water 
Discharge Discharge Discharge Discharge Discharge Discharge 

Piezometer 124o cfs 1085 cfs 1000 cfs 8oo cfs 600 cfs 400 cfs 
No . El Pool El 1299.5 Pool El 1288.6 Pool El 1288.2 Pool El 1287.8 Pool El 1287.6 Pool El 1287.0 

76 1259.5 3.5 2.0 2.5 2.0 1.5 -0 .2 
77 1259.4 7.6 4.6 4 .6 3.1 2.1 -1.1 
78 1257.9 8 .6 5.1 5.1 4 .6 3.9 0 .3 
79 1256.4 10.6 7.6 7.6 5.1 3.1 2.1 
80 1253.4 14.6 10 .6 10 .6 8 .1 5 .6 4.6 

81 1257.5 7.5 4 .5 5.5 2 .5 1.5 0.4 
82 1256 .0 9.0 6.0 7.0 4. 0 2 .5 1.0 
83 1253 .0 12 .0 9.0 8 .5 6 .5 5 .0 4.5 
84 1255 .6 7.9 5 .4 5.4 3.4 1.9 0.4 
85 1252 .6 11.4 8 .4 8 .4 5.9 4.7 3.4 
86 1255.1 7.9 5.4 5.4 2.9 1.9 0 .4 
87 1252 .1 11.4 8 .4 8 .9 6 .0 4.9 3.4 
88 1254 .6 7.4 4.4 5.4 2.9 1.9 0 .4 
89 1251 .6 10 .9 7.4 8 .4 5.4 4.7 3.8 
90 1254.2 5 .4 2.9 4.4 1.9 1.5 0 .6 
91 1251.2 9.4 7.4 7.4 5 .9 4 .9 3.6 
92 1253.7 6.4 4.4 4.4 2.9 1.9 0 .4 
93 1250 .7 9.4 7.4 7 .4 5.4 4.9 3.4 
94 1253 .3 5.8 3.8 4 .3 2.3 1.8 0 .3 
95 1250 .3 8 .8 6 .8 7 .3 5.3 4.8 3.3 
96 1252 .8 5 .3 3.8 4 .3 2.3 1.8 0 .3 
97 1249.8 8 .3 6 .8 7.3 5 .3 4 .8 3.3 
98 1252 .3 5.2 3.7 4 .2 2 .2 1.7 0 .2 
99 1249.3 8 .2 6.7 7.2 5 .2 1.7 3.2 

100 1251.9 4.6 3.2 4 .2 1.7 1.2 0 .2 
101 1248.9 8 .0 6.2 7.2 5.2 4.2 3.2 
102 1251.4 4.1 2. 6 3.6 1.9 0 .9 0 .1 
103 1248 .4 7.1 6.1 6.6 4.9 4.1 2 .9 
104 1250 .9 4.3 3.0 3.5 2.0 0 .5 * 105 1247.9 6 .5 5 . 5 6 .0 5.0 J, .0 2 .8 
106 1250 .5 3.8 2.5 3.0 2.0 1.0 * 107 1247.5 6.5 5.2 6.0 5.0 3.9 3.0 
108 1250.0 3.4 2.4 3.4 1.9 4.8 * 109 1247.0 6.4 5.4 6 .4 4.9 4.1 3.4 
110 1249.6 2 .5 2.0 3.5 2.0 1.2 * 
111 1246 .6 7.0 6.0 6.5 5.5 4.8 3.8 
112 1249.1 3.4 2.4 3.4 2.4 1.7 * 113 1246.1 5.4 4.9 5 .9 5.2 4.3 3.4 
114 1248 .6 1.9 1.7 2.9 2.1 1.4 * 115 1245.6 4.4 4.4 5 .4 4.9 3.9 2.4 
116 1248.2 1.8 1.3 0.8 2.3 0 .8 * 117 1245 .2 1.8 1.8 2.8 2.8 3.5 2.5 
118 1247.8 0 .0 0 .1 0 .1 1.1 1.1 ·* 
119 1244.8 5.1 6.1 5 .1 5 .1 4.1 5.1 

' 

Note : Piezometer locations are sho\~ in plate 7. Elevations are in feet referred to mean sea level . 
~ Piezometer opening above water surface . 



Tab'e 1 

Pressm·ef: ill lnt~ e S•rurture ani ~1bow. 

fri's:ure:: ir. l r ot.ot c r eet o1' .-lat.£ r 
Hczomet.r:o c DisC'11nrrc 1535 <·fc Diseharr;e 1 ',oo ~·f~ Dis·llaree 1 00 ~fs .... r::: 

No . El l ">Ol f;. 1338. 5 r ool El :·r~v .8 l ool E2.. ' ~ 7 . ') .5 

1 12 ( .') 47 .0 :9.) :? . < 5. 
2 1287.) 48 .5 39 .8 20 . ~ 1 .J 
? 
J 1287 .) 4) . 5 39. 3 2•J .2 15 .0 
4 12&7 .? 1.9.0 40 . ') 2 1 . 3 
5 1287.5 <+? .':J 39-? 2 . ') '[ 

6 1287. ) 47 . 5 40 . ') 2t . '1 1 . 0 

7 1287. ) 47 .0 39 -) 2l} . 'j '< 
• J 

8 127~ .0 )) . '1 29.d 35. :? c 
• J 

9 l28.J. .0 57 -5 !.9.8 33 .? :?4 . c 

10 1283 .') 53 .5 4o .O 32 .5 :?1.0 

11 1283 .8 ')0 . 0 37.4 2".1 .7 15 .0 
12 1283 .9 30 .!S 23 .1 :3.1 I. .q 
13 1284 .0 33.0 27 .8 .: .u 8 . ') 
14 1284 .0 ~e . o 30 .5 19.5 n .o 
1) 12811. 0 )4 .5 '30 .0 17 .8 10 .5 

1 1283.9 2' .6 11. 13.1 I. . ' 
17 1283.8 :?9.7 25 .2 14 .7 5.9 
18 1283.0 -~2 .0 2rJ ,0 15 .7 t .0 
19 1281 .0 35 -5 29 .5 21.1 10 . ) 
20 127<) .0 41.8 35 .0 22 . ') 1t' . ) 

21 1277.0 47 .0 30.0 28 .5 19.0 
22 1275 .0 49 .0 43 . ~ 30 . '( 21.') 
23 1271.0 53 .5 3t .8 2') . ., 25.? 
24 1269.0 55 .0 49 .0 31 -' 2 . < 

25 1266 .0 t.2 .5 55 . 7 33. 3 ~3 . 0 

26 126(> .0 bl.5 54 .8 42 .) 32 .) 
27 12t>O .0 59.5 53 .0 41.3 )1.5 
28 12b .0 5( .5 50 .1 38 .7 29 .5 
29 12 .0 48 .0 42 . 7 3.:..) 24 .0 
30 12o) .O o4 .o 57 .0 44 .3 ~4 . 5 

)1 1265 .0 40 .0 34.5 25 .5 19.0 
32 1264.0 o5 .5 58 .0 3') .7 )') . 5 

33 l2o4 .0 o4 .5 57 .6 35 .0 35 .0 
34 12G4 .o u2 .5 56 .0 45.0 33 -5 
35 1264 .0 58 .5 52 .0 40 .5 31.0 

3t 12<;)4 .o 37-5 32 .8 24 .5 1( . ') 

37 12t.3.0 68 .0 59.8 47 . 3 37 .0 
38 1263 .0 36 .0 31.0 22 .7 10 . 5 

39 1262.0 68 .0 60 .5 48 . 3 18.0 
40 1262 .0 67 .5 60 .5 47.5 )7 .5 

41 1262 .0 66 .0 59 .0 46.7 36 . 5 
42 1262 .0 ul.5 45 .5 43 .7 34 .0 
43 1262 .0 52 .5 46 .5 36. 5 28.5 
44 1262 .0 45 .5 41.0 30 .8 24 .0 
44 -A 12 2.0 42 .0 38 .7 27 .3 22 .0 

45 1260.8 47 .7 42 .5 33 . ~ 26 .2 
46 1259.6 23 .9 21.4 15 .8 11.9 
47 126o.o 70 .0 o3 .5 50 .3 40 .0 
48 12b0 .0 u3 .5 61.3 48 .8 39.0 
49 12o0 .0 o5 .0 58. 5 46 . 5 3o .5 

50 1260 .0 59 .5 43 .0 46 .8 28 .0 
51 1260 .0 53 .0 46 .0 37.3 29 .5 
52 1261.0 50 .5 46 .0 35 -3 27 .5 
53 121)0 .2 48 .3 43 .3 34 .1 26 .3 
54 1259.2 40 .8 3G . ) 29 . I 22.3 

55 1258.0 72 .0 b5 .1j 51.4 42 .5 
56 1258.0 70 .5 64 .0 "I . 41.5 
57 1258 .0 68 .5 61.7 49.b 39 .5 
58 1258 .0 64 .5 57 .8 4t.) 3t.. . 5 
59 1258.0 58 .5 51.7 41. I 33.5 

bO 1258 .0 49 .5 44 .8 40 . 3 2• .8 
61 1258.0 32 .8 30 .0 22 .5 17. 5 
62 1258.0 73 . 5 t57 .0 54 • I 44 .5 
h~ 1258 .0 71.5 65 .0 5~ . 42.5 
.. 4 12')8 .0 68 .0 61.0 4;1 . ;1 39.5 

JS 1258.0 62 .5 5o.O 45 .0 ,c 5 
ot 125t> .0 52 .0 47 .0 38. 5 jQ.') 

o7 1256 .0 33.0 3Q .O 38 . ') 18.5 
68 1254 .0 70 .5 E4 .5 '1.: • 43 .0 
69 1253-9 64 .6 59.1 4 3.1 38.9 

70 1253.7 54 .3 49 .3 40 . ,:)2 .8 
71 1251-5 38.5 34 .8 27 .9 22 .9 
72 1259-7 9-5 7 .8 5-5 1.0 
73 12)8.0 11.5 10 .0 7 .0 3. 5 
74 1256 . 1) 26 .0 23 .0 18. 1 14 .1 
75 1253 .5 32 -5 29 .5 23 .8 19.5 

Note : Fie~ometer locations are sho\m in p1att> u. Elevations arc in feet referred to mean zca level. 



Table 4 
Pressures in Branched Oak Outlet Works Circular Conduit 

Discharges 1300 to 1535 cfs 

Pressures in Prototype Feet of Water 
Discharge Discharge Dischar ge Discharge 

Piezometer 1535 cfs 1500 cfs 1400 cfs 1300 cfs 
No. El Pool El 1338 .5 Pool El 1330.8 Pool El 1317 .5 Pool El 1305 .5 

76 1259 .5 12 .0 11.0 8.0 4 .3 
77 1259 .4 20 .1 16 .4 12 .6 8 .6 
78 1257 .9 21 .1 18 .6 13.8 10 .1 
79 1256 .4 24 .1 21 .6 16 .9 12 .6 
80 1253 .4 28 .1 25 .6 20 .7 16.1 
81 1257 -5 21 .0 16 .5 12 .3 9.0 
82 1256 .0 20 .5 18 .5 14 .3 10 .8 
83 1253.0 23 .0 21 .0 17 .3 14 .0 
84 1255 .6 18 .4 16 .4 12 .7 9.4 
85 1252 .6 21 .4 19 .4 12 .7 12 .7 
86 1255 .1 17 .4 15 .9 12 .5 9.4 
87 1252.1 20 .9 16 .4 15 .5 12 .7 
88 1254.6 15 .9 14 .4 11.0 8 .4 
89 1251.6 18 .4 17 .0 13 .8 10 .9 
90 1254 .2 12 .4 11.9 8 .4 6.4 
91 1251 .2 16 .9 11.9 13 .1 10 .9 
92 1253.7 14 .4 12 .4 9.7 7.8 
93 1250 .7 18 .4 13 .4 12 .6 10 .4 
94 1253 -3 12 .3 11.4 8 .5 6.3 
95 1250 .3 15 .3 10 .9 11.5 9.3 
96 1252 .8 11 .8 10 .3 8 .1 6.3 
97 1249 .8 15 .3 13 .8 11 .5 9-5 
98 1252 .3 11 .7 10 .5 8 .2 6.3 
99 1249.3 14.7 12 .2 10 .9 9.2 

100 1251 .9 9.6 8 .3 6.4 1.1 
101 1248 .9 13 .6 12 .8 10 .2 8.6 
102 1251.4 9.0 7.8 6.0 4.9 
103 1248 .4 12 .2 11 .5 9.1 8 .1 
104 1250 .9 9.0 8 .0 6.0 4.8 
105 1247 .9 11.4 10 .0 8 .5 7.5 
106 1250 .5 7.3 7.0 5.0 4.0 
107 1247 .5 10 .0 9.0 7.9 7.0 
108 1250.0 6.4 5.4 4.4 3.5 
109 1247.0 9.6 8 .4 7. 5 6.6 
110 1249 .6 4.9 4.0 3.5 3.0 
111 1246.6 7.9 7.0 6.3 6 .0 
112 1249.1 6.1 5.2 4.4 3.7 
113 1246.1 7.4 6.9 6.8 5.7 
114 1248 .6 2.7 2 .3 2.1 1 .8 
115 1245 .6 5.9 5.3 5.1 4.8 
116 1248 .2 2 .0 1 .8 1.6 1.4 
117 1245 .2 3.9 3.3 3.3 1.8 
118 1247.8 1.5 1.3 1.1 1.1 
119 1244.8 7.6 6 .1 6 .1 5.9 

Note: Piezometer locations are shown in plate 7. Elevations are in feet 
referred to mean sea level . 



Table 5 

PresGures in Branched Oak Out let Works I ntake St ructure and Elbow with Trashr~•.cks and Cover Plate Removed 

Pressures in Fr ototype r'eet or ..rater 
Dinchar ge Discharge Discharge Discharge Discharge Discharge 

Piezometer 1500 cf s 1240 cfs 1150 cfs 1070 cfs Boo cfs bOO cfs 
No. El Pool El 1325 .0 Pool E1 1298 .0 Pool El 1291.45 Pool El 1289. ') Pool E1 1288 .5 Pool E1 1287 .8 

A 1278 .0 36 .0 1'3 .7 9 .5 3 .0 -4 .5 - 1.5 
B ::276 .0 39 .0 lb .O 12.0 .0 - 3 .0 - 1.0 
c 1276 .0 39 .0 16 .5 12 .0 G.O - 3 .0 -1.0 
D 1276 .0 39 .0 ltJ . ') 12 .0 6 .0 - 3 .0 -1.0 
8 1279.0 46 .0 19 .0 12 .5 10 .4 9 -5 8 .5 

9 1281.0 44 .0 l7 .0 10. 5 8 .4 7 .5 r; . _, 
10 1283.0 42 .0 15 .0 8 .3 6 .0 5 .0 4 .5 
11 128, .8 39 .7 :3 . / 6 .2 2 .7 2 .2 2 . 7 
12 1283.9 38 .1 11.5 3 .1 - 2 . If -2 .9 -0 .4 
13 1~64.0 37.0 11 .0 4 .0 0 .0 0 . " 0 .5 

14 1284.0 .)8 .0 12 .8 5 .5 1.0 0 . ::. . 5 
15 1284.0 30 .0 7 .0 0 .5 -2 .0 -1.5 - 0 . 5 
16 1283 .9 23 .1 0 . 4 - 4.9 -5 .9 - 3 .4 -4 .9 
17 12f).8 25 . 2 3. ) -2 .8 - 5 .8 - 3 .8 - 3 .8 
18 12b3 .0 2f .o 4 .5 -2 .0 - 5 .0 - 3 .5 - 3 .5 

19 1281.0 2P .o 8 .5 2 .0 - 3 .0 - 3 .5 - 2 .5 
20 1279.0 ~4 . 5 13 .0 6 .0 0 .0 - 3 .0 - 2 .0 
21 1277.0 38 .0 15 .0 9 -5 ') .0 - 3 .0 - 1.5 
22 12'75 .0 40 .0 17 .0 11.5 7 .0 - 3.0 - 2 .0 
23 1271.0 43 .5 21.0 15 .0 11.0 1.0 -1.0 

24 1269.0 4 5 -5 23 .0 17.0 1'3 .0 5 .') -2.0 
25 126o.O 52 .0 28 . 3 21.0 18 .0 8 .0 • 
26 1266 .0 51. 5 28 .0 21.0 7 .0 8 .5 
27 1266 .0 50 .0 20 .8 20 .0 6 .5 7 . 5 ~ 

28 1266 .0 47 .0 24 .5 18 .5 5 .5 .0 ., 

29 1266 .0 39 .0 20 .0 14 .0 12 .0 5 . K 

30 1265 .0 53 .0 29 .0 22 .5 19.0 9 .0 •• 
31 12(,5 .0 31.0 14 .5 9 .0 8 .5 4 .0 ' 
32 1264.0 55 .0 30 .5 23 .5 20 .0 8 .0 .,. 
33 12t4 .0 54 .0 .:1'\ . ') 23 .5 20 .0 11.0 

34 12t 4.0 52 .5 ~ . ) 22 .5 19.0 10 . ~ 

35 1204. 0 49 .0 2 ( .0 20 .0 17 .5 9 . 5 
36 1264.0 29 .0 lj . ) 8 .0 8 .0 6 .5 X 

37 12• 3 .0 55 .5 31.5 25 .0 21.0 12. 5 
38 12o3 .0 28 .0 12. 5 7 -5 7 . ) 7 .0 • 

39 12o2 .0 57 .0 33 .0 26 .0 22 .0 14 .0 • 
40 1262 .0 56 .5 .)2 . 5 26 .5 22 .0 13 . 5 
41 1262 .0 55 . 5 31.) 24 .5 21.5 13 .0 )f 

42 1262 .0 52 .5 29 .0 22 .5 19.5 12 .0 :< 

43 1262 .0 44 .0 23 .5 18 .5 16 .0 9 .0 • 

44 12/)2 .0 37 .5 20 .0 13 .5 13 .0 8 .0 * 
44-A 1262 .0 35 .5 18 .0 12 .0 12 .0 8 .0 
45 1260 .8 41.7 22 .7 11.2 14 .7 9 .0 
46 1259.6 21. 4 9 . 4 4 .9 6 .4 2 . 4 ,. 
47 1260.0 59 .5 '35 .0 28 .5 24 .? 15 .5 .. 
48 l2GO .O 58 .0 34 .0 27 .5 24 .0 15 .5 2 .5 
49 1260 .0 55 .5 32 . 5 25 . 5 22 .0 14 .5 2 .5 
50 1260 .0 50 .0 29.0 22 .5 20 .7 12 .0 2 .5 
51 1260 .0 44 .0 25 . 5 20 .0 16.0 9 .5 ) .0 

52 12fl .O 43 .5 24 .0 18 .0 15 .0 8 .0 4 .0 

53 12t0 . 2 40 .8 22 .8 17 .3 15 .8 8 .8 4 .1 
54 1259. 2 39 .8 19 .3 13 .8 13.8 8 .8 3 -3 
55 1258 .0 61.5 37 .0 30 .0 2h . 5 19.0 13.0 
5o 1258.0 60 .5 36 .5 30 .5 25 .5 19.0 7.0 
57 12<::8 .0 58 .5 35 .5 28 .5 25 .0 18.5 5 .0 

58 1258 .0 54 . 5 33 .0 27 .5 23 .0 15 .0 4 .0 

59 1258 .0 49 .5 29 .0 24.5 28 .5 12 . 5 4 .0 
60 1258 .0 42 .0 2') .\) 20 .0 25 .5 10.0 3 .0 
61 1258.0 28 .0 lc .0 11 .0 10 .5 '7 ·" 14 .0 
62 1256 .0 o3 . 5 '9 . .) 33 .0 28 .0 22 ·' 1~ . 0 

o3 1256 .0 i)2 .0 "38 .0 32 .0 27 .0 19 . ) 10 . 5 
64 1256 .0 58 .5 3G .o 29 .0 25 .5 17 .0 5 .0 
IJ5 1256 .0 53 .5 42 .5 26 .0 23 .5 15 .0 5 .0 

,-
1256 .0 44 .0 27 .5 22 .0 19.5 12 ." 5 .0 u ,., 1256 .0 29 .0 lo .5 12 .5 12 .') 8. 5 .0 

··8 1254 .0 62 .0 39 .0 32 .5 28 .0 21.0 12.0 
69 1253 .9 56 .6 35 .1 29 .6 25 .u 18 .1 7.1 
70 1253-7 47. 3 29 .8 24 . 3 .?2 .3 14 .8 7 .3 
71 1253 .5 36 .5 20 .5 16 .0 15 .5 10. 5 6 .5 
72 1259-5 8 .5 1.5 0 . 5 1 .0 1." 0 .0 

73 1258 .0 10 .0 3 .0 2 .0 2 .8 3 .0 1.5 
74 125b. 5 22 .0 12 .0 10 . 5 9 .0 o .O 2.8 

75 1"5-:! . 5 28 .5 17.5 15 .0 n .o 9 ."J ') .8 

Note : Piezometer :ocations are shown in plate b . Elevations are in feet referred to !:lean sea level . 
• Air er.trained in piczo~ter opening. 

Discharge 
300 cfs 

Pool E1 128 · . 55 
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Table 6 

Hydraulic Gradient Elevations in Branched Oak Outlet Works Circular 

Conduit with Trashracks and Cover Plate Removed 

H~draulic Gradient Elevations in PrototlEe Feet Referred to Mean Sea Level 
Discharge Discharge Dischar ge Discharge 
1500 cfs 1240 cfs 1150 cfs 1070 cfs 

Piezometer Pool El Pool El Pool El Pool El 
No . El 1325 .0 1298 .0 1291.45 1289 . 5 

76 1259 . 5 1271 .0 1263 . 5 1261 . 5 1262 .0 
77 1259 .4 1276.0 1267 .0 1265 .0 1264 .0 
78 1257. 9 1275.5 1266 . 5 1265 .0 1264 .0 
79 1256 .4 1277 .0 1267 . 5 1265 .8 1265 .0 
8o 1253.4 1278.0 1268.5 1266 . 5 1265 . 3 

81 1257.5 1273 . 5 1265 .0 1264 .0 1262 . 5 
82 1256 .0 1273 . 5 1265 . 5 1264 .0 1262 . 5 
83 1253.0 1273.5 1265 . 5 1264 .0 1262 . 5 
84 1255 .6 1271 .0 1264 .0 1262 . 5 1261.5 
85 1252 .6 1271 . 5 1264 .0 1262 . 5 1261 . 5 

86 1255 .1 1270.0 1263 . 5 1262 .0 1261.0 
87 1252.1 1270 . 5 1263.8 1262.0 1261 .0 
88 1254 .6 1268 . 5 1262 .0 1260 . 5 1260 .0 
89 1251.6 1268.0 1261 . 5 1260 . 5 1259-5 
90 1254 .2 1265 .0 1259 . 5 1258 . 5 1258 . 5 

91 1251.2 1266 . 5 1260 . 5 1259.5 1259 .0 
92 1253 . 7 1265 . 5 1260 .0 1259 .0 1259 .0 
93 1250 .7 1265 . 5 1260 .0 1259 .0 1258 . 5 
94 1253 . 3 1263 . 5 1259.0 1258 .0 1258 .0 
95 1250 . 3 1263 . 5 1259.0 1258 .0 1258 .0 

96 1252 . 8 1263 .0 1258 . 3 1257 -5 1257 . 5 
97 1249. 8 1263 .0 1258 . 3 1257 -5 1257 . 5 
98 1252 . 3 1262 . 5 1257 .8 1257.0 1257.0 
99 1249 . 3 1262 .0 1257 .6 1257 .0 1257 .0 

100 1251.9 1260.0 1256 . 5 1255 . 5 1256 .0 

101 1248 . 9 1260.5 1256 . 5 1256 .0 1256 .0 
102 1251.4 1259.0 1255 . 5 1255 .0 1255 .0 
103 1248 .4 1258 . 5 1255 . 3 1254 . 7 1255 .0 
104 1250.9 1258 . 5 1255.3 1254 . 7 1254 .8 
105 1247 .9 1258 .0 1254 .7 1254 . 3 1254 . 5 

106 1250 . 5 1257 .0 1254 . 3 1253 .8 1254 .0 
107 1247 . 5 1257 .0 1254.2 1253 . 5 1254 .0 
108 1250 .0 1255 -5 1253 . 3 1252 . 5 1253 .0 
109 1247 .0 1255 . 5 1253 . 3 1252.5 1253 .0 
110 1249.6 1254 .0 1252.5 1252 .0 1252 . 8 

111 1246 . 6 1254 .0 1252.5 1252 .0 1252 .8 
112 1249 .1 1254 . 5 1252 . 5 1252 .0 1252 . 5 
113 1246 .1 1252 .8 1251 . 5 1251.3 1252 .0 
114 1248 .6 1252 .8 1250.0 1250 .0 1251 .0 
115 1245.6 1251.0 1250 . 3 1250.0 1251 .0 

116 1245 . 2 1249 .0 1249 . 5 1248 .0 1250 .0 
117 1245 .2 1249.0 1249 . 5 1248 .0 1250 .0 
118 1247 . 8 1249 .0 1248.0 1248 .0 1249 .0 
119 1244 .8 1250.0 1249 . 5 1249.5 1251 .0 

Note : Piezometer locations are shown in plate 7. 
* Piezometer opening above water surface. 

Discharge Discharge Discharge 
Boo cfs 600 cfs 300 cfs 
Pool El Pool El Pool El 
1288 . 5 1287 .8 1286 . 55 

1261 . 5 1260 . 5 1260 . 3 
1262 .0 1261. 5 1260 . 8 
1263.0 1259-5 1260 .0 
1261 . 5 1259 .0 1257 .0 
1261 . 5 1258 . 5 1256 .0 

1260 .0 1258.5 1258 . 5 
1260.0 1258.3 * 
1260 .0 1258 .0 1256 .0 
1259 .0 1257 . 5 * 
1259 .0 1257 .0 1255 . 5 

1258 .0 1256 . 5 * 
1258 . 5 1256 . 5 1255 . 3 
1257 . 5 1256 .0 * 
1257 . 5 1256 . 0 1254 . 5 
1256 . 5 1255 . 5 * 
1257 .0 1255 -5 1254 . 3 
1256 .0 1255 .2 * 
1256 .0 1255 . 2 1253 .8 
1255 . 5 1254.4 * 
1255 -5 1254. 4 1253 .2 

1255 .0 1254 .0 * 
1255 .0 1254 .0 1252 . ) 
1254 . 5 1253 -5 * 
1254 . 5 1253 . 3 1252 . 3 
1254 .0 1252 .8 * 
1254 .0 1252 .8 1251 . 6 
1253. 5 1252 . 3 * 
1253 .0 1252 . 3 1251 .2 
1253 .0 1251.9 * 
1252 . 5 1251.7 1250 . 5 

1252 . 5 1251.4 * 
1252 . 5 1251. 2 1250 .0 
1252 . 5 1250 .8 * 
1252.0 1250 . 7 1249. 5 
1251 . 5 1250 . 3 * 
1251 . 5 1250 . 3 1249.3 
1251 . 5 1250 . 3 * 
1251.0 1250 .0 1249.0 
1250 . 5 1249 . 5 * 
1250 . 5 1249 . 5 1248 . 5 

1249 . 5 1248.5 * 
1249.5 1248 . 5 1248 .0 
1249 .0 1248 . 5 * 
1250.0 1248.5 1248 . 5 



rra,bl e 7 

Total Head Loss in Branched Oak Ori ginal 

Design I ntake Structure 

Discharge Energy Gradient Head Loss 
H Loss 

, 

cfs Pool El El * Feet of Water , e Coefficient** 

1225 1299.5 1294 .5 5.0 0.172 

1290 1305 .'5 1299.8 5.7 0.177 

1420 1317.5 1309.5 8.0 0.204 

1550 1330.8 1321. 5 9-3 0. 200 

1625 1338 .5 1328 .8 9.7 0.189 

Average 0.188 

Note : Elevations are in feet referred to mean sea l evel. 
* Determined from hydraulic gradients based on piezometers 100-109 

extended to sta 1+63 .25 U. S. 

** Loss coefficient = H /v2
2 

where H e g e 
is velocity head in feet within the tunnel . 

is head l oss in feet and 2g 



Table 8 

Separate and Total Losses in Branched Oak Original Design Intake Structure 

Energy Energy 
Gradient El* Gradient El*-v. 

Discharge Pool at Sta at Sta H H,_ H K' K Kt K 
cfs El 1+63 . 25 u.s . 1+43 .25 u.s . c "' e c c e 

1150 1293 . 5 1290 .0 1288. 3 3 .5 1.7 5 . 2 0 .882 0 . 137 0 .067 0 . 204 

120? 1298 . 2 1294. 3 1292 .6 3 .7 1.9 5 .6 0 .850 0 . 132 0 . 068 0 . 200 

1360 1311 . 3 1306. 5 1304. 1 4 .8 2 . 4 7 .2 0 .865 0 .133 0 .067 0 . 200 

1520 1326 .7 1320. 4 1317 .3 6 .3 3 .1 9 .4 0 . 910 0 . 140 0 .069 0 . 209 

Average 0 .877 0 . 135 0 .068 0 . 203 

Note: Elevations are in feet referred to mean sea level. 

H - K v2j2g = total entrance loss in feet where v is the velocity in the conduit . 
e e 

K' V2j2g 2 the water surface to el 1276.0 in H - or K V /2g = loss in feet from 
c c r c riser shaft where v is the velocity in the riser 

shaft . r 
2 

Ht - KtV /2g - loss in feet from el 1276.0 in riser shaft to just inside the 
conduit entrance . 

H - H + H 
e c t 

* Determined from hydraulic gradients based on piezometers located in shaft at 
sta 1+63 .25 and el 1276.0. 

** Determined from hydraulic gradients based on piezometers 100-109 extended to 
sta 1+43.23 U. S. 

Disch'U'ge 
cfs 

580 

Table 9 

Separate and Total Losses in Cottonwood Springs Intake Structure 

Compound Curve Crests and Lengths = 3D 

Energy Energy 
Grl'l.dient El Gradient El"" 
at Conduit at CL of H Ht H K K Pool El Entrance Shaft c e c t 

Divider Wall = 5 .0 ft, f (Tunnel) = 0 . Oo85 
' 

Cover Plate = 3 .0 ft 

390'5 . 20 1902 .10*"- 3904 .88 0 .32 2 .78 3 .10 0 .0096 0 .083 

Divider Wall = 4 . 5 ft , f (Tunnel) = 0 .0150 , Cover Plate = 2 . 5 ft 

K 
e 

0 .093 

430 38()4 . 50 3892 . 50t 3894 .25 0 . 25 1.75 2.00 0 .0137 0 .096 0 .110 

Note : Elevations are in feet referred to mean sea level . 
2 

H - K V /2g = total entrance loss in feet where V is the velocity in the conduit . e e 

He - Kcv
2
j2g- loss in feet from the upper pool to energy gradient in riser shaft . 

2 
Ht - KtV /2g- loss in feet from energy gradient in riser shaft to just inside the 

conduit entrance . 
He - He + Ht 

Determined from hydraulic gradients based on piezometers in shaft (19-20) at 
el 3858.0 

~* Determined from hydraulic gradients based on piezometers 55- 64 extended to conduit 
entrance . 

t Determined from hydraulic gradients based on piezometers 55- 72 extended to conduit 
en:rance . 



Table 10 

Pressures in Cottonwood Springs Outlet Works Intake Structure, 

Elbow , and Smooth Tunnel (f = 0.0085) ; Compound Curve Crests 

with Lengths= 2D (D = 4.0 ft) , 6 .0-ft Divider Wall , and 

4 .0-ft Cover Plate 

Pressures in Pressures in 
Pi ezometer Prototype Feet Piezometer Prototype Feet 

No . El of Water No . El of Water 

l 3879 .00 32 .9 41 3836 .00 41 .6 
2 3879 .00 31.7 42 3835 .90 36 .2 
3 3879.00 32 .2 43 3835 .79 30 .8 
4 3879 .00 31 .4 44 3835 .69 31.8 
5 3879 .00 31 .5 45 3835 .58 31 .8 
6 3874 .50 30 .0 46 3835.48 30 .8 
7 3875 .00 19 .8 47 3835 .37 29 .8 
8 3874 .93 24 .3 48 3835 .27 28 .1 
9 3874 .69 23 .5 49 3835 .16 28 .5 

10 3874 .15 22 .1 50 3835 .06 26 .7 

ll 3873 .65 20 .2 51 3834 .95 24 .6 
12 3873 .25 22 .2 52 3834 .85 25 .3 
13 3871.50 28.7 53 3834 .74 24 .3 
14 3869.00 31 .1 54 3834 .64 22 .6 
15 3865 .00 35 .1 55 3834 . 53 21.2 

16 3867.00 33 .2 56 3834 .43 20 .6 
17 3862 .00 38 .1 57 3834 .32 19 .5 
18 3862 .00 38 .0 58 3834 .22 19 .5 
19 3858 .00 41 .9 59 3834 .11 18 .3 
20 3858 .00 41 .9 60 3834 .01 17 .5 

21 3853 .00 46 .9 61 3833 .90 16 .8 
22 3853 .00 47 .0 62 3833 .79 16 .0 
23 3847 . 50 52 .7 63 3833 .69 14 .5 
24 3847 .50 52 .6 64 3833 .58 14 .0 
25 3846 .00 53 .9 65 3833 .48 14 .0 

26 3846 .00 52 .8 66 3833.37 12 .9 
27 3844. 50 53 .3 67 3833 .27 11.8 
28 3844 .50 49.4 68 3833 .16 10 .8 
29 3844 .00 43 .4 69 3833 .06 10 .1 
30 3844.00 41 .0 70 3832 .95 9 .5 

31 3843 .26 40 .8 71 3832 .85 8 .2 
32 3842 .62 43.4 72 3832 .74 7.6 
33 3842 .07 42 .8 73 3832 .64 6 .9 
'34 3841 .36 41 .2 74 3832.53 6 .2 
35 3840 .13 39 .5 75 3832 .43 5.4 

36 3840 .00 38 .3 76 3832 . 32 4.0 
37 3838 .00 42 .9 77 3832 .22 3.0 
38 3836 .00 45 .0 
39 3840 .00 
40 3838 .00 39 .7 

Note : Elevations are in feet referred to mean sea level. Discharge 570 cfs, 
pool el 3905 .54. 



Discharge 
cfs 

1,98 

570 

527 

575 

Pool El 

3891 .66 

Table 11 

Separate and Total Losses in Cottonwood Springs Intake Structure 

Crest Length = 2D , f ('funnel) = O.Oo85 

Energy Energy 
Gradient El* Gradient El** 
at Conduit at CL of H Ht H K 
Entrance Shaft c e c 

Compoillld Curve Crest Shape , No Cover Plate 

3886 .11 3891.06 0 .1)0 4 . 95 5 -55 0 .025 

Compound Curve Crest Shape, Cover Plate = 4 .0 ft, Divider Wall = 6 .0 ft 

3905 .54 3898 .77 3904 .83 0 .71 6 .06 6 .77 0 .022 

SAF Crest Shape, No Cover Plate 

2896 .70 3891 . 24 3896 .21 0 . 49 4 . 97 5 .46 0.018 

SAF Crest Shape, Cover Plate = 4 .0 ft, Divider Wall = 5 .0 ft 

3906 . 00 3899 .84 3905 -07 0 .93 5 . 23 6 .16 0 .029 

Note: Elevations are in feet referred to mean sea level . 

H = K v2j2g =total entrance loss in feet where V is the velocity in the conduit . e e 

H - K v2j2g- loss in feet from the upper pool to energy gradient in riser shaft . 
c c 

Kt 

0 . 203 

0 .189 

0 .182 

0 .161 

Ht- Kty2/2g =loss in feet from the energy gradient in riser shaft to the conduit entrance . 

He - He + Ht 
* Determined from hydraulic gradients based on piezometers 55- 64 extended to conduit entrance . 

** Determined from hydraulic gradients based on piezometers in shaft (19- 20) at el 3858 .0 . 

Discharge 
cfs 

440 

418 

415 

Pool El 

Table 12 

Separate and Total Losses in Cottonwood Springs Intake Structure 

Crest Length = 2D , f (Tunnel) = 0 .015 

Energy 
Gradient El* 
at Piezom­

eter No . 42 

Energy 
Gradient El ** 

at 
CL of Shaft H 

c 

CompOillld Curve Crest Shape, No Cover Plate 

3894 .80 3898 . 95 0 .61 4 .15 

H 
e 

4.76 

K 
c 

0 . 032 

Compound Curve Crest Shape, Cover Plate = 3.5 ft, Divider Wall= 5 . 5 ft 

3896 . 25 3891.97 3895 .80 0 .45 4 . 28 0 .025 

SAF Crest Shape, No Cover Plate 

3892 .15 3887 .95 3891.75 0 .40 3 .80 4 .20 0 .023 

SAF Crest Shape, Cover Plate = 3 . 5 ft, Divider Wall= 4 . 5 ft 

3892 .00 3887 .90 3891.65 0 .35 3 .75 4 .10 0 .021 

Note: Elevations are in feet referred to mean sea level . 

H = K v2j2g =total entrance loss in feet where V is the velocity in the conduit . e e 

H = K v2j2g = loss in feet from the upper pool to energy gradient in riser shaft . c c 

0 . 218 

0 . 211 

0 . 221 

0 . 222 

Ht = Ktv2j2g =loss ir feet from energy gradient in riser shaft to just inside the conduit 
entrance . 

• \ 

He = He + Ht 

Determined from hydraulic gradients based on piezometers 55- 72 extended to conduit entrance . 
Detet~ined from hydraulic gradients based on piezometers in shaf+ (19- 20) at el 3858 .0 . 

K 
e 

0 . 228 

0 .211 

0 .200 

0 . 190 

K 
e 

0 . 250 

0 .236 

0 .244 

0 . 243 
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Photo 2. Flow conditions in riser shaft and transition; Branched Oak 
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• 

H691-8 

Photo 2 . (sheet 2 of 2) 



Photo 3. Performance of original design stilling basin ; Branched Oak 
outlet works (sheet 1 of 3) 
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