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PREFACE

The model study of the Meramec Park outlet works was authorized

by the Office , Chief of Engineers, U. S. Army, on 1 July l97~4, at the

request of the U. S. Army Engineer District , St. Louis.

The study was conducted during the period July l97I~ to April 1976
in the Hydraulics Laboratory of the U. S. Army Engineer Waterways Ex-

periment Station (WES) under the direction of Messrs. H. B. Simmons,

Chief of the Hydraulics Laboratory, and under the general supervision

of J. L. Grace, Jr., Chief of the Hydraulic Structures Division, and
J. Bohan (former employee) and N. H. Oswalt, Chiefs of the Spiliways

and Channels Branch. The project engineer for the model study was

Mr. B. P. Fletcher, assisted by Messrs. E. D. Rothwell, W . A. Walker,
and B. Perkins. This report was prepared by Mr. Fletcher.

During the course of the investigation, Mr. Malcolm Dove of the

Lower Mississippi Valley Division and Messrs. Charles Denzel, Robert L.

Barkau, Marlin W. Hornak, and Ms. Nancy H. Hsieh of the St. Louis Dis-

trict visited WES to discuss the program and results of model tests,
observe the model in operation , and correlate these results with design

studies.

Directors of WES during the conduct of the investigation and the

preparation and publication of this report were COL G. H. Hilt, CE , and
COL John L. Cannon, CE. Technical Director was Mr. F. B. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con—

verted to metric (SI ) units as follows :

Multiply By To Obtain

inches 25. 14 millimetres

feet 0.30148 metres

miles (U. S. statute) 1.609314 4 kilometres

feet per second 0.3048 metres per second

cubic feet per second 0.02831685 cubic metres per second

pounds (mass) 0.4535924 kilograms

feet per second per second 0.3048 metres per second per second
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OUTLET STRUCTURE FOR MERANEC LAKE
MERAMEC RIVER, MISSOURI

Hydraulic Model Investigation

PART I : INTRODUCTION

The Prototype

1. The Meraznec River Basin is located in the east—central portion

of Missouri and is bounded on the north by the Missouri River Basin and

on the east by the Mississipi i River (Figure 1). The dam will be
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located in Crawford and Washington Counties , Missouri , approximately

50 miles* southwest of St. Louis and will provide flood control, down-

stream releases for water—quality control, water supply, recreation,

and fish and wildlife benefits.

2. The dam, outlet structure, and spiliway will be located near

river mile 108.7. The main dam embankment will be approximately

3,000 ft long with a maximum height of 183 ft. The uncontrolled 600—ft—

long broad—crested spillway crest (el 7O9**) will pass a maximum dis-

charge of 203,800 cfs at a pool elevation of 733.5. The top of the dam

will be located at el 739.

3. Discharges through the outlet structure will be required for

normal reservoir operation when the reservoir pool is below the spiliway

crest (el 709). A general plan and profile of the structure is shown in

Plates 1 and 2 and details of the intake transition and stilling basin

are presented in Plates 3 and 14. The intake structure will be provided

with a water temperature control weir (el 655) located upstream of the
conduit intake. The gated intake structure will contain two gate pas—

sages capable of discharging the flood release of 8,000 cfs, when the

elevation of the reservoir surface is at the bottom of the flood control

pool (el 675). A transition section will be provided between the two

gate passages and the 14—ft—wide horseshoe conduit. A parabolic drop to

the stilling basin will be provided at the downstream end of the conduit.

The stilling basin will be of the conventional hydraulic—jump type de-

signed for a maximum discharge of 8,000 cfs. The stilling basin ’s apr-:.n

elevation will be located at el 558. The exit channel will have a

35—ft bottom width and lV—on—3H side slopes. Riprap will provide pro-

tection for the exit channel invert and the lV—on—3H side slopes.

Purpose of Model Study

14. The model tests were conducted to study the hydraulic

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.

** All elevations (el)  cited herein are in feet referred to mean sea
level .

5
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performance of the outlet works including pressures and flow cori-Ifti r~s

throughout the intake structure , the transition, conduit , st i l l i ng ~~~~~~
and exit channel . The model study was also utilized to ~b~ er - .-~- w~1 . .-

action and current patterns in the exit area and to determine t~~e si.’e

and extent of stone protection required for protection of ti~e .

channel side slopes and invert. Modifications, describe -i in !AP~ fl!

this report , were made to improve the hydraulic performance f ~~e -

posed outlet works.
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PART II: THE MODEL

Description

5. Initially, a l: 14O—scale , undistorted model (Figures 2 and 3)

was used for study of the original design of the proposed outlet works.

Sufficient area of the reservoir was reproduced to obtain natural flow

conditions in the approach to the intake structure. The intake struc-

ture , conduit , and stilling basin sidewalls were constructed of trans.-

parent plastic to permit visual observation of flow throughout the

outlet works. About midway through the study, the sponsor revised the

design of the horseshoe—shaped conduit by reducing its width from 22 ft

to i14 f t .  Rather than reconstruct a major portion of the model it was

decided to simulate the change in conduit width by changing the scale of

the model from i:14O to 1:25.5. This was accomplished by the following :

Revised conduit width (114 ft) . . /
/ x Original model scale IJLOOriginal conduit width I~22 ft)

= Revised model scale (25.5)

Water used in the operation of the model was supplied by pumps and dis—

charges were measured by means of orifice meters. Water—surface eleva-

tions were obtained with point gages. Velocities were measured with a

pitot tube. Current patterns were determined by observing the movement

of dye injected into the water and confetti sprinkled on the water

surface.

Design Considerations

6. In the design of the model, geometric similitude was preserved

between model and prototype by means of an undistorted scale ratio. The

accepted equations of hydraulic similitude, based on the Froudian rela-

tion , were used to express the mathematical relation Letween the dimen-

sional and hydraulic quantities of the model and the prototype.

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

7
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required that the prototype grade line be simulated in the model conduit.

It is impossible to satisfy the requirements of both the Reynolds and

Froude criteria for complete similitude when water is the fluid in both

the model and the prototype. Since hydraulic similitude between the

model and prototype was based on Froudian relations , the Reynolds number

of flow in the model was lower than that of the prototype , with the re-

sult that the hydraulic resistance of the model was disproportionately

higher than that anticipated in t he prototype. Therefore, the length

of the model conduit was reduced to compensat e for the greater hydrau—

lie resistance of the model relative to that anticipated in the proto-

type conduit .

Scale Relations

8. General relations for transference of the model data to proto—

type equivalents are presented below.

Scale Relations
114—ft 22—ft

Dimension Ratio Conduit Conduit

Length L
r 1:25.5 1:140

Time T
r L~’2 1:5.05 1:6.32

Velocity V = L~~
2 

1:5.05 1:6.32

Discharge 
~r 

= L5~
2 

1:3,283 1:10,119

Pressure P = L 1:25.5 1:140

Roughness N = Lh/6 1:1.715 1:1.850

9. Quantitative transfer of model data to prototype equivalent~
by the scale relations listed above is considered reliable.

10

-,

~

-- ~~
.-



- 
~~~~~~~~~~~ 

.

r”r~~— ~g~~~~~~~ c 
-

PART III: TESTS AND RESULTS

22—ft—Wide Conduit

Discharge characteristics

10. The intake structure was schematically simulated in the model

and approach flow conditions were symmetrical and satisfactory for the

entire range of discharges investigated. A plot of discharge versus

head on the center line of the gate opening for various gat e openings is

shown in Fi gure 4. A general equation describing the discharge coef-

ficient, of the proposed outlet works was obtained by plotting the co-

efficients for each ratio of the areas or gate opening shown in Figure 14

versus percent of gate opening as shown in Figure 5. The following

equation can be used for determining the discharge capacity of the

proposed outlet works for various gate openings and heads on the center

line of any gat e opening.

A 0.05

= 0.68
(t)

where

Q = discharge, cfs

A = area of gate opening, ft
2

At 
= area with gates fully open, ft

g acceleration due to gravity, ft/sec
2

H = head on center line of gate opening, ft

Transition , conduit ,
trajectory, and stilling basin

11. With a discharge of 8,000 cfs and a pool elevation of 709,

flow exiting the conduit was concentrated as a standing wave in the cen-

ter of the trajectory as it entered the stilling basin . Energy dissi-

pation in the stilling basin was unbalanced as i-idicated by velocities

measured over the end sill (Plate 5). Velocities measured 50 and 120 ft

downstream from the end sill are presented as isovels in Plates 6 and 7.
The anticipated tailwater rating curve is presented in Plate 8.

11 
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12. Observation of flow in the transition indicated that a stand-

ing wave was created by the intersection of the two jets issuing from

the gate passages into the transition downstream of the pier or divider

wall (Plate 3). The standing wave remained intact throughout the con-

duit and appeared to contribute to the flow concentration in the center

of the parabolic drop and stilling basin. Adverse flows in the stilling

basin were observed for all anticipated flow conditions.

Alternate designs

13. Efforts to reduce the standing wave in the conduit by stream-

lining the tail of the pier or divider wall in the transition were un—

successful. Tests indicated that a 60—ft—long horizontal apron (Plate 9)

installed downstream from the conduit exit and upstream of a trajectory

would spread the flow and reduce the magnitude of the standing wave as

it emerged from the outlet portal. The trajectory (type 2) of the para—

bolic drop into the stilling basin was designed to accommodate a veloc-

ity of 65 fps exiting from the conduit which was measured with a dis-
charge of 13,000 cfs and a pool elevation of 675. Satisfactory stilling

basin performance was observed for all discharges equal to or greater

than 2,000 cfs; however, a severe eddy formed in the basin with dis-

charges less than 2,000 cfs. The currents and turbulence in such an

eddy are capable of moving rocks and debris that would abrade the still-

ing basin elements and sidewalls.

114. Attempts were made to eliminate the eddy in the stilling

basin and improve the distribution of flow entering the basin during low

flows by providing an adverse slope between the outlet portal and the

beginning of a parabolic drop located at an elevation 14 ft above the
outlet portal (type 3 trajectory) as shown in Plate 10. At discharges

below 2,000 cfs, severe eddies formed in the stilling basin and flow

performance was similar to that observed with the type 2 trajectory

(Plate 9) . During greater discharges, the adverse slope appeared to

accentuate the standing wave at the conduit exit portal and contributed

to the formation of a standing wave in the center of the trajectory that

produced uneven flow distribution in the stilling basin.

15. The type 14 trajectory (Plate ii) was intended to improve the

114
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distribution of flow entering the basin by depressing the sides of the

parabolic drop to permit more flow along the sidewalls. It consisted

of two identical parabolic curves for the center and side portions of

the trajectory. The curves on the sides originated at a point 5 ft

farther upstream than the origin of the center curve, thereby providing

a depression along the sidewalls. The type 14 trajectory was only par-
tially effective in eliminating the eddies in the stilling basin.

16. The type 5 trajectory was similar to the type 14 except that

more depression of the invert was provided alcng the sidewalls (Plate

12). The depressed sides permitted additional flow along the sidewalls

and significantly improved the hydraulic performance of the stilling

basin. However, a few combinations of discharge and head produced

severe eddies in the stilling basin.

17. The type 6 trajectory (Plate 13) also provided a depression
along the sidewalls by originating the side curves at a point 20 ft up-

stream from the origin of the center curve. The type 6 trajectory pro-
vided satisfactory hydraulic performance for the larger discharges but

was only partially effective in eliminating eddies in the stilling basin

for flows below 2,000 cfs.

18. The type .7 trajectory (Plate 114) was developed from the
type 6 trajectory by reducing the sidewall flare to 1 laterally in
16.145 longitudinally and the basin width to 140 ft. No eddies were ob-

served at the low discharges and stilling basin performance appeared

satisfactory for flows up to 13,000 cfs.

19. The type 8 trajectory (Plate 15) was obtained by eliminating
the depressed sides of the type 7 trajectory. Flow in the stilling

basin was evenly distributed and no adverse eddies were evident with low

discharges. The type 8 trajectory was considered to be a satisfactory
design for the 22—ft—wide conduit.

114—ft—Wide Conduit

20. The time required for emergency drawdown of the reservoir

was increased by the U. S. Army Engineer District, St. Louis, from

15
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30 to 120 days. This permitted a reduction in the width of the

horseshoe—shaped conduit from 22 to 114 ft (Plate 16).

21. In order to simulate the reduction in the size of the conduit ,

the 1:140—scale model of the stilling basin and exit channel downstream

from the conduit were revised to reproduce these portions of the outlet

works at a 1:25.5 scale.

22. Model tests indicated the need for a 38—ft—long horizontal

invert immediately downstream from the exit portal (Plate 16) to spread

and distribute flow discharged from the exit portal. Horizontal aprons

shorter than 38 ft permitted standing waves in the conduit to travel
down the parabolic drop and into the stilling basin. Tests also indi-

cated that a sidewall flare of 1 laterally in 16 longitudinally is

necessary to provide satisfactory stilling basin performance. Observa-

tions of hydraulic performance with sidewalls that flared at a rate

greater than 1 in 16 indicated an uneven distribution of flow and severe

eddies in the stilling basin. The type 1 (114—ft—wide conduit) stilling

basin (Plate 16) was installed in the model. Energy of the design dis-

charge (8,000 cfs) was not dissipated satisfactorily, and severe cur—

rents and turbulence were observed downstream from the stilling basin.

Satisfactory stilling basin performance was observed with flows below

5, 000 cfs and no adverse eddies developed. Water—surface profiles are

shown in Plate 17. Basic data obtained from the model are tabulated

in Tables 1 and 2. Velocities for various discharges are presented in

Plates 18—25. Wave heights along the side slopes for a discharge of

9,1400 cfs are also indicated in Plate 25.

Recoini~iended Design

23. The type 2 basin was developed from the type 1 basin (Plate

16) by extending the flared sidewall from the downstream end of the

parabolic drop to the end sill as shown in Plate 26. Extension of the

flared sidewalls increased the width of the basin at the end sill, re-
duced the unit discharge over the end sill, and induced a more stable

hydraulic jump. No eddies or adverse flow conditions were observed in

16
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t he st illing basin during low flows . Flow in the exit channel was more

evenly distributed and the magnitudes of the velocities and waves were

reduced ( Plates 2 7—3 0) .  Water—surface profiles through the stilling

ba sin for discharges of 8 ,000 and 9, 1400 cfs are shown in Plate 26. The

basic water—surface profile data obtained from the model are tabulated

in Tables 3 and 14. Photos 1—12 show various flow conditions in the

stilling basin and exit channel.

~~~rap Protection

214. Tests were conducted to determine the minimum size and extent

of riprap protection required downstream from the recommended stilling

basin design . Initially, riprap having an average stone diameter (d
50
)

of 12 in. was placed 2d
50 

thic1~ in the exit channel and was subjected to

the following hydraulic conditions for a period of 1 hr (prototype):

pool el 675, discharge 8,000 cfs, tailwater el 582.5. Failure was ob-

served from the end sill to a point about 50 ft downstream from the end

sill (riprap failure is regarded as any displacement of the stones).

The riprap from the end sill to a point 65 ft downstream from the end
sill was replaced with riprap having a d

50 
of 15 in. (scheme A). The

scheme A riprap was stable for flows as large as 8,000 cfs. Additional

tests were conducted to determine the riprap sizes required for protec-

tion of the channel downstream from the 15—in, stone. The following

is a tabulation of the averages sizes and locations of the riprap pro-

tection required for discharges as large as 8,000 cfs and minimum

anticipated tailwater elevations:

Segment of
Channel Relative
to Distance 

dDownstream of 50
Scheme End Sill, ft in.

A 0—65 15

B 65—150 12

C 150—300 9

_ _ _ _ _ _  - 
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Based on the above average stone sizes , the following gradations are

considered adequate:

Rock Percent
Diameter Finer by

Scheme in. Weight

A 28 85—100
214 50—85
15 15—50
7 0—15

B 22 85—100
19 50—85
12 15—50
5 0— 15

C 17 85— 100
114 50—85
9 15— 50
14 0—15

Figure 6 illustrates the extent of the recommende i riprap protection .
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PART IV: DISCUSSION

25. Approach flows to the intake structure were satisfactory for

the range of discharges investigated.

26. Discharge characteristics of the outlet works assoc!ated with

gate—controlled flows at the intake can be calculated by the following

equation :

A 0.05

Q = 0.68(t) A0(2gH~~
h/2

where

Q = discharge, cfs

= area of gate opening , ft 2

= area with gates fully open, ft

g = acceleration due to gravity, ft/sec2

H = head on center line of gate opening, ft

The above equation can be used for determining the discharge for various

gate openings and heads on the center line of any gate opening.

27. Flow exiting from the outlet portal was more evenly dis-

tributed on the parabolic drop by providing a 38—ft—long horizontal

expansion downstream from the 114—ft—wide horseshoe—shaped conduit.

Eddies that developed in the stilling basin during discharges less than

2,000 cfs were eliminated by extending the l—on—l6 sidewall flare from

the exit portal to the end sill .

28. The minimum size and extent of stone protection required

downstream from the flared stilling basin were determined also.

19
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Table 1

Water—Surface Elevations, Type 1 Stilling Basin, 114—ft—Wide Conduit

Discharge 8 ,000 cfs, Tailwater El 582.5, Pool El 675.0

Water—Surface
Distance from Exit Elevation

Portal , ft ft msl

0.0 583.3

8.5 5814.0

25.0 588.0

38.5 588.5

50.0 586.7
62.5 5814.2

75. 0 581.7

87.5 578.2

100.0 573.2

112.5 568.2

117.5 566 .0
125.0 570.5

137.5 573.2

150.0 576.0

162.5 579.5
175.0 58 14.5
187.5 587.7
200.0 588.0

220.0 587.0



~
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Table 2

Water—Surface Elevations, Type 1 Stilling Basin, 114—ft—Wide Conduit

Discharge 9, 1400 c fs,  Tailwater El 5814.0,-Pool El 709.0

Water—Surface
Distance from Exit Elevation

Portal , f t  ft msl

0.0 583.3

8.5 5814.0
25.0 588.0

36.3 588.3

50.0 587.5

62.5 585. 3
75.0 582.5
82.5 578.5

100.0 5714 .0

112.5 568 .3
125.0 568.0

137.5 572.8
150.0 575.5
162.5 578.2

175.0 583.0
187.5 588.8

200.0 588.9
220.0 588.0

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~ ~~~~~~~~~~~~ ~~ 
_
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Table 3

Water—Sur face Elevations, Type 2 Stilling Basin, 1~4— ft—Wi de  Conduit

Discharge 8 ,000 cf s ,  Tailwater El 582.5 ,  Pool El 675.0

Water—Surface
Distance from Exit Elevation

Portal , f t  ft msl

25 588.5

50 587.0

75 581.5

100 573.7

115 566 .7*
125 567.8
150 572.9

175 580.5

200 5814.14
220 583.2

* Toe of jump .

—--- ~~~~~
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Table 14
- ;-~te r-3urrace Elevations, Type 2 Stilling Basin, 14—ft—Wide Conduit

-i scharge 9, 1400 c f s ,  Tailwater El 5814.o, Pool El 709.0

Water—Surface
Pi stance from Exit Elevation

Portal, ft  ft msl
0 .0  583.3

8.5 58)4.0

25.0 588 .0
36.3 588.3

50.0 587 .7
62. 5 585.3
75. 0 582.5

82 .5  578.5
100.0 57 14.0

112.5 568.3
120.0 567.5*
150.0 573.5
175.0 582.5

200.0 586.0
220.0 585.5

* Toe of jump .

_ _  _ _  - - - -~~~~~~ ~~~~~~~~~~~ -~~~-
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Photo 7. Flow conditions in exi~ channel , recommended des ign ;
pool el 675, tailwater el 51 , discharge 300 cfs
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Photo 8. Flow conditions ~n ex i t  channel , recommended design ;
pool el 600 , t ailwater  el 577 , ~~ch -Ir- ~~~~~~~~ ciTh



Photo 9. Flow conditions in exit channel , - ~-j-~~ r~~1€ ~a design ;
pool el 675, tailwater el 577, -iischar~-e 2,000 c f s
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Photo 10. Flow conditions in exit channel , recomnenied i~: ~~~;

pool el 675, tailwater el 580.5, discharge 5,000 ~~~~
‘:-



~ -- .-~ cc 
_

~~

P .
Photo 11. Flow condit ions in Cxit  channel , recommended dt -c ign ;

pool el 675, tailwater ci 582.5, discharge 8,000 cfs
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