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The model investigation reported herein was authorized by the Office, DAY
o
Chief of Engineers (OCE), US Army, on 29 June 1977, at the request of the NIy
ity
US Army Engineer District, St. Louis (LMS). ~$ '
The study was conducted during the period June 1977 to December 1979 in N :
the Hydraulics Laboratory (HL), US Army Engineer Waterways Experiment Station N )
(WES), under the direction of Messrs. H. B. Simmons, Chief, HL, and J. L. .?-\'.;. y.
P -‘_"f
Grace, Jr., Chief, Hydraulic Structures Division, respectively, and under the :::-:.:, A
direct supervision of Mr. N. R, Oswalt, Chief, Spillways and Channels Branch. ::"{:,
AN
The project engineer for the model study was Mr. B. P, Fletcher, assisted by LN
[ ]
Messrs. J. Markussen and B. Perkins, Spillways and Channels Branch. This AN
N
report was prepared by Yr. Fletcher and edited by Mrs. N. Johnson, Information ;_:.H' ¢
I
Products Division, under the Interpersonnel Agreement Act. ;.-.":Nj'
A A
During the course of the investigation, Messrs. J. Robertson and NN
S. Powell of OCE; J. Harz 11I, J. McCormick, L. Eckenrod, E. Middleton, ','_f‘_:-!._
LAt
D. Marshall, and E. Walker of the Lower Mississippi Valley Division (LMVD); :ﬁ:"
NG
F. Bader, D. Hoy, T. Moore, E. Pucel, E. Middleton, D. Marshall, and .~.$‘.‘; :
ROAY
J. Hetizmann of LMS; B. Paulette and W. Brugger of Stanley Consultants; and PR
L. Rader, S. Haldiman, and W. C. Tailaferro of Tailaferro and Brown visited e
B
WES to discuss the program and results of model tests, observe the model in 3‘:{:
operation, and correlate test results with design studies. _“Ef;
COL Dwayne G. Lee, CE, is the Commander and Director of WES. SN
Dr. Robert W. Whalin is the Technical Director. T
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply

acres

cubic feet

degrees (angle)

feet

feet of water (39.2° F)
inches

miles (US statute)

pounds (force) per foot

W U™ A AT R A G AT A R AL AL P RN
o."\. *'\-'( 8, ’i. " ""J‘ ""‘""" ooy

™

By

4,046,873
0.02831685
0.01745329
0.3048

2,988.98

2.54
1.609347
14.5939

To Obtain

AT
zx

v

square metres
cubic metres
radians
metres
pascals
centimetres
kilometres

newtons per
metre
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CINQUE HOMMES, JONES CUTOFF, BOIS BRULE, AND MISSOURI CHUTE

PUMPING STATIONS; PERRY COUNTY, MISSOURI, AND
RANDOLPH COUNTY, ILLINOIS

Hydraulic Model Investigation

PART I: TINTRODUCTION

Prototzge

1. The project plan consists of four agricultural type pumping stations
located on the right bank of the Mississippi River about 70 miles* south of
St. Louis, Missouri (Figure 1). The pumping stations provide flood protection
for about 26,800 acres of highly productive bottomland. The pumping stations
are designed for the following number of pumps and flow capacities: Cinque

Hommes (Plate 1) has two 62.5-cfs pumps; Jones Cutoff (Plate 2) contains two

L

62.5-cfs pumps; Bois Brule (Plate 3) contains three 72.0-cfs pumps, and i;i:
-.\. .'VQ

Missouri Chute (Plate 4) has one 50-cfs pump. i
-.:- .h"

2. All stations are located adjacent to gravity discharge lines. Plans ®

.

for each station prior to the model study include an entrance channel with a

5
a)
‘l“

oo,
3

timber trash-control structure. A typical trashrack and operating platform :ﬁf&

(R

are shown in Plate 5. Each pumping station facility consists of a landside, 2;q:
S0

pile-founded, operating platform with steel discharge pipes over the levee and ‘.
BT

a riser side-outlet structure. Discharge pipes over the levee are provided .1:
.:\u L
with siphon breakers. The discharge conduits terminate with saxophone dis- ':$:$~
charge outlets that discharge into rock-lined channels. 3;;;
W Tr\uk

.. ®

Purpose and Scope of Model Studies POAS

AT
B

3. The model studies were conducted to evaluate the flow characteris- }iii

tics of the sumps and discharge outlets and to develop practical modifications
required for improving the distribution of flow to the pump intakes and energy

dissipation and channel stability at the discharge outlets. The scope of the

* A table of factors for converting non-SI to SI (metric) units of measure-
ment is presented on page 3.
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model investigation involved studying the magnitude and direction of currents O
approaching the pump intakes and the hydraulic characteristics of flow enter- e

ing the pump intakes. L
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PART II: MODELS
Description

4. Four models of sumps were consecutively investigated concurrent with
compatible consecutive evaluation of four models of each saxophone discharge
outlet. Each sump model was constructed to a linear scale ratio of 1:10 and
simulated a 300-ft length of the approach channel, trashrack, sump, and pump
intakes (Figures 2-4). The sump model for the Jones Cutoff station was almost
identical to the Cinque Hommes station shown in Figure 2. Each model of the
discharge outlets was constructed to a linear scale ratio of 1:10 and included
the saxophone outlets and approximately 100 ft of the riprap-lined exit
channel (Figures 2 and 3).

5. Flow through each pump intake and outlet was provided by individual
pumps that permitted simulations of various flow rates through one or more
pump ’‘ntakes or outlets. Water-surface elevations were measured with point
gages, Velocities were measured with a pitot tube and a turbina current
meter. Current patterns were determined b injecting dye into the water and
sprinkling confetti on the water surface. Pressure fluctuations at the pump
intakes were measured by 5.0-in.-diam (prototype) electronic pressure cells
(Figures 5 and 6) mounted flush with the floor of the sump directly below the
center line of the pump intake. A pressure fluctuation 4 ft or greater is
considered unacceptable. Swirl in the pump intakes was indicated by a
vortimeter, free-wheeling propeller with four zero-pitched blades, located
inside each pump intake at the approximate position of the prototype pump
propeller (Figure 6). Swirl angle, 8 , is defined as the ratio of the blade
speed, Ve , at the tip of the vortimeter blade to the average velocity, Va ,
for the cross section of the suction column. The swirl angle, 6 , is com-

puted from the following formula:

VG
tan 6 = V; (1)
where
8 = swirl angle, degrees
V6 = 7dn/60
d = suction column diameter used for blade length, ft
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a. Upstream view

b. Downstream view
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c¢. Discharge outlets

Figure 2. The 1:10-scale model of Cinque Hommes
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Figure 6. Vortimeter and pressure cell
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n = revolutions per minute of the vortimeter
V_ = average suction column axial velocity, cfs, calculated by Q/A
Q = pump discharge, cfs
A = cross-sectional area of suction column, ft2
The swirl angle 1s the speed of revolution of the vortimeter and has the
advantage of having the same value in the model and prototype. A swirl angle
greater than 3 deg is considered unacceptable. Surface vortices were evalu-
ated by dye injection and visual observations. The stages of vortex develop-
ment are indexed relative to the stages shown in Figure 7. A Stage C vortex
is considered unacceptable.
6. The adequacy of proposed channel protection (riprap) at the dis-
charge outlets was evaluated by simulating and investigating various sizes of

riprap heving a unit weight of 165 pcf.

Scale Relations

7. The accepted equations of hydraulic similitude, based on the
Froudian criteria, were used to express mathematical relations between the
dimensions and hydraulic quantities of the model and prototype. The general
relations expressed in terms of the model scale or length ratio, Lr , are

tabulated below:

Dimension* Ratio Scale Relations
Length Lr 1:10
2

Area A =1 1:100

r r
Velocity V_ = Ll/2 1:3.16

r r
Discharge Qr = Li/z 1:316.23
Time T = Ll/2 1:3.16

r r
Pressure P =1 1:10

r r
Frequency F o= 1/L11‘/2 1:0.316

* Dimensions are in terms of length.
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Figure 7. Stages in development of
air-entraining vortex

Measurement of discharge, water~surface elevations, heads, velocities, pres-
sure, and frequency can be transferred quantitatively from the model to proto-

type equivalents by means of the scale relations.
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PART III: TESTS AND RESULTS

Sumps

Cinque Hommes

8. The 1:10-scale reproduction of the original design (type 1) includ-
ing the two 62.5-cfs pump intakes, operating platform, and the trashrack is
shown in Figure 2. Surface currents (indicated by confetti) observed with the
type 1 design for various flow conditions are shown in Photo 1. The magnitude
and direction of bottom currents measured in the approach for the minimum
water~surface elevation with one and two pumps operating, are shown in
Plates 6 and 7, respectively. Flows in the approach to the sump were satis-
factory for either or both pumps operating for all anticipated water-surface
elevations. The presence of the trashrack did not adversely affect hydraulic
flow characteristics of flow approaching the pump intakes. Flow in the sump
was unsatisfactory. With two pumps operating, the geometry of the sump and
the structure (supports for this operating platform) permitted counter eddies
on opposite sides of the sump (Photos 1 and 2, Plate 7) and with one pump
operating, an eddy developed on the side of the sump opposite from the pump
operating (Plate 6). These eddies and local effects contributed to adverse
flow conditions including surface vortices near the pump columns, flow insta-
bility, and severe swirl in the pump intake. Pressure fluctuations expressed
as feet of water, swirl measured with vortimeters as revolutions per minute,
and vortex tendencies are tabulated in Table 1.

9. Various sump designs were investigated to develop an intake con-
figuration that provided uniform flow with a minimum of vortices, pressure
fluctuations, and pre-rotation of flow at the pump intakes. The original
design (type 1) was modified by adding various types of walls between or
extending out from the platform support columns. Plan view sketches of the
various sump designs investigated are shown in Plate 8. The hydraulic per-
formance associated with each design is tabulated in Table 1. Types 1-6 did
not provide any significant improvements in the hydraulic performance. Type 7
provided a significant improvement as shown in Table 1. Types 8 and 9 per-
formed satisfactorily with both pumps operating. However, performance with

single pump operation was unsatisfactory due to excessive pressure
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fluctuations (Table 1) caused by flow separation around the upstream nose of kﬁ%ﬁ
the divider wall. .C:f;-:
10. The type 7 sump (Plate 9) was the recommended design. Surface and & ‘
bottom currents are indicated in Photos 3 and 4 and Plates 9 and 10, respec- gﬁ;b,
tively. The wing walls reduced the magnitude of the currents circulating on té;;;:
the downstream side of the pump intakes (Plates 9 and 10, Photo 3a) and pro- :::“"
vided a stable hydraulic condition with less tendency for surface vortices, EJ? .
pressure fluctuations, and swirl at the pump intakes (Table 1). %’ﬁfﬁ
Jones Cutoff :S:,
— el
11. The geometry of the approach channel and sump and pumping condi- r )

tions for the Jones Cutoff sump (Plate 2) were basically identical to those ".
for the Cinque Hommes sump (Plate 1). The magnitude and direction of bottom " %a%
currents measured in the approach to the original (type 1) design are shown in Hﬂiﬁ&
Plate 11. Adverse hydraulic conditions similar to those in the original ;ﬁvxg
Cinque Hommes design were observed (Table 2). The original design (type 1) AN
]

was modified to the type 2 design by adding wing walls as shown in Plate 12,

s e B
5

P
AN

AR
Lol =L

The wing walls of the type 2 design reduced the magnitude of the currents on

the downstream side of the pump intakes (Plate 13) and provided a more stable =2
hydraulic condition with less tendency for surface vortices, pressure fluctua-~ 'bﬁ;
tions, and swirl at the pump intake (Table 2). The stages of vortex develop- ;253 
ment tabulated in Table 2 are indexed relative to the stages shown in ;Tﬁ;ﬁ'
Figure 7, Ei;{ﬁ;
12. Additional tests were conducted to evaluate the hydraulic feasi- R
bility of the type 3 sump which consisted of relocating the trashrack directly oo -
in front of the pump intake structure and enclosing the rear and sides with EE%*\
solid walls (Plate 14), Tests indicated that a divider (type 4 sump) between ’::g )
the pumps that extended from the rear wall upstream to the trashrack was th
needed to prevent adverse flows in the sump when one or both pumps were Efgﬁi?
operating. The magnitude and direction of bottom currents are shown in i::;ﬁ‘
Plate 15. Observations revealed flow separation at the upstream end of the iﬁl%t
sidewalls. However, this condition was minimized by the head loss and flow R
straightening provided by the trashrack. Hydraulic performance is indicated E’: ]
in Table 3. :::‘f_:
13. Results of the model tests of the Jones Cutoff pumping station Eﬁ%ﬁ;
indicated that either the type 2 (Plate 13) or type 4 (Plate 15) sump should ®
A
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provide satisfactory hydraulic performance with either one or two pumps
operating at anticipated water-surface elevations.
Bois Brule

14. Following model studies of the sumps for the Cinque Hommes and

Jones Cutoff pumping stations, engineers from the St. Louis District decided
to modify the trashrack and sump designs due to the high cost of building and
maintaining the timber trashrack. Evaluation of a more classical trashrack

and sump design with free-standing side and rear walls was initiated with the

Bois Brule station (Figure 8).

15. The type 1 sump with the type 1 trashrack (Plate 16) provided

1

®

satisfactory hydraulic performance for anticipated water-surface elevations.

: Ufé

As the water-surface elevation in the sump was lowered below the minimum
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Figure 8. Bois Brule, type 1 sump, type 1 trashrack, type 1
training walls
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anticipated (el 358.0),* hydraulic performance deteriorated (Table 4). Pres-

sure fluctuations expressed in feet of water, swirl measured with vortimeters
as degrees and observed vortex tendencies are tabulated in Table 4. The
type 1 sump permitted minor flow separation at the upstream ends of the abut-
ments and divider walls as shown in Plate 16. The trashrack was removed to
permit an evaluation and comparison of flow conditions with and without the
trashrack. Removal of the trashrack increased slight’'y the magnitude of the
flow contractions which is reflected by the data tabulated in Table 4. Vari-
ous flow conditions without the trashrack are shown in Photos 5 and 6. Pumps
are numbered as shown in Photo 5. It was surmised that the 0.5-ft-~deep vanes
in the trashrack tended to improve flow conditions slightly by straightening
and distributing flow. 1In an attempt to further improve hydraulic perfor-
mance, wing walls were added to the abutments (Plate 16). The wing walls re-
duced the flow separation but provided negligible improvement in the flow at
the pump intake (Table 4)., It was decided that wing walls should not be added
to the structure, The depth of the vanes of the type 1 trashrack was reduced
from 0.5 to 0.33 ft (type 2 trashrack, Plates 17 and 18). There were only
minor differences in the hydraulic characteristics of the two trashracks
(Table 4).

16. Openings in the sump divider walls (type 2 sump) to permit passage
of personnel were simulated in the model (Plate 17). The openings, located
2 ft from the edge of the bell, permitted a severe flow contraction as flow
passed from a non-operating pump chamber to an operating pump chamber. The
severe flow contraction caused uneven flow distribution, swirl in the pump
intake, pressure fluctuations below the pump intake, and air-entraining sur-
face vortices (Table 4). The passageway was moved upstream (type 3 sump) as
shown in Plate 19 and the adverse hydraulic effects were reduced (Table 4).
Evaluation of the type 3 sump without a trashrack indicated no significant
change in the hydraulic characteristics (Table 4).

17. The recommended design (type 4 sump and type 2 trashrack) was
obtained by moving the passageway as far upstream as structurally possible and
reducing its size from 3.5 to 2.5 ft wide and from 7.0 to 5.5 ft high

{Plate 20). The hydraulic characteristics obtained with the recommended sump

* All elevations (el) cited herein are in feet referred to the National
Geodetic Vertical Datum (NGVD).

17

o

&‘" I3 { ',

HTW N
ﬁ)ﬁf
’x

o
l‘ {

Sh
N

XA
SO
SeYN v
1% ‘s A . {

P

X
1 J

v

.
’
"'
.
)

rd

, L[]
L 4
‘7,
&2,7




08 gt

L K0 O R SR R 7 N R RN N VY g Wa ™ n ¥ Wy At W e M e By SRR ELE

design are shown in Table 4. Bottom velocities for various flow conditions
are shown in Plate 21. Various approach flow conditions are shown in Photos 7
and 8. Surface currents are indicated by white streaks obtained from time
exposures of confetti. Photos 9 and 10 indicate various flow conditions in
the approach channel with the maximum anticipated flow of 5 cfs from the side
inflow channel. Tests indicated that flow entering from the side channel had
no significant effect on flow characteristics at the pump intakes. Flow con-
ditions entering the pump sump are shown in Photo 11. Bottom currents are
indicated by dye. Flow distribution inside the first pump bay with one pump
operating is shown in Figure 9. Tests indicated negligible differences in the

\'3 S —_— — e [aT ™
1.0
07 T~ T | — —
— 1.1
\*— ﬁ»—, ————— —.——
1.3
—_— 1.2
— 1.2
— ___‘JL—— —_—
| - /"' - . L2 o
2 -
0/ - - —> ) —— 09

NOTE DISCHARGE - 72 CFS

ALL VELOCITIES ARE IN
PROTOTYPE FT PER SECOND
MEASURED 1 FT ABOVE THE
BOTTOM.

PUMP 1 OPERATING
SUMP EL 358.0

Figure 9. Bois Brule, type 4 sump, type 2 trashrack
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hydraulic flow characteristics with or without the trashrack (Table 4).

18. Results of model tests of the Bois Brule pump sump indicate that
both the original (type 1 sump and type 1 trashrack) and recommended (type 4
sump and type 2 trashrack) designs provided satisfactory hydraulic performance
for all anticipated flow conditions. However, the type 4 sump and type 2
trashrack were recommended due to the need for personnel passageways through
the sump divider walls.
Missouri Chute

19. The Missouri Chute pumping station (Figure 10, Plate 4) is designed
for a single pump to convey a maximum discharge of 50 cfs. This rate of flow
may be contributed by the main approach channel, or it may be provided from a
combination of flows with as much as 20 cfs from the side channel and 30 cfs
from the main channel.

20. Hydraulic performance with all of the flow from the main channel
was satisfactory for all anticipated water-surface elevations, from a minimum
elevation of 354.0 to a maximum of 358.0. Flow entered the sump with only

minor symmetrical contractions of flow at each abutment and was distributed

evenly as it approached the pump intake. Flow conditions are shown in

Figure 10. Missouri Chute sump
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? Photo 12, All photographs depict the pumping station without the trashrack to

5 facilitate visual observation of flow in the sump. Removal of the trashrack
did not significantly alter hydraulic performance of the sump. Magnitudes and

g directions of currents measured 1 ft above the bottom of the approach are

% shown in Plate 22,

? 21, Hydraulic performance was evaluated with a combination of flow con-

. sisting of 30 cfs from the main channel and 20 cfs from the side channel.

:' Observations and tests indicated that the side channel flow caused unstable

f flow conditions in the main approach, flow entering the sump distributed un-

; evenly and severe flow contraction at either sump abutment depended on the
current direction. Various flow conditions are shown in Photo 13. Magnitudes

5: and directions of currents measured 1 ft above the bottom of the approach

gl channel are presented in Plate 23.

5 22, A comparison of indices for describing hydraulic performance with

R flow from only the main channel and in combination with the side channel is e

. provided in Table 5. It is apparent from the data presented in Table 5 that _?;J
flow from the side channel adversely affects flow conditions in the sump. ;:j“:

E Modifications such as streamlining approach geometry and providing divider Sgé
walls to deter or eliminate circulation of flow in the approach did not @

5‘ improve hydraulic performance. ;é?

: 23, The invert of the side channel was lowered 7 ft to el 348.0 to form ;E:E

Ny

i the type 2 design approach in an attempt to reduce the magnitude of the

‘>f 7

» lateral currents entering the main channel. However, flow from the type 2 "
; approach produced adverse hydraulic conditions in the sump. EL
. 24. The mouth of the side channel was then relocated 105 ft rather than ;} 1
: 50 ft upstream of the center of the pump to form the type 3 approach design. E&;}
- Tests revealed that the adverse currents generated in the confluence of the ;éh
;: two channels were dispersed as flow approached the sump. Hydraulic perfor- ::j“
;? mance in the sump with flow in both channels was satisfactory with the type 3 S?\
.E approach and identical to that observed with the original approach and flow fgag
: from only the main channel. To provide satisfactory sump performance, it is ;ii
,u recommended that the mouth of the side channel be located 105 ft upstream from :;:E
, the center of the pump. :E:}
¥, o ¥
; OQutlets NS
’ ®
3 25. The test procedure for evaluating riprap protection for the :: E
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1:10-scale models of the saxophone discharge outlets was similar for all ié:ﬁ '
tests. A typical 45-deg saxophone outlet is shown in Plate 24. A typical ;&:FV
test for a given stone size consisted of a relative high tailwater elevation f??
that prevented riprap failure while subjected to the maximum anticipated flow. N;FS:
The tailwater elevation was lowered every 2.5 hr (prototype) in increments of :*Ni :
1 ft to determine the maximum tailwater elevation that permitted rock dis- E;E;
placement. This procedure was repeated for various saxophone outlet designs, ! !
rock sizes, and channel configurations. For all tests, the rock size is Ehj*:
described by average diameter of the rock d50 and the riprap blanket thickness ::;:;;
is equal to 2d50. E“fzi'

»
L
LI

Cinque Hommes

26. The Cinque Hommes discharge outlet (Plate 1) consisted of two 45-

rrs

deg, 30-in.-diam saxophone discharge outlets. The two 45-deg saxophone dis-

charge outlets (type 1) are shown in Plates 24 and 25. Tests to determine

,‘i‘f‘ﬁﬁ °:

t

!

riprap failure points were conducted with one and two pumps operating and é&i,_‘
®

various sizes of riprap. The basic data obtained from these tests and the T

best fit curves developed from the method of least squares are :hown in

KL

Plate 26, Various flow conditions with one and two pumps operating are shown

in Photos 14 and 15, respectively. s
27. Tests were conducted to evaluate riprap protection with a 90-deg T:ﬁ:}
saxophone outlet (type 2 design). The basic data and curves are shown in f;fi:‘
Plate 27, A comparison of the data in Plate 26 with that in Plate 27 indi- ;E:E:t
cates the 90-deg outlet permits a reduction in tailwater elevation for a given i\jﬁ:
riprap size. Various flow conditions are shown in Photos 16 and 17. Although SEI:F
the 90-deg saxophone outlets permitted a smaller riprap size for a given tail- &:Ef:%
water elevation, representatives from the St. Louis District preferred the Ezzzig
45-deg saxophone outlet due to less hydraulic thrust on the 45-deg outlets and v
outlet supports. i"“g. '
28. The excavated portion of the outlet channel (Plates 24 and 25) was :3 vuz
filled to simulate an unexcavated channel and rinrap was placed over the fil1l i‘é:

T

(type 3). Results of tests conducted with the 45-deg outlet to determine rip-
rap stability are shown in Plate 28. A comparison of the curve in Plate 28

(unexcavated channel) with the curve in Plate 26 (excavated channel) indicated
that the excavated channel permitted a significant reduction in stone size for

similar hydraulic conditions.
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Jones Cutoff

29. The Jones Cutoff discharge outlet consisted of two 45-deg, 36-in.-
diam outlets (Plate 2). The geometry of the Jones Cutoff discharge outlets
and exit channel are almost identical to the geometry modeled in the Cinque
Hommes outlet except the Jones Cutoff outlet has 36-in.-diam outlets, and
Cinque Hommes has 30-in.-diam outlets.

30. The tailwater conditions at which three sizes of stone failed with
the 36-in,-diam outlets are shown in Plate 29. A comparison of Plate 29 with
Plate 28 (30-in.-diam) indicated that the 36-in.-diam outlets permitted a re-
duction in stone size for similar hydraulic conditions. Various flow condi-
tions and riprap failure are shown in Photo 18.

Boils Brule

31. The Bois Brule discharge outlet consisted of three 45-deg, 36-in.-
diam saxophone discharge outlets (Plate 3). The tailwater conditions at which
three sizes of stone failed are shown in Plate 30. Various flow conditions
and riprap failure are shown in Photo 19.

Missouri Chute

32. The Missouri Chute discharge outlet consisted of one 36-in.-diam,
45-deg saxophone outlet (Plate 4). The tailwater conditions at which two
sizes of stone failed are shown in Plate 31. Stone with an average diameter,
d50 , of 17.5 in. was stable for all anticipated flow conditions. Conditions

during and after a flow of 50 cfs are shown in Photo 20.
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PART 1IV: DISCUSSION OF RESULTS

33. Hydraulic performance of the original design sump for Cinque Hommes
was unsatisfactory due to flow passing by the two pump intakes and generating
counter eddies on each side of the sump. These eddies contributed to the
development of surface vortices, flow instability, and swirl in the pump
intakes. The magnitude of the eddies was reduced and satisfactory perfor-
mance, with one or two pumps operating, was obtained by extending a wing wall
out from each side of the structure.

34, The approach channel, number of pumps, and sump design for Jomes
Cutoff pumping station were similar to the design for Cinque Hommes, and
similar hydraulic performance was observed. The wing walls were effective in
reducing the adverse flow performance. Satisfactory hydraulic performance was
also obtained by moving the trashrack closer to the structure and enclosing
the rear and sides of the sump.

35. Following the model studies of the sumps for Cinque Hommes and
Jones Cutoff, engineers from the St. Louis District revised the design of the
sump and trashrack for Bois Brule due to the high cost of building and main-
taining the timber trashrack. The revised design (prior to model tests) for
Bois Brule consisted of a classical trashrack and free-standing side and rear
walls. The model indicated satisfactory hydraulic per’ -mance for all antic-
ipated flow conditions and provided guidance for design of the passageways in
the sump divider walls. Approach wing walls did not significantly improve
hydraulic performance in the sump.

36. The model of the Missouri Chute sump indicated unsatisfactory flow
conditions due to adverse currents in the sump generated by lateral flow from
a side channel located normal to the main chammel. Satisfactory flow condi-
tions were obtained by relocating the mouth of the side channel upstream.

37. The designs of the 45-deg saxophone outlets and channel configura-
tions for the four stations were similar. Test results provided guidance for

determining hydraulic conditions that caused incipient riprap displacement for
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various bed protection designs. Tests indicated that the riprap was slightly W
NN

more stable with a 90-deg outlet than with a 45-deg outlet. However, the \ﬁﬁ:
45-deg saxophone outlet was preferred by structural engineers due to less :f}}:
thrust on the outlet conduits and supports. \:;‘
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Table 1
Cinque Hommes Hydraulic Performance, Sump Types 1-9

Sump
Water- Swirl Fluctuating Stages
Pumps Surface Angle Pressure In Vortex
Operating* El, ft deg**  ft of water DevelogggntT

1 and 2 355.0 L,6~> B
1 and 2 355.0 «5.7 B
1 355.0 «7.4 B

- -

-
»

T

9
G X, G
}"fg

and 356.0
and 356.0
1 356.0

o
-
A

4'.ﬂkué;§y

-

...v,-*
[ gl
4,

1 and 357.0
and 357.0
1 357.0

¥
"
.’-‘

%

R =

and 358.0
and 358.0
1 358.0

e 8,

and 359.0
359.0
1 359.0

Zise

[

R

N

o

F

360.0
360.0
360.0

ateN k¥
PO
S e

358.0
358.0
358.0

iNe
45%56“'#2,

<

358.0
358.0
358.0

« K
“
oy

s
A

358.0
358.0
358.0

358.0

358.0
358.0

(Continued)

All magnitudes expressed in prototvpe equivalents,
Discharge per pump = 62.5 cfs,

+ clockwise rotation; < counterclockwise rotation,
See Figure 7.
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Table 1 (Concluded)

Sump )
Water- Swirl Fluctuating Stages 45#45
Pumps Surface Angle Pressure In Vortex L4
Pump Operating Design El, ft deg ft of water Development &\f: ]
1 1 and 2 Type 6 358.0 19.3* 23.0 B R
2 1 and 2 Type 6 358.0 +20.8 25.0 B J:;;. !
>
1 1 Type 6 358.0 21.3 25.0 B KA
1 1 and 2 Type 7 355.0 0.5 B ey
2 1 and 2 Type 7 355.0 . 0.5 B :"x;;‘
1 1 Type 7 355.0 “2.3 0.5 B Do
:&,‘lh'.) ¢
1 1 and 2 Type 7 356.0 “1.7 0.3 B ‘;;1
2 1 and 2 Type 7 356.0 2.3> 0.4 B ‘
1 1 Type 7 356.0 “2.3 0.3 B vﬂﬂv?‘
Bty
1 1 and 2 Type 7 357.0 “1.7 0.3 A %.;: N
2 1 and 2 Type 7 357.0 . 0.3 A BR
1 1 Type 7 357.0 “2.3 0.3 A RN
®
1 1 and 2 Type 7 358.0 “1.7 0.2 A ‘9&%5
2 1 and 2 Type 7 358.0 1.2* 0.2 A iy
1 1 Type 7 358.0 “1.7 0.2 A AN
Phhtae
W
1 1 and 2 Type 7 359.0 “1. 0.2 A 'l"i'%_{
2 1 and 2 Type 7 359.0 0.6 0.1 A
1 1 Type 7 359.0 “1. 0.2 A A
'f\uﬁ
o, P
1 1 and 2 Type 7 360.0 “1.2 0.1 A "-,*.‘,ﬁ‘_
2 1 and 2 Type 7 360.0 0.6+ 0.1 A A
1 1 Type 7 360.0 “0.6 0.1 A AN,
®
1 1 and 2 Type 7 361.0 “0.6 0.1 A RN
2 1 and 2 Type 7 361.0 0.6~ 0.1 A RN
1 1 Type 7 361.0 “0.6 0.1 A ~'_~::§§(Q
AR
1 1 and 2 Type 7 362.0 «0 0.1 A ffg:':f-t
2 1 and 2 Type 7 362.0 0.1 A e
1 1 Type 7 362.0 « 0.1 A AL
R
KRGS
1 1 and 2 Type 8 358.0 “0.6 0.2 A :{{#:ﬁf
2 1 and 2 Type 8 358.0 .6 0.2 A ‘-;.~-:’.:,.
1 1 Type 8 358.0 .7 0.9 C T
o
1 1 and 2 Type 9 358.0 “0.6 0.2 A WA
2 1 and 2 Type 9 358.0 .6 0.2 A t_-;.,;';\;‘
1 1 Type 9 358.0 .3 1.3 c RN
g VO
'?\ o,
AN
®
AN WA
AN Y
AN
A
o
q ) t
F y W P NN §e X e BN TS e RSt e W T Y LW WD e W WA W W (W T LA ] v .y W W 2. W W W (::‘A..,‘\:
:‘! !‘:'.'\'!’u‘. 1% 98 J' ' f 'f v * it ity Aty "l.. ottt pntly (X o.l.o. a4 0 (X (AN .0 . A ‘.Oa {': ..'
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Table 3 R
o
Jones Cutoff Hydraulic Performance, Type 4 Sump }2ﬁ:r
5
Sump ¢
Water- Stage In A ﬂwkc
Pumps Surface Swirl Fluctuations Vortex )
Pump Operating* El, ft Angle, deg** feet of water DevelqpmentT :#?'N
1 1 and 2 348.0 «8.6 0.8 B AN
2 1 and 2 348.0 9.7+ 0.8 B >0
1 1 348.0 4,6+ 0.6 B e
- o
N
1 1 and 2 350.0 “4.6 0.6 B A
2 1 and 2 350.0 5.7+ 0.5 B ,-’.:" ;:
1 1 350.0 4.0+ 0.4 B 720
1 1 and 2 352.0 “4.0 0.5 A -
2 1 and 2 352.0 1.9+ 0.5 A e
1 1 352.0 0.8> 0.3 A o
Y '.'
1 1 and 2 354.0 1.9» 0.4 A Q' '::
2 1 and 2 354.0 0.8+ 0.3 A '—"'.
1 1 354.0 0.8> 0.2 A SN
NG
-!“.\.
1 1 and 2 356.0 «1.9 0.2 A NN
2 1 and 2 356.0 1.9> 0.2 A e
1 1 356.0 0.8+ 0.2 A NN
N
1 1 and 2 358.0 «0.8 0.1 A ec_‘
2 1 and 2 358.0 0.8+ 0.1 A N
1 1 358.0 0.8+ 0.1 A ::?,).
A
t-\-‘
RN
Ry
4 J.~"|
R
Y X
- .-
_.:;.}'_.
e
La'e
e
u:;'\::‘--’l
QNN

Note: All magnitudes are expressed in prototype equivalents.
* Discharge per pump = 62.5 cfs.
** + Clockwise rotation; <« Counterclockwise rotation.
f See Figure 7.
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Table 4

Bois Brule Hydraulic Sump Performance

Sump
b Water- Pressure Stages
Pumps Surface Swirl Fluctuations in Vortex
Pump Operating* El, ft Angle, deg** ft of water DevelopmentJr

! Type 1 Sump, Type 1 Trashrack

} 1 1 356.0 7.4+ 3.0 E
\ 1 1 358.0 1.7> 1.0 B
! 1 1 and 2 «2.3 1.5
2 1 and 2 2.3> 1.5
2 2 1.7> 1.0
3 3 «l.7 1.0
y 1 1 and 3 «0.8 1.0
: 3 1 and 3 2.3> 1.0
1 All «2.3 1.0
2 All «1.7 0.5
. 3 All 2.3> 1.0
4 1 1 360.0 1.7+ 1.0 A
1 1 and 2 2.3 1.5
2 1 and 2 2.3> 1.5
2 2 0.8~ 0.5
I 3 3 «l.7 1.0
1 1 and 3 0.8~ 1.0
K 3 1 and 3 «2.3 1.0
) 1 All «2.3 1.0
! 2 All 0 0.5
3 All 1.7+ 1.0
) Type 1 Sump, No Trashrack
{ 2 2 358.0 1.7+ 1.0 B
1 1 and 2 358.0 «2.3 1.5
2 1 and 2 358.0 3.4~ 3.0
' 1 All 360.0 «2.3 1.5
{ 2 All 360.0 «l.7 1.0
’ 3 All 360.0 2.3+ 1.0
' Type 1 Sump, Type | Trashrack, Tvpe 1 Training Walls
\ 1 1 358.0 1.7+ 1.0 B
\ 3 3 358.0 «1.7 1.0 l
; 1 1 and 3 358.0 1.7+ 1.0
' (Continued)

Note: All magnitudes are expressed in prototype equivalents.
* Discharge per pump = 72 cfs.
b ** 5 clockwise rotation; <« counterclockwise rotation.
; T See Figure 7.
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Table 4 (Continued) sﬁ\j‘:
S
Sump ::‘*_"‘ ]
Water-— Pressure Stages ' ‘
Pumps Surface Swirl Fluctuations in Vortex ASCARAT
Pump Operating El, ft Angle, deg ft of water Development . l:.:..;‘-
T IR
ot
Type | Sump, Type 1 Trashrack, Type 1 Training Walls (Continued) i,:::@:
D)
L P
3 1 and 3 358.0 «1.7 1.0 B M"'
1 1 360.0 «0.8 0.5 A Py
S
3 3 360.0 «0.8 0.5 A Sy
1 1 and 3 360.0 0.8+ 0.5 A ol
3 1 and 3 360.0 1.7 0.5 A it
oy
Type ! Sump, Type 2 Trashrack [
‘..'.D"i':
1 1 358.0 1.7» 1.0 R .*;
2 2 1.7 1.0 “"
1 All «2.3 1.0 N
RSN,
2 All «2.3 1.0 “.
3 All 2.3 1.0 fr R
1 1 360.0 0.8+ 1.0 A DS
ROy
2 2 0.8» 1.0 AN,
1 All 0.8 1.0 S
2 All 0 1.0 y AN
3 All 0.8+ 1.0 = ®
LY,
":. "V 3
Type 2 Sump, Type | Trashrack & )
, N
3 3 358.0 8.5 4.0 D RIS
3 3 360.0 «6.8 3.0 D vy
[
Type 3 Sump, Type 1 Trashrack E}_-\
LAY
3 3 358.0 <5.0 2.0 e DEASY
3 3 360.0 3.4 1.0 c RESN
WA
Type 3 Sump, No Trashrack .. @
Q}_ o
1 1 358.0 5.0+ 2.0 C o "
2 2 358.0 4.2+ 1.0 c pavhiaty
1 1 360.0 3.4 3.0 B ‘:.\:\
2 2 360.0 3.4 0.5 B PRVRA
e
Type 4 Sump, Type 2 Trashrack :":w"d_
(.:_\:_\;_.
1 1 358.0 2.5+ 1.0 B A
2 2 1 2.5+ 1.0 x i,
1 All 2.5+ 1.0 AT
@
o
| UN
(Continued) (Sheet 2 of :t "'\:
B
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Table 4 (Concluded) e

Sump
Water- Pressure Stages
Pumps Surface Swirl Fluctuations in Vortex
Pump Operating El, ft Angle, deg ft of water Development

A
.r‘f

"'
7
S G

cor
g x

(((::,
ol

s

Type 4 Sump, No Trashrack

2 A1l 358.0 «l.7 1.0 B ol
3 All «1.7 1.0 ey
1 1 360.0 1.7 1.0 Y
oy
2 2 1.7+ 1.0 :_:’,:
1 All 1.7+ 1.0 g
2 All 1.7 1.5 A
3 All «l.7 1.5 ®
(W 4 N
1 1 358.0 2.5+ 1.0 ',.'.:.;
2 2 2.5> 1.0 rA
1 All «2.5 1.5 A
2 All 1.7+ 1.0 ony
3 All 1.7» 1.0 °
1 1 360.0 2.55. 1.5 NG
LS Ar,
2 2 1.7» 1.5 IR
1 All +2.5 1.5 N
2 All 1.7 1.0 } N
3 All 1.7, 1.5 )C:
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Table 5 E'-C N
able >
P:;QJ
Missouri Chute Hydraulic Performance, Tyne 1 Sump }Gh:
S
Side Sump [
Channel Water- Pressure Stages in b?ﬁj
Discharge Surface Swirl Fluctuation Vortex Y
Pump# cfsk* El, ft Angle, degT ft of water Developmenttt EFQ;
1 0 354.0 2.2+ 2 B oy
1 0 356.0 0.6~ 1 A &
I 0 358.0 0 1 A "
R
1 20 354.0 b.b> 3 c A
1 20 356.0 A 3 C A
1 20 358.0 0.6+ 2 B ?_‘;
®
o
o
v,
)
o
\)'.u(

i
o B

5]
oy
2

'-;:‘ Y
ey

X

l— L 4

Note: All magnitudes expressed in prototype equivalents.

* Discharge per pump = 50 cfs.

*% See Photo 13,

t -+ clockwise rotation; ¢ counterclockwise rotation.

tt See Figure 7.
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a, Pump 1 operating

b. Pump 2 operating

Photo 1, Cinque Hommes, approach surface flow patterus, type 1 sump,
discharge per pump 62.5 cfs, water-surface el 358.0, time exposure
33 sec (prototype) (Continued)
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c. Pumps 1 and 2 operating
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Photo 1. (Concluded)
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a. Pump 2 operating ' é““ v
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b. Pumps 1 and 2 operating

Photo 2. Cinque Hommes, surface flow patterns at pump intake, type 1
sump, discharge per pump 62.5 cfs, water-surface el 358.0, time
exposure 16 sec (prototype)
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b. Pump 2 operating

Photo 3. Cinque Hommes, approach surface flow patterns, type 7 sump
(recommended design), discharge per pump 62.5 cfs, water-surface
el 358.0, time exposure 33 sec (prototype) (Continued)
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b. Pumpg | and 2 Operating ®

) Photo 4, Cinque Hommes , surface flow Patterns a¢ pump intake, type 7
! Sump (recommended design), discharge Per pump 62,5 cfs, water-surface .".r,.‘a
el 358.0, time eXposure |g sec (prototype) n e
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a. Dye injected on left side

Wi

b. Dye injected on right side

Photo 5. Bois Brule, type 1 sump (without trashrack), bottom current
patterns, pump | operating, discharge per pump 72 cfs, water-surface

el 358.0
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b. Dye injected on right side ®

Photo 6. Bois Brule, type 1 sump (without trashrack), bottom current o
patterns, pumps !, 2, and 3 operating, discharge per pump 72 cfs, \f}"
water-surface el 358.0 AT

LV T ]
L)

- -‘l - A
e N N e e D]

N
"J.\



FURU NSRS NN L LR O RO I o M LY OV N I

3
g
-
]
13
e
3
Cd
.
3
L
-
(3
.
.
g

M a v

R

LY
AN

.
'»'\‘.\
N

k)

PN A

a. Pump 1 operating
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b. Pumps 1, 2, and 3 operating

Photo 7. Bois Brule, type 4 sump, type 2 trashrack, surface flow patterns,
! discharge per pump 72 cfs, water-surface el 358.0, time exposure 13 sec
) (prototype)
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| Photo 8. Bois Brule, type 4 sump, type 2 trashrack, surface flow patterns, LRy
n discharge per pump 72 cfs, water-surface el 362.0, time exposure 13 sec '-.
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a. Pump 1 operating ’ Vt

b. Pumps 1, 2, and 3 operating ®

Photo 9. Bois Brule, type 4 sump, type 2 trashrack, 5-cfs flow in side :, Wt
channel, discharge per pump 72 cfs, water-surface el 358.0, time expo-
sure 13 sec (prototype)
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a. Pump 1 operating A .

L]
..;'
8, 4 X

*»
[

R E K
By %y
Loy

W
Pd , .
LA AXA

oy
W

@2

L

v}
<

o
MO

‘0 s s’
2" e l‘(l
>

,
., y
o

D g
LY

. A,

b. Pumps 1, 2, and 3 operating @

Photo 10. Bois Brule, type 4 sump, type 2 trashrack, 5-cfs flow in side LK
channel, discharge per pump 72 cfs, water-surface el 362.0, time expo-

sure 13 sec (prototype) s
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b. Pump 1l operating, dye injected in passageway 1

Photo 11. Bois Brule, type 4 sump (without trashrack), bottom flow pat-
terns, discharge per pump 72 cfs, water-surface el 358.0 (Continued)
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c. Pumps 1 and 2 operating, dye injected in passageway I @
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d. Pumps 1 and 2 operating, dye injected in passageway 2
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Photo 11. (Concluded)
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a. Water-surface el 356.0 gl

b. Water-surface el 354.0

Photo 12, Missouri Chute, type 1 sump, surface flow patterns, AT
A0
pump discharge 50 cfs 8‘,}'\3:
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g b. Water-surface el 354.0

Photo 13. Missouri Chute, type 1 design, surface flow patterns, side
) channel discharge 20 cfs, main channel discharge 30 cfs, time expo-
sure 6 sec (prototype)
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Tailwater el 361.0

b.

Cinque Hommes, type 1 outlet, 45-deg saxophone outlets, one pump operating,
discharge 62.5 cfs, riprap size d50 = 8.75 in. (Continued)

a. Tailwater el 366.0
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k Photo 16. Cinque Hommes, type 2 outlet, 90-deg outlet, both pumps operating,
discharge per pump 62.5 cfs, riprap size d50 = 8.75 in. (Continued)
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Dry bed. Rock failure resulting from tailwater el 345.0
for a period of 2,5 hr (prototype)
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a. Tailwater el 366.0

b. Tailwater el 361.0

Photo 17, Cinque Hommes, type 2 outlet, 90-deg outlet, one pump operating,
discharge 62.5 cfs, riprap size d50 = 8,75 in. (Continued)

R T N N R S N NI M

) 2 P50, %0, AL 3




POV Y I UM RA DU AT ol ML PN U RNV N UN N W o o W W WL Y S 09 2 a8 02V e b ‘B Bav" Ba? 4 g _gav jav ‘ aa b’

PG
.I&.l .ki -

e

]
WY
‘:{‘",. i
l.‘l LS ‘
N I:FN:;‘- 8
g
LY.
‘t‘ ~.
Wptles
: R
3 l":l“
i
Y ::‘?'.‘"*.
ot
‘ NS
X c. Tailwater el 344.0 {
)
§
i
!
b
1
)
)
; d. Dry bed. Rock failure resulting from tailwater el 344.0 ARt
‘ for a period of 2.5 hr (prototype) -;-,.\
; RO
S
Photo 17. (Concluded) ‘: g-‘\
AL
I"l s
.9
~ s
PAS
et e A o . e v s v a N Ayt ) . . .. ---"..-\..
SR NN O N A W M R i oY AR i A N N \_.::'-:\:



N N LAY U A R R R R R R R R S T T W oy o

e o i

-t o~ e

a. Tailwater el 360.0
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b. Tailwater el 345.0
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Photo 18. Jones Cutoff, type 2 outlet, 45-deg outlet, both pumps

operating, discharge 62.5 cfs per pump, riprap size d
(Continued)
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c. Dry bed. Rock failure resulting from tailwater el 345.0 for a
period of 2.5 hr (prototype)
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b. Tailwater el 358.0

Photo 19. Bois Brule 45-deg outlet, all pumps operating, discharge

72.0 c¢fs per pump, riprap size d50 = 8.75 in. (Continued) ﬂ:“:”yf
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c. Dry bed. Rock failure resulting from tailwater el 358.0 for a
period of 2.5 hr (prototype)
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