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for surg ing on the taint.er gates. Discharge characteristics of both spilivays
for controlled and uncontrolled flows were determined. Divider walls were
located in the st il l i ng basins downstream of the piers to eliminate unsatis-
factory flow conditions that occurred during cingle gate operations.

Additional features investigated in the model of Spillway B in u
measurement of’ crest pressures. No adverse pressures were observed . Addi on
of a l~5—degree slope to the face of Spiliway B did n~t affect its hydraulic
performance. The model of Spillway B also indicated that the s t i l l ing  bas in
apron could be raised 9 ft without impairing the performance of the structure.
The s i z e  of r iprap needed in the exit channel downstream of Spiliway B was
determ ined . Phe magni tudes  of’ dynamic forces t o  be expected on the ~t i l i1ng
bs~ in divider walls of Spiliway B were estimated .
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PREFACE

The model investigation reported herein was authorized by the

Office , Chief of Engineers , U. S. Army, on 21 February 1975, at the

request of the U. ~~~. Army Engineer Distr ict , Mobile.
The studies were conducted in the Hydraulics Laboratory of the

U .  ~~~. Army Eng ineer Waterways Experiment Station (WEs ) during the pe-

riod February 1975 to November 1976 under the direction of Messrs. H. B.

Simmons , Chief of the Hydraulics Laboratory , and J. L. Grace , Jr.,

Chief of the Hydraulic Structures Division , and under the general super-

vision of N. H. Oswalt , Chief of the Spiliways and Channels Branch. The

engineer in immediate charge of the model was Mr. B. P. Fletcher ,

assisted by Messrs. B. Perkins and B. Bryant. This report was prepared

by Mr. Fletcher.

During the course of the model investigation , Messrs. J. Ward ,

M. Thompson , J. Mabry, H. Whittington , W. Odom , R. Gustin , and

LT H. l3orneman of the Mobile District visited WES to discuss results

of the tests and to correlate these results with  design studies.

Directors of WES during the testing program 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 (s I)
UNITS OF MEASUREMENT

U. S. customary un its 01’ measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

inches ~~~ mil limet res

feet 0.30148 metres j -

miles (U. S. statute) 1.60931411 kilometres

kips (force) 14.14148222 kilonewtons

cubic feet per second 0.02831685 cubic metres per second

square feet 0.092903014 square metres

feet per second per second 0.30148 metres per second per second

feet per minute 0.30148 metres per minute

degrees (angle) 0.017145329 radians
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T Y } I C M  T~:NN E~~ E E—r 41 ilE1~ CAN A L ~3ECT ION ~P 1LLWAYS

SP .TLLWAY i A AN D B

Hydraulic Model Investigation

PART I : IN TRODU C TI ON

The Prototypes

1.. Spillways A and B are components of the Tennessee-Tombigbee

~~~t t r - w~iy that will extend navigation from Demopolis, Alabama, on the

ex1:ti:i.~ Black Warrior and Toxnbigbee Waterway 217 miles* above Mobile ,

upstream via the Tombigbee River to mile 215 on the sailing line of the

Tennessee River in the existing Piekwick Reservoir near the common

boundary of Alabama, Tennessee, and Mississippi. The project would

provide a continuous navigation route from the Tennessee, upper Mis-

sissi pp i , and Ohio River Valleys to tidewater at the port of Mobile ,

Alabama, on the Gulf of Mexico. A vicinit y nap and a general plan of

the waterway are shown in Figures 1 and 2.

Spiliway A project

2. The principal structures for the Spillway A project will con—

sist of a nav igat ion lock located in the canal and a gated spillway ad—

ja~’cnt to the lock (Plate 1). The spillway will have an overall length

01’ 1314 f t  and will consist of four gate bays , two abutments, and three

t~—ft—wide piers (Plate 2). Flow over the crest will be controlled by

ta~nter ~ato~ 8 ft high and ~6 ft wide . The crest of the spiliway will

I t ’  located at el 2l3.O**; the stilling basin apron, at el 180.5. An

abutment wall will be provided on each side of the spillway for tranni—

ion t o  the embankment sections .

~1 il1.way B projec t

3. The principal structure for the Spillway B project will

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

‘~~ All elevations (el ) cited herein are in feet referred to mean sea
level.
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cons i ~;t of ~t - n av i fz t t  ion lock locat ed i n the canal and a ~u t t d  ~;pi liway

b a t  ci in the  i vee u l - : ; t r t t~n of th e  lock (Plate 3). The spiliway will

:~a v- tu overall length of 5)1 ft and will consist of 01ev -n gate bays,

two ‘t i u t :n en s , and ten 8—ft—wide piers (Plate 1). Flow over t h e  ~;p i l l—

way w ill be controlled by 15—f t — hig h by 145— ft— w ide  t a inter  ~a tc~;. The

~~~~~ of the spillway will be located at el 231.0. An abutment wall

w ill t e  1- r u v i d e ~1 on each side of the spiliway for t rans i t ion to the

embankment ~eot lonc .

Purpose of Study

14 . The ori~~in a t  purpose of the  section model test wan to inves—

b ate Sp illway A for the possibi l i ty  of surging on the spillway tainter

~a t n  anti  1-crf o rmance of t h e  s t i l l ing basin for the wide range of a n t i c —

i~~a~ ed t a i i wat c r c o n d i t i o n s .  As the  study progressed , the sponsor

t~~~~~~ t e i  t - j 1 it i o ~n L1 t e n t n  to evaluate single—gate operntion and t h e

h yd raul ic  performance of ~ i llway 2 . The primary purpose of the section

model t - :t s  of i l l w a v  B was to investigate hydraulic characteristics

sim il a r to thone  inve st iga ted  in tes ts  of Spillway A and , in addition ,

to determine the ~ i 1 iw a y  c r e nt  pressures , the minimum allowable sti l l—

i n ~ basin invert elevation, and the size and extent of riprap protection

required for  the  exit channel and to estimate the hydraulic forces

a c t i ng  on t h e  st i l ling  basin divider  walls.

7
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I AR~ r i :  THE MODELS

:;e ncr i j t  ion

5. Spillways A and B section models were constructed to linear

scale ratios of 1:15 and 1:25, respectively . Each section model re-

produced sufficient len~’thn of the n~ iiiway, approach , and exit channel

required to inves t iga te  the hydraulic c h a r a c t e r ist i c s  of the proposed

structures (Fi gure 3) .  The approach and exit channels were constructed

of marine plywood. The wei r s , gate piers , and t a in te r  gates were fab— I
ricated of sheet metal . The s t i l l ing  basin aprons , t r a in ing  walls ,

ba f f l e  piers , and end sills were made of waterproofed wood. A 14—ft —

section of the flume sidewall was constructed of transparent plastic to

r er rn it  observation of the hydraulic jumps and subsurface currents.

6. Water used in the operation of the models was supplied by

u um: s , 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.

Current patterns were determined by means of dye injected into the water

and confet t i  sprinkled on the water surface. Tailvater elevations were

regulated by a gate at the downstream end of the flume .

Interpretat ion of Model Results

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

Froudian cr i ter ia , were used to express the mathematical relations be-

tween the dimensional and hydraulic quantities of the models and proto—

types. The general relations expressed in terms of the model scales or

length ratios, L , are presented in the tabulation on page 10.

8
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a. 1:15—scale sect ion model of Spiliway A
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b. 1:25—scale section model of Spillway B

Figure 3. The section models
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Scale Relations
Dimension Ratio Spiliway A Spillway B

Length L
r 

1:15 1:25

Area A = L
2 1:225 1:625

Velocity V = Lh/2 1:3.87 1:5.00

Discharge 
~r 

= L5I~’2 1:871 1:3,125

Time T = Ll~
’2 1:3.87 1:5.00

Force F: L3 1:3,375 1:15,625

8. Model measurements of each dimension or variable can be trans—

ferred quantitatively to prototype equivalents by means of the preceding

scale relations.

10
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PAU l’ 111 : ‘PE~’~i~ AND RESULTS

I’r(’s entu t ,  j t lII C) 1’ Pata

No a t tempt  Isis  ‘n math.’ t .o p resent  the ritodol I cr1 n :tnd i’c —

n i  i t  cc In  t ’hrt no log i cal order;  i l lS  toad • an t ’,it ’hi c i  t ’Fnt - l l t  o t  t he cit . ruet -ures

in SoIlci I LII ’rI ’LI • all  t e n t  c c t ’ L t t L l t i L ’ t . t Li thereon FU’c’ L 1( ’c c t -r i beLl in  let  n 1.

i i i  way A

Ut’ cii ’ r i p t  op
10 . D e t a i l  cc ol’ ~p 1 l .iw uy A arc - shown i~ P la te  2 . ‘l’he 1: ‘— cct ’a Ic

nec 1 ion  mo tel  reproduced a I t ) — I ’t. w i d t h of t u e  c c l ,  rue lu r e  t h a t .  m c i  ucted

1. 0  ft. ot’ ci p; roacl l  channel , one ‘ I t— t’t—w ide gut..’ bay , t w o  1 —  ft- —wi do p i t - r n ,

1 1 ft ot’ each ad,) t icent .  ga te  l ay , t he  e l i  .1 i i  ng l a n  in , an d 120 t’t 01’ t h e

e x it  d ianne I (Fl  gore 3) .

We r and crest p. t ere

11. Pet i t  i ic c of t he  on g inal  Wt- Ii . den I g tt  arc ’ presented fl i t  at -c  c

cc I nj h i  t ’y pr eeent .mt  ion of I.e’s t. resni. t i c  , t h e  f low r at - en  in t h e  model

were eo i i ve -r t .c ’d to the t’orm 01’ il i ccehi arge (b rou g h t one bay by m u l t i p l y i n g

t,he measur ed 1.1 ow by a rat. j o  of’ net.  bay wi dt.ht ( ‘tt c t )  t o  no t ,  cre~~t. 1 eitgt - ht

ot’  t . h t & ’ nec I ion modc - I ( 148 ft  ) . Si nec the we i r crests arc Iii ghi relative

I L  c ’ x j e L ’ ~~ tni lwat. ens , t’rec—flow c o n d i t i o ns  will generally exist  throug h

t h e  L’ un i t  I sort~ion n p1 liwnyci . Furt her , ci tlier free cent. r’ol led— or 1’ret ’

tote on I. ro I i t ’d— t’iow reg i men will normally cxi  nt  ~‘‘ 
- end t tg On whte I. bier or

1101- I. I t . ’  g at e s  are used t o  control sp-lll.way releases . For c i i  1fl}I1 I fi t’Fit 1011

throug ht out  1-ha’ remni ntler ot’ (lie text. , (hi t ’ flow regimes w i l l  it ’ lent ’ i’ i l e d

it S t ’j t l tc ’r c o n t r o l  I ( ‘LI or un r ontr o 11 t ’ t l .

1.’. bit s 1 e data (‘or uneoiit ,;rol led anti eoit  I. F’O I led ‘I own obtained

rrom t. he model are ~reneii t ,c ’L1 i n  Tables 1 - ‘‘itl 2. tot u t teo i t  trol l c ’d— flow

rat, ing CurVe i n  show n i t t  h’ gore it . The model hid leo  l.oti  i t P ci’ Con-

t r act b i t  t’ot f f i  C l  et it .  (Plate i )  l e ns  than that  shown in IhD(~ I i l — h  for

k i t e  l y ~~e u i ci’ n one  c c l t i t j e .  Th e  relatively low value of the i~i or co i t —

4 1014 t ’L ’O t ’l I t ’ c ’itt . in at.t.i’ lutu t .od  to i--he fact that the p i e r s  cxt,cnd o

1
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4P00 4

~
‘ Q~’376 L’h’,’

L IGEND
200 + - ~ I~~ SCHARGE .C~ S

ii .O P ~t ~~~~ WIDTH , F T

H 1A TOTAL (PIE~~GY HEAD ON
CREST I

2 3 4  5 20 30 ~~~oTOTAL CN(RGY H E AD ON C!LST (H,), T T

Fl g o r E - 14 . ih e -ctL l— d I scliargc t a - i  c i t  i on  t’or uneon t roi  led flow
th rough cc i ng i t ’ gate hay of Sp i ilwiiy A

L ’o l tniderabl e distance upstream which reduces the flow contraction around

the nose of’ t h e  p h - re .  The value of the p ier  con t r ac t ion  c o e f f ic i e n t

w it s  do termi  ned by nubot  i tu t  lug measured quant  i t  i cc c o l ’ di ~t’h:trgt ’ anti

t .o t .c t  I energy  head i n to  the  equat ion ,~~

Q = C (i, ’ — K NI! ) h!~~~ ( 1)
p “ e

where

Q = di cct ’h ta t ’ g ’ , e fs~ *

C = discharge coel ’ t’ic le n t .  ( bloC 122— I , F/H 1 = 0 . ~3)

* U. S. Army Corps of Engineers , “Hydraulic Design Criteria ,” Chart
111—5, 1 Apr 1953, prepared for Office , Chief of Engineers , by U. S.
Army Engineer Waterways Experiment Stat ion , CE , Vickshurg ,  M i s s . ,
Issued serially since 1Q52.

** For convenience , symbols and unusual abbreviations are l i n t - e d  and
defined in the Notation (Appendix A ) .
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= net weir length for one bay, ft

K = pier contraction coefficientp
N = number of piers

H = total energy head on crest , ft
13. Uncontrolled— and controlled—flow rating curves for various

gate openings are presented in Figure 5. Results of the controlled—flow

235 I I

2 15 - —

SIC/U WAY C/lEST El. 2/3.0

210 _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _

0 000 2000 3000 4000 5000 0000 ~0OO

DISCHARGE , CF3

NOTE GATE OPENING 15 VERTICA L DIS TANCE
iw FEET OEFWEEH GATE LIP AND GAT E
SEAT

Figure 5. Rating curves for one gate bay of Spillway A

tests were used to develop a generalized equation for the controlled—

flow discharge coeff ic ient  by plotting discharge versus head on the

center line of various gate openings (Plate 6) and then plotting the

constants or intercepts for each of the equations in Plate 6 versus

gate opening as shown in Plate 7. The following equation relating

discharge and head on the center line of the gate opening for any gate

opening was developed to describe controlled—flow characteristics of a

single gate bay of Spillway A:

13
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Q o.6)tG0”~
6
~~ ( 2 H ) l/2 (2)

0 0 0
0

where

0 = gate opening, ft
° 2A = area of gate opening, ft

g = acceleration due to gravity, ft/ sec 2

HG 
= total energy head on center line of gate opening , ft

114. No significant surging of flow was observed on the tainter

gates for any anticipated controlled—flow condition . Various flow con-

ditions are shown in Photo 1.

Stilling basin and exit channel

15. The original design stilling basin was investigated for the

range of anticipated discharges , and satisfactory performance was ob—

served for uncontrolled and symmetrical multiple—gate operations. Flow

conditions viewed from the exit channel with various gate openings and

tailwater elevations are shown in Photos 2—6 . For the maximum flow , a

unit discharge of 212 c f s/ f t  of weir length , the wave heights in the

exit channel varied from 5 ft with tailwater el 206.0 to 8 ft with

tailwater el 20 11.0. For a unit discharge of 30.3 c fs/ f t  and tailwater

el 192.0 , the maximum waves in the exit channel were 3 ft  high . Tests

were conducted to determine stilling basin performance for the range of

anticipated uncontrolled flows. For each discharge , the tailwater ele-

vation was lowered sufficiently to determine the minimum tailvater ele-

vation required for maintaining a good hydraulic jump within the still-

ing basin. Figure 6 indicates these minimum values of tailwater as well

as those for which a forced or impact jump is maintained and/or swept

out of the stilling basin (spray).

16. Isovels obtained with unit discharges of 103 and 212 cfs/ft

of weir length at positions upstream of the baffle piers, over the end

sill , and 50 ft downstream from the end sill are presented in Plates

8 and 9.

17. Water—surface profiles observed along the center line of the

gate bay , along the side of the crest pier , and through the stilling

lit
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Fi gure 6. Stilling basin performance characteristics ,
uncontrolled flow , Spiliway A

basin w i t h  unit discharges of 103 and 212 cfs/ f t  of ’ weir crest are

shown in Plates 10 arid 11.

Single gate operation

18. Tests were conducted to investigate the hydraulic character-

istics of the structure with one gate fully open. The purpose of tem-

porarily opening only one gate is to pass debris through the structure .

19. A pool elevation of 220.0 and a tailwater elevation of 190.0

were established in the model prior to opening the center gate (Photo 7).
The center gate was fully opened from a closed position at a simulated

rate of’ 7 fpm, and the resulting hydraulic conditions that occurred at
a 2—ft gate opening and a fully open gate are shown in Figure 7.

Bottom velocities measured over the end sill and 50 ft downstream from

the end sill are also indicated in Figure 7. Waves measured 50 ft down —

stream from the end sill were 2 ft high for a 2—ft gate opening and

5 ft high for a fully open gate. As flow entered the stilling basin ,
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the jt t . of water was confined by lateral flow from the sides (Figure 7)
cu id  remained near the surface as it passed through the stilling basin .

The limited width of section model did not permit an accurate evaluation

of’ flow pat terns in the horizontal plane and full width of the prototype.

However , it is considered that the occurrence of eddies in the section

model indicate the likelihood of severe eddies in the prototype that

may be capable of moving riprap and debris upstream and into the basin.

This could cause severe abrasive damage to the stilling basin.

Hecommended stilling basin design

20. Model tests were cc~nducted to develop modifications that

would eliminate the possibility of eddies in the stilling basin with

single gate operation. Satisfactory flow performance in the stilling

basin and exit channel was obtained for all anticipated flows by in-

stal l ing a d iv ider  wall (Fi gure 8) along the center line arid downstream
from -~acb , pier . A pool elevation of 220.0 and a tailwater elevation

of 100. 0 were established in the model prior to opening the center gate .

The center gate  was fully opened from a closed position at a simulated

rate of 7 fpm , and the resulting conditions that occurred at a 2—ft gate

opt - l u n g  and a fully open gate are illustrated in Figure 9. Bottom ve-

locities measured over the end sill and 50 ft downstream from the end

sill are also indicated in Figure 9. Waves measured 50 ft downstream

( 

- -

- — 0/V/DEf t *tLL
- - - 

~~~

Figure 8. Type 1 divider wall, Sp illway A

17

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~I-~~ ’I’~

r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--- -

, 
—-—--

,~~~~



________ _________________ —

- — 
~~~~~~~~~~~~~~~

t
,
~~ -.

-~~~~~~T~~~~_
.c..— 

___

- -‘
~~~... ~~ ~ . q - * •. ‘ -

__&~~~~~~__ -
~~~~~~~~~~~~ 1 ~ ‘ - .

~~ . ~
, 

~~

S
— 11

I I  —- -

~ ~
,;~ 

- 
1c .

IS ~~

0



— 
— 

-, -
~~ 

_
~~~~~~ -L - ~~~~~~~

- - -

from the end sill were 1 ft high with a 2.-ft gate opening and 3 ft high

with a fully open gate. Satisfactory flow performance was also observed

with symmetrical multiple—gate operation and the range of anticipated

discharges .

21. Additional tests were conducted to determine if the dimen-

sions of the divider walls could be reduced without adversely affecting

stilling basin performance. The type 2 divider wall (Fi gure lOa) was

terminated at the toe of the IV—on—5H chute slope and was 7.5 ft shorter

than the type 1 divider wall. Elimination of 7.5 ft of the downstream

portion of the walls permitted lateral flows around the downstream ends

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /VIDEft~~~~L L t

a. Type 2 divider wall

) ~

IL .. EL /80.5

b. Type 3 divider wall

Figure 10. Alternate divider wall designs, Spillway A

19
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.0 i~~Ir ,t i v i .i (- r  walls to confine the water jet and impaired hydraulic

l- . - r t lrnItnIse. The type 3 divider wall (Figure lob) was terminated 7.5 ft

• w r i s  r -as~ from the toe of the IV—on—5H chute slope and its top eleva—

lion was lowered 1.5 ft relative to the type 1 divider wall. Lowering

0f the top elevation by 1.5 ft permitted excessive flow over the top of

the divider walls which tended to reduce the effectiveness of the buy—

draulic jump. The results of the model tests indicated that the type 1

divider wall (Figure 8) provided the most effective means for eliminat—
ing eddies in the stilling basin with single gate operation.

Spillway B

Description

22. Details of Spillway B are shown in Plate 14 . The 1:25—scale

section model reproduced a 100—ft width of the structure that included

250 ft of the approach channel , one 115—ft—wide gate hay , two 8—ft—wide

piers , 19.5 ft of each adjacent gate bay , the stilling basin , a~id 250 ft

of’ the exit channel.

Type 1 weir and crest piers

23. Flow rates measured in the section model were converted to

the form of discharge through one bay by multiplying the measured flow

by a ratio of net bay width (11~~ ft) to net crest length of the section

model (811 ft).
214. Basic data obtained from the model are presented in Tables

3 and 11. An uncontrolled—flow rating curve is shown in Figure 11.

Plate 12 presents the pier contraction coefficients , which were deter—

mined from the equation : - -

Q = c(L’ — K
p

NHe )H~
f2 l his)

25. Uncontrolled— and controlled—flow rating curves for various

gate openings are presented in Figure 12. Results of the controlled—

flow tests were used to develop a generalized equation for the

controlled—flow discharge coefficient . This was accomplished by

20 

- — 
~~~~~~~~~~~~~ 

_— 
~~~

- --
~~~-- - - -—- _ - .- —- - -—.-~- , .  — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .--.-- - 
- 

. -  2



- -
— --- ~~~~~~~~~~~~ ~

-
--~~~~~~

20.000 - ‘ - ~~~1

0.000 -

e —
‘I

ci

~~S_0oo . - -

I

~~ 4OO0 - I - - —
0

3.000 - / - -

8.000 - ‘ —

LtG END
Q ~ DISCHARGE .CFS
L~ 0NE~~AY W IoTH FT

- 
Hq~ TOTA L ENERGY HEAD ON CREST

1 000 L - - -

3 5 tO 20 30 tOO
TOTA L ENERGY ~~AO ON CREST (H), FT 

- Li. ~ -a . i —I1 isc } 1ar gc  relation for uncontrolled flow
+ tn ’oIlg ~. Sult -~1e ~ate ~ay of Spillway B

- -

/ 
,
,, / •

+1 ill -~~25O . ‘ - - —

UNCONTROLLED-PLOW

- 
- RA TING CUIWE, GATE FULLY OPEN

- 

• 

-

- 

- 

-

240 ‘ * - - - —

SPILLWAY CREST EL ZSI.O 
I I 

• 

•

230 — --~~ —_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 2 000 4.000 6P00 8000 01000 I2~ 00 4,000 6,000 8,000 20,000
DI SCHARGE . CPS

NOTE GAT E OPENING IS VERTICAL DISTANCE
IN FEET BETWEEN GATE LIP AND GAT E SEAT.

1- i gure 12. Rating curves for one gate bay of Spillway B

~ 

~~~~~~~~~ 
~~~~~~~~~~~~~

- -

~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,_i_ -

~~~~~~~~~~



— - ‘
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

- - 
~~~~~

- - - -

plo t t ing  discharge versus head on the center line of various gate open—

[tugs (Plate 13) and then plotting the constants or intercepts for each

of the equations in Plate 13 versus gate opening as shown in Plate 114.

The following equation relating discharge and head on the center line

of the gate opening for any gate opening was developed to describe

controlled—flow characteristics of a single gate bay of Spillway B:

8 1/2
Q = 0.60G~

•
~ 

0A0(2gH 0 ) (2 b i s )

26. Piezonteter locations and pressures measured along the longi—

tudinal  center line of the center gate bay and the side of an adjacent

u ier are shown in Plate 15. The pressures presented were obtained for

the maximum uncontrolled unit discharge anticipated (1113 cfslft). Pres—

sur--s wI-r-~ also observed for various controlled—flow conditions . No

-tdv+-rse pressures were evident for any anticipated flow conditions.

Typo .~ weir and crest piers

27. The type 2 crest was developed by adding a 145—degree slope to

t he  u pst r e am  face of the type 1 spiliway (Figure 13).

28. Tests were conducted with controlled and uncontrolled flows,

and results indicated that flow characteristics were almost identical

with those obtained with the type 1 crest . The similarity of the re-

sults of the two designs is confirmed by I-IDC 122—11 which indicates no

significant difference in discharge coefficient when the ratio of

P to H
d 

is about 0.27.

29. Piezometer locations and pressures measured along the center

line of the center gate bay and the side of the pier are provided in

Plate 16. The pressures presented were obtained for the maximum antic-

ipated uncontrolled unit discharge of 1413 cfs/ft and are similar to

those obtained with the type 1 crest. No adverse pressures or surging

of flow on the tainter gates was observel for uncontrolled or controlled

flows. Evaluation of the tests with the type 2 crest indicated that

sloping the spiliway face in lieu of the vertical face did not improve

the hydraulic performance of the structure.

-
• 22
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Figure 13. Spillway B, type 2 crest

30. No significant surging of flow was observed on the tainter

gates for any controlled—flow condition investigated.

Stilling basin and exit channel

31. Tests were conducted to evaluate the original stilling basin

design and to develop an alternate design that would permit raising the

invert of the stilling basin as much as possible without impairing the

hydraulic performance of the stilling basin during anticipated condi-

t ions , including temporary single gate operation for release of debris

through the structure. ]

32. Flow conditions observed with the original design type 1

stilling basin (Figure i~ ) indicated that the apron elevation could be

raised. Single gate operation with the following conditions produced

the most adverse flow conditions in the stilling basin: pool el 2145.0,

tailwater el 215.0, discharge 8800 cfs (one bay). A strong addy devel—

oped in the stilling basin as the jet from the single bay entered the I 
-

tailwater , and this tended to concentrate the jet along the side of the

model.

23
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Figure i6. Spiliway B, type 3 riprap, type 4 still-
ing basin, type 2 divider wall

a hydraulic jump or, in this case, for a length of about 260 ft down-

stream of the end sill.

Hydraulic forces acting
on the divider walls

40. During the course of the model study, computations were made

to estimate the magnitudes of the dynamic forces exerted by the hydrau—

lie jump on the Spiliway B divider walls.

141. The computed dynamic forces and moment arms are presented ,

respectively, iii Plates 20 and 21. It was considered that the divider

-walls would be subjected to maximum dynamic loadings during single gate

operation (re quired for release of debris ) when the water surface our

each side of the walls was at a maximum differential. The curves were

developed from preliminary results of generalized spiliway tests (Work

Unit 31177 of the Locks and Dams Research Progr am) sponsored by the

Office, Chief of Engineers (OCE), that were conducted to determine

27 
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dynamic forces acting on stilling basin sidewalls. This Is an ongoing

- ! research et ’fort , and results to date are based on studies conducted

wi thout s t i l l i n g  basin baff le  blocks and an end sill. Therefore, the

resul ts  presented have been adjusted , based on engineering judgment ,

to in rc lud e the effect of the baffle blocks and the end sill that are

included in the Spiliway B st i l l i ng  basin.
I;:’. The forces and moment arms presented in Plates 20 and 21 are

gc ’r t t -i’; t t e c h  by hydraulic forces due to flow and turbulence wi th in  tire

St  i l l i r r g  lc ;r ; ; in .  Any additional forces due to hydrostatic pressure on

t l it - luc k ide  01’ the walls sh ould be included in determining the total

r’eu i iI I- tin t t’cc r cc -s .  If the total resultant force is expected to be I -

a c t i n g  toward the bas in , tlren t h e  minimum instantaneous force curve

sh o uld he u sed  for c it -si gur . I f  the resultant force is acting away from

t ire i c a s i r i , then the maximum instantaneous force curve should be used

for design. Usually , due to the static loading on the back side of the

walls and t h e  pro f 1 to of a h ydraulic jump, the minimum instantaneous

I ’Sr’cc’ should be Con ;; I iterecl for It’;; i gri of the upstream monoliths

( resul tant  force would be ac t ing toward the s t i l l ing basin)  and the

maximum instantaneous force should be used for design of the downstream

monoliths (resultant force would be acting away from the bas in ) .

28
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PART IV: DISCUSSI ON

143. Spillways A and B are both low—head spiliway s designed to

operate under free uncontrolled— and free controlled—flow conditions.

Although the piers on both spiliways extended a considerable distance

upstream from the upstream face of the tainter gates, there was no ten-

dency for surging of flow on the gates during controlled—flow operation .

There was no excessive contraction at tire noses or along the sides of

the piers . Flow over the weir crests was satisfactory. Discharge char-

acterist ics for controlled and uncontrolled flows were cbtained for

both spillways.

144. Single gate operation required for release of debris through

the structures permitted severe eddies in the stilling basins and exit

channels. Divider walls located in the stilling basins along the center

line and downstream from each pier were effect ive in eliminating the un-

satisfactory flow conditions that occurred during single gate operation .

The divider walls did not affect the hydraulic performance of the struc-

tures during multiple—gate operation. Flows in both exit channels were

sat is factory for all anticipated flow conditions .
145. Additional features investigated in the model of Spill-way B

included measurement of crest pressures along the sides of the pier and

center line of the gate bay. No adverse pressures were observed. A

145.-degree slope added to the upstream face of the spill-way did not alter

the discharge capacity , the flow characteristics , or the crest pressures.

Although the original design Spillway B stilling basin performed satin—

factorily , it was found that cost savings could be effected without sac-

rificing hydraulic performance by raising the apron elevation 9 ft. This

modification required less excavation and shorter divider walls and side-

-walls. The model of Spiliway B indicated that riprap with an average

stone diameter of 16 in. extending 260 ft downstream from the end sill

would provide adequate protection of the exit channel. The dynamic

forces acting on the divider walls during single gate operation of Spill—

way B were computed by equations developed from ongoing general spill-way

29
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t e st s  (Work Unit 31177 of the Locks and Dams Research Program ) sponsored
by OCE.

146. Although the additional hydraulic features investigated in
Spillway B cannot be directly related to Spill-way A , they do provide
desi gn guidance.
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Table 1

Basic Uncontrolled Spiliway Bating Data

Spillway A

Discharge* Head on Crest**
cfs ft

~,5OO 
6.1

3,~~ t’ )  7. 14

~,82o 8.0

8.7
(- ,lOO 10.7

7,700 12.1

13. 3
1) 100 114.3

10 ,200 15. 0

Note: Section model consists of one 26—ft—-wide bay, two 6—ft—wide
piers, and 11 ft of each adjacent bay.

* Discharges indicate the flow rates measured in the section model
with all model gates fully open.

** Total energy head on crest . 

V 
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Table 2

Basic Controlled Spillway Rating Data

Spiliway A

Gate Opening Discharge* Head our Gate**
ft cfs ft

2 1,070 4 . 14

2 1,250 5.8

2 1,1400 ( .1

ii 2,1450 5. 1
14 2,750 e.14
ii 3,050 5 .?

3 ,250 9. 14

6 14 ,130
Ic 4 ,450 7.3

6 14,750 8.14
6 5,100 9.3

8 6,380 7.8

8 6 ,500 8.3

8 6 ,700 9.0

8 7, 100 10.0

Note: Section model consists of one 26—ft—wide bay, two 6—ft—-wide
piers, and 11 ft of each adjacent bay.

* Discharges indicate the flow rates measured in the section model I -
with all model gates opened as indicated .

** Total energy head on center of gate opening .
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Table 3

Basic Uncontrolled Spillway Rating Data

Spill-way B

Discharge* Head on Crest**
cfs ft
7,800 8.8

9,600 10.1

11,200 10.9

13,600 12.3

15,900 13.5

17,900 114 .6
19,500 15.6

21,200 16.6
22,500 17.5

24,000 i8.i

25,300 18.9

27,400 19.5

29,000 20.5

30,500 21.3

32 ,600 22.2

314,200 22.7

36,000 23.6

Note: Section model consists of one 45—ft—wide bay, two 8— ft—wide
piers , and 19.5 ft of each adjacent bay .

* Discharges indicat e the flow rates measured in the section model
with all model gates fully open.

** Total energy head on center of gate opening.
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Table 14

Basic Controlled Spiliway Rating Data

Spillway B

Gate Opening Discharge* Head on Gate**
ft cfs ft

14 5, 1450 9.0

14 6,000 11.2

14 6 ,145 0 13.1

14 6 ,900 114.3

14 7, 1400 16.2

8 10,200 7.8

8 10,700 8.5

8 n,4oo 9.7

8 11,900 10.6

8 12,500 11.8

8 13,000 12.7

8 13,700 13.9

8 114,1400 15.2

8 15,000 16.6

10 114 ,800 9.7

10 15, 1400 10.7

10 16,000 11.8

10 16,600 13.0

10 17,700 14.5

10 18,500 15.8

10 19,100 17,0

Note: Section model consists of one 45—ft—wide bay, two 8—ft—wide
piers , and 19.5 ft of each adjacent bay.

* Discharges indicate the flow rates measured in the section model
with all model gates opened as indicated.

** Total energy head on center of gate opening. 
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Table 5

Water—Surface Elevations

Center Gat e Bay of Sp illway B

Unit Discharge 1413 cfs/ft

Tail-water El 231.0

All Gates Fully Open

Distance from Water—Surface Elevation Water—Surface Elevation
Weir  Crest Center Line Center Line of Bay Along Pier

f t  ft ft

—2 0 .  5’~ 250. 251 .t ~

—16.7 2149.8 2149.5

—12.5 2149.14 ~146 7
-5 ,3  214 8.tc

—hi .2 247.8 214 5 .2

—0.0 246.9 21414.hi

~i .7 21414.9 ?1i3. 6
5 .-S 214 2.7 2 142. 1

l2 .dt, 2 14 0.0 2 140.2
- 

- te .7 ,~~ c .9 237.5

20.8 232.9  23 14.2

141.7 (toe of jump) 218.0 217.14

145.5 218.0 218.0

50.0 218.5 218.5

58.3 ~l97 219.7

70.8 221.7 221.7

79.1 223.9 223,Q

83.3 225.1 225.1

105.0 231.0 231.0

* Upstream .
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BASIC EQUATION

Q = C [ L i _ K~~N H ,J H,3’2

WHERE:

1.2 0 = DISCHARGE . CFS -

C = DISCHARGE COEFF
Li = O N E  B A Y  W I D T H . FT

~~~e N 2 P IE RS
X I K = PIER CONTRACTION COEFF 1 0d H~~ ” TOTAL  ENERGY HEAD ON

• CREST . FT
w 1.1 H = DESIGN HEAD ON CREST . FT
I
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1.0
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hi
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0 /

_  

0 

_  _  _
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COEFFICIENT OF PIER CONTRACT ION, Ic 1,

PIER CONTRACTION COEFFICIENTS
SPILLWAY B

PLATE 12

- - =— -  - - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - ‘ - - ~~~~ 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~TV -



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

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

~~~~~~~~~~~~~~~~~

II_-__ _

•1 

-— 

~~~~~~~~~~~ 

!. ~~_ _ _ _ _ _ _ _

_ _ _  — — _ _ _  — _ _ _ _ _

_ _ _ _  — — 

5~ ~~~~~~~~~ 
— _ _ _ _ _ _ _

3,000 __

~~~~~~~~~~~~~~~~~~~~~~~ 

— -_ _

2,000 — — _______— - —~~~~~---—--- — -——-- — — _____- -

1,000 
3 4 5 10 20 30 40 50 100

TOTAL ENERGY HEAD ON ~ OF GATE OPENING (HG0), FT

Q = DISCHARG E. CFS
Ao = AREA OF GATE OPENING, FT 2

HG = TOTAL ENERGY HEAD ON t~OF GATE
0 OPENING, FT

- 

- g ACCELERATION DUE TO GRAVITY , FT/SEC 2 I -

HEAD — DISCHARGE RELATIONS FOR
CONTROLLED FLOW THROUGH SINGLE

GATE BAY OF SPILL WAY B

PLATE 13

V J V ,_ -~~~~- - ~_ V~_ V.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —



V V V .~~~~~~~~~~~~~~~ V V ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ •~~~~~ V~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _

1.0

0 0.9 — _ _ _ _ _  _ _ _ _  _ _ _

I-
z
UI _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _

U

0.7 . C = 0.60 C 0.0$ _ _ _ _ _  _ _ _ _ _ _  —~~~~~

0.6
I
U
UI
0
~~~ O.s —_ _ _  _ _ _ _  _ _ _  _ _ _

0
-I
IL

UI
J
J 0.4 — — —
0a:
I-
z
0
U

0.3
2 3 4 5 6 7 8 9 50

GATE OPENING (G 0) . FT

CONTROLLED-FLOW DISCHARGE
COEFFICIENT VERSUS GATE OPENING

SPI LLWAY B

PLATE 14

__________ - ~~~
V
~~~~~—— 

- — -- — 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



i~ --~ ---, 
-— - -

~~~~~~~~~~~~~~~~~~~~~~~~~~
-
~~== - -~~~~~~~~~~~~~~~~~~~~~~~

-— -

~~~ 

V.~~~~~~~~ V.

6

TEST ~~~~~~~~~~~~~~~~~~~~~~~~~~~
UNIT DISCHARGE 4 I3CFS/FT -

POOl. EL 253.8 FT
TAILWATE R EL 2220 FT

PIEZOMETER LOCATIONS

ELEVATION 01ST FROM PRESSURE ’
PIEZ NO. FT MSL ç ,f’T SIDE C_

1 ,16 227.0 4 .01 26.0 26,0
2 ,19 228 .2 4,0 1 24,3 23.8
3 ,20 2287 3.9 22.3 22-3
4 ,2 1 229.4 35 20-I 7-9
5 ,22 229.8 3.0 13-i 53 .2
6.23 230-3 20 57 6.7
7 ,24 230-S 5 -0 0.5 .5
8.25 23 1 .0 0.0 -0.5 0-0 4

9 ,26 230.8 267 -08 -0.6 —

0,27 230 -5 369 - I S  - 5 .5
11 ,28 230 .0 565 -3.0 - 1.0
2 ,29 229.0 6.22 -10 QO
13,30 227-0 11.95 0-0 0.0
14,3 1 225.0 4,88 0.0 5.0
15.32 223.0 57.38 3.0 4.0
18.33 221.0 19.61 4.0 4.5
17 ,34 219.8 20.96 ~0 50

PRESSURES
~ PIEZOMETERS I - 17 ARE LOCATED ON c OF GAT E BAY AND PIEZOM- 

V

ETERS 36 -34  ARE LOCATED ON A LINE O.3FT FROM THE PIER
MIS PRESSURES ARE IN FEET OF WATER -

PIEZOMETER LOCAT1ONS AND
PRESSURES ON CREST

SPILLWAY B

PLATE 15
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UNIT DISCHARGE 413 CFS/FT
POOL EL 253.6 FT
TA ILWATER EL 222-O FT

PIEZOMETE R LOCATIONS

IS ELEVATION 01ST FROM PRESSURE ”
PIEZ NO. FT MSL ç ,FT SIDE ~

I ,18 227.0 4 .01
I 2 ,39 228.2 4.01

ISIS-~ 3 .20 228.7 3.9
4 .2 5  229.4 3.5

1 3 .22 229.8 3.0
6.23 230-3 2.0 3-0 2.0
7 , 24 230-5 I.3~ -0.8 -2.0
8,25 231.0 0.0 -0-8 -1.3
9.26 230.0 2.67 -0.5 -1.3

10,27 230.5 389 -08 -0-5
11 .28 230.0 565 -0.3 GO
2 ,29 229.0 8.22 0.0 00

13,30 227.0 11.95 1.0 1.0
14 ,3 I 225.0 14,88 3.3 1.5
5,32 223.0 17.38 4.0 3.0

16 ,33 22 1 .0 19.6 1 4.5 4.2
17,34 219.8 20.96 50 3.0

PRESSURES

* PIEZOMETERS 1-1 7  ARE LOCATED ON~~ OF GATE BAY AND PIEZOM-
ETERS 16-34 ARE LOCATED ON A LINE 0.3FT FROM THE PIER

ISIS PIEZO METERS l~ 5 WERE ELIMINATED BY SLOPING THE SPILLWAY
FACE

# PRESSURES ARE IN FEET OF WAT ER

PIEZOMETER LOCATIONS AND
PRESSURES ON CREST

SPILLWAY B (TYPE 2 CREST)

PLATE 16

- 
—‘--V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘-  - -

~~ ~~-~~~~~~~-: ~j  ‘— -‘--- -
~~~~

-‘ -
~~
-

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
. - .- ._,

~~~~~
, — ._



r 

-“ - ----V-V.— 
..

~~~~~
-

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -

~~~~~~~~~
—---—-- -

0

0
Ici

—i _-i

~~

. 

—j L
~~~ 

;0

U

~~ 

.c1
i:-~~

\~~~~~~~~~ 

j
- ~ I I’-.4 ~~I U) I., - V

I H
i \~~ .A _ _  0 H

LL1 O

I \~ 1i~,I 1 I-i 0
I I I— o O  711)

~~~~~~~~~~~~~~~~~~

/

! 

0

1 - -
- U.

III
0 0  0

- ‘~~~z -

.1.’ I-
(U .

0
—V 71,7

p
Ill
UIa-

O
— 

711))-S - - Z U .
-
. O

~~~~~z
— —-—— . IdI - O

a: ~~~~~ D m 60
6 111 ° : Z ; _ >.>~ d- ..-: i . 0 an P

1 0 11 N ‘~

~6~~~ - ‘~~~~q -

~~~~IU. ~~ -~~~~~~ : ~~~~~ W U .
. - J O  (U Uj ,.,1~~ W 1Eu,(U U ~~ _J

_ _ - 1- 01111
1.1 (U .  11)5.- )--a

t’J N N N N ~~ ~~~)- I(

~~S(N 14 ‘NOIIYA3’13

PLATE 17

L . .  ---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- -~ - - -~~~~~~~~~~~~~~~~~~~~~~~~~ ____



— ~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
V. 

VV ~~~~~~~~~ _ V  
~~~~~~~~~~~~~ _~~~~~, _ __~~~ . ~~~~

_ _ ._ 
~~~

._.....

WATER SUftFACE

20 — — — — — —

__ 4 —
S

IO
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

o
~~~~~~~~~~~~~~~~~~~~~ N

~— L ~ —;;;; -~a ~~0 — ~~~~~~~~~ -c—— —— — — — — —
a. I FT UPSTREAM OF FRST ROW OF BAFFLES

30 — — — — —
*4 TESQ SURP4C1

I-. — — — — — — —
— — — — — — — 6— — —

20 — — — — ~~.6
I— — —- — — 10- ~

—
~
‘

— /2- =

b. ABOVE END SILL
30 — — — 1— 1 —

IwS 7r R URFACE

- /6. 
_ i 6 

— 
J

IC — -~~~~ — — 
__

._.~~ ~~~~ _ ~~~~~~~ 
.i___ —

— — — — - /2 -
— —— — — - /0 —

C ~~~~EL 206.0 —8-- 
— —

50 40 30 20 10 t 10 20 30 40 50
DISTANCE FROM CENTER LINE, FT

C. 50 FT DOWNSTREAM FROM END SILL
T EST CONDITIONS 

ISOVELS , SP LLWAY B
TAILWAT ER EL 231.0 FT TYPE 4 STILLING BASIN
ALL GATES F~A L Y  OPEN TYPE 2 DIVIDER WALLS

UNIT DISCHARGE 413Cr5/ F’T
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50 40 30 20 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 30 40 50
OISTANCE FROM CENTER LINE , FT

b. SINGLE GATE OPERATION , ~ FT DOWNSTREAM FROM END SILL

LEGEND
— U P S T R E A M

DOWNSTREAM

TEST CONDITIONS ISO VELS , SPILLWAY B
POOL EL 245,0 TYPE 4 STILL II-71G BASINTAILWATER EL 220 .0 TYPE 2 DIVIDE R WALLS
CENTER GATE FULLY OPEN UNIT DISCHARGE 196 CFS/FT
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HYDRAULIC CONDITIONS

ON E GA TE O P E N
DISCHARGE 8700 CFS
T A I L W A T E R  EL 220.0 FT

IT
_ _  _  _:\J/r ~~~~~~~~~~~~~

0 
NOTE: INSIANTANEO U S FORCES

~~~~~~ .7 OCCUR AT A RANDOM
,,. FREQUENCY

~~20 5 10 15 20 25
DISTANCE FROM TOE OF J UMP AND P.) . (X I  • FT

SPILL WAY B
FORCE PER FOOT OF DIVIDER

WALL LENGTH
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0 5 10 15 20 25
DIS TANCE FROM TOE OF JUMP AND RI. CX), FT

MOMENT ARM PER FOOT
OF WALL LENGTH

SPILLWAY B P
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APPENDIX A: NOTATION 
I 

-

A Area of gate Opening , ft 2

C Discharge coefficient (HDC 122—1 , P/H
d 

= 0.33)

g Acceleration due to gravity, ft/sec 2

G Gate Opening, ft
H
e Total energy head on crest , ft 

I

HG Total energy head on center line of gate opening, ft
0

K Pier contraction coefficientp I
L’ Net weir length for one bay, ft

N Number of piers
Q Discharge, cfs I

Al
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