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PREFACE

The model investigation reported herein was authorized by the

Office, Chief of Engineers, U. S Army, on 18 October l971~, at the

request of the U. S. Army Engineer District , Seattle.

The studies were conducted in the Hydraulics Laboratory of the

U. S. Army Engineer Waterways Experiment Station (WES ) during the

period December l97Z~ to March l9T6 under the direction of Messrs. H. B.
simmons , Chief of the Hydraulics Laboratory, and J. L. Grace, Jr.,

Chief of the Structures Division , and under the direct supervision of

• Messrs. J. P. Bohan and N. H. Oswalt, Chiefs of the Spillways and Chan-

nels Branch. The engineer in immediate charge of the model was Mr. M. S.

Dortch. This report was prepared by Mr. Dortch.

During the course of the model investigation, Messrs. S. B. Powell

of the Office , Chief of Engineers, H. A. Smith, Jr., of the North Pacific

Division , H. P. Regan of the Seattle District , T. E. Murphy* of Vicks—
burg, Miss. (previously of WE S) , J. W. Ball* of Colorado State Univer-

sity, and D. M. Colgate° of the U. S. Bureau of Reclamation visited WES

to observe model demonstrations , review and discuss results of the tests,

and 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. H. Brown .

* ConsultaLlts to NPS.
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (SI)
~JN ITS 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) 1.60931414 kilornetres

square feet 0.092903014 square metres

feet per second 0.30148 metres per second

cubic feet per second 0.02831685 cubic metres per second

degrees (angle) 0.017145329 radians
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CENTER SLUICE INVESTI GATION, LIBBY DAM

KOOTENAI RIVER , MONTANA

Hydraulic  Model Invest igat ion

PART I: INTRODUCTION

The Prototype

Libby D~m form s Lake Koocanusa and is located on the Kootenai

R i ’.’e r r~~r thwest er’ r~ ‘~t n t a n a  about 219 river miles upstream from the

- : ~:‘J u ~~r . ’e of the Kuuter ia i  and the Columbia Rivers , about 17 river miles

~:~3t r- - ’ut r m  the town of Libby , Montana , and 148 rniles* downstream from
t h ~- -. anadian b cr ie r  (F i ~ ure 1).

2. Libby Darn is a concrete gravity-type dais and contains a sp ill—

w y  se ct i i n  controlled by two ta in ter  gates , three tainter—valved con—

~~it: ; (.-. . u i c e s ) ,  and a power ~iant consis t ing of four generating units

~~~~~ c-r’.~v~ siono for four f u t u r e  units (Figure 2).

The sluices are used for reservoir storage control. Subject

s u f :’~ cient in f low volumes , the reservoir is drawn down as low as

el 2 2 7 ~~ :‘cr y~wer p r oduct ion  and flood control storage requirements
d-u r~ ru~ the ~~w—flow win ter  and early spring months and refilled to normal

~‘uli cccl (ci 2 1459) during the spring runoff period. The sluices pro—

z -ie f lood c~ r~t r oii capabili t ies and f lexibil i ty for regulating flows
i J r i n g  win te r  drawdown . The location and general configuration of the

r luices  are show n in Plat e 1.

~~. Each sluice consists of a bell—mouthed intake , a 17 .0—ft—high

~ v .-r)_ft_wile rectangular conduit , an emergency gate, a tainter gate for
re~ Uating flow , and a 22—ft—hi gh by 10—ft—wide rectangular sluiceway

extending 2140.14 ft downstream from the sluice gate with the invert shaped

* 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.
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S. - -~~~~~ - - --- —

- t c~ tr’~,’~~’t .ry -~ 1’ a ~
‘ri - I~ jet. from a hiiad ~f 265 ft. F~a’h sluice is 

I t ‘r’~tI. w~ th h~~~ t 1::  or to 265 :‘ t (pool  el 214~~9)  for  release

of a o’~x: r’ .~ rc -~ i . ; - h -~ru of 20 ,000 ci’s.

~~c - -: fnr ~ni Porpc:~e f Model Analysis

~~. ~ ‘ r u  iv ’-  c’tvit ’.tt u d rn’we w’u: discovered in the center  s luice

LI w~ : u  Ld u . t h :~ of - - r ‘‘rot on , and in the rj~ ht sluice a ft e r  28 monthc

a:’ ‘:r-~t -c .  th~: r~~st ue’iere -1 a~e war observed -aior ~~ the invert anu

of th e  u”~~t ’u’ cl ul c e  1ownr t r e r~jn of the regula t ing  gate.  Cav i—
• at I -~~~~ L’na,~ €- was alr ’, f~ urid a - ri g- th e  roof of the center sluice inune—

i i at .-~ y u t r ear . - jf tL: erneruercy Cat e slot and at the -iuwystrearr face of

-c ’ - ’ - - :y ~~~~~ si’t .

~~~. ?he turn -o:~’ - cf the nocel r tu- i’,’ was to determine the causes of

u :  t O  ~~‘,“:~1 ~ . rn: ’-ao~ I r e v e n t i r ~~ the cavi ta t ion  damage experienced in

t he  oi~~es. Be fore  tn -S.- no~ e 1 study was in i t i a t ed , the  solution for pre—

;en t i nu  c a ’ ri tat i or i  da~~a~~e aicro : the sluice t ra jec to ry  was considered by

the co rn— u l t an t s  ( see Preface)  to be the installation of an aerator in

this r.crtion of the sluice. The U. S. Bureau of Reclamation (USBR ) has

cuc cerr ful ly eliminated cavi tation damage in spiliway tunnels and sluices
by aeration of the flow along the boundaries. Testing and evaluation of

aeration devices in a hyiraulic model of the sluice were considered nec-

essary for the development of an aerator that would satisfactorily aerate

all flow boundaries wi~ )ut causing adverse flow conditions. Demonstra—

tics of the ef fec t iveness of an aeration device through model tests was
certainly advisable before attempting such revisions in the field.

7  
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un ut:nll ed throughout the model structure to measure pressures. Pressure

tr’an; ;+luct’rn; were used to measure high—frequency pressure fluctuations.

Design Considerations

9. In ~b ’  den ; ign of the model , geometric similitude- was p reser ”e I

between mold ann-I r r n t o t y p e  by means of an undistorted scale rat io.  The

accejted -qu-- itio nir :‘ hydraul ic  s imil i tude, based on the Froudian rela-

t i o n , were u oed  to express the mathematical relations between the dimen-

sional and hydraulic quantities of the model and the prototype.

10. Ar effort was made to exactly reproduce in the model the

parabolic t r a j ec to ry  of the sluice. A survey of the “as—built” trajec-

tory , furnished to the U. 0. Army Eng ineer Waterway s ~~periment Station
(wEs) by the 2eattle District , was incorporated into the model design .

However , it was not possible t~ mold the model plastic to the exact con-

figuration of the prototype trajectory . Mold5ng the model plastic cre-

ated a smoother parabolic trajectory than actually exists in the proto-

type. Definite discontinuities created by construction lift joints are

visible in the prototype; and with the velocity heads experienced in the

structure (265 ft), such discontinuities could cause negative pressures

along the sluice invert . Visual observations and surveys of the proto-

type show that the lift joint discontinuities are created by small but

abrupt changes in trajectory slope at the lift joints. Two lift joint

discontinuities were installed along the model trajectory to better re-

produce conditions existing in the prototype and to determine the ef-

fect of the discontinuities.

Scale Relations

11. General relations for transfer of the model data to prototype

equi ‘-i - .-n  - ‘ are presented on the following page :

9
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Scale
Dimension Ratio Rela tion

Length L
r 

1:20

Time T = Lh/2  1:14.147

Velocity V = Lh/ 2  1:14.147

Discharge 
~r 

= L5/
’2 

1:1788.85

Pressure P = L 1:20r r

12. Quantitative transfer of model data to prototype equivalents

by the scale relations listed above was considered reliable except for

pressures in the cavitation range in the prototype . It is impo ssible

for negativ e pres sures in the prototype to be less than a perfect vacuum ,

about — 314 ft of water. However , in the model , negative pressures m di.-

cating prototype pressures less than —314 ft of water are posssible and

indicate zones of certain cavitation in the prototype.

10 
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PART III : TESTS AND RESULT S

13. The model study basically consisted of two testing programs.

The in i t ia l  tes t i ng program was involved with evaluating the flow and

pressure conditions in the exist ing as—built  sluice. The second phase
of the study consisted of development and testing of aeration devices to

prevent cavioation damage downstream of the sluice gate and evaluation

of modifications to the roof of the sluice in the vicinity of the emer-

gency gate slot to improve pressure conditions in this region .

Existing Sluice

D ischarge characterist ics
114. The discharge rating curve obtained from the model for par-

tial and full gate openings and normal power pool (el 21459) correlated

closely with the prototype rating curve as shown by Plate 14 . Free flow

(r- artially filled conduit) conditions existed in the sluice downstream

of the sluice gate for the entire range of gate openings and pool ele—

vations. Flow control was maintained by the sluice gate for gate open-

ings of 16 ft or less. When the gate was opened from 16 to 17 ft (full

gate opening), flow control shifted from the sluice gat e to the intake

immediately upstream of the emergency gate slot. The shift in flow con-

trol occurred at a gate opening slightly greater than 16.5 ft. With

flow control at the intake, pressures were reduced sufficiently to in-

duce air venting and violent flow disturbances in the emergency gate

slot. Flow impinged upon the downstream portion of the emergency gate

slot above the roof of the sluice, which caused unstable flow conditions

in this locality . Gate—controlled and intake—controlled flows are shown

in Figures 14a and 14b, respectively.

Pressures

15. Piezometer locations throughout the model are shown in Plates

5 and 6. For gate openings of 16 ft or less, all pressures measured up-

stream of the sluice gate were positive (Tables 1—5); for a 16.5—ft gate

opening , some slightly negative pressures were measured (Table 6).  With

11 
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the sluice gate fully open (intake—controlled flow), negative pressures

were observed upstream of the gate, thus indicating probable cavitation

( Table 7). Minimum pressures (Plate 7), plotted for a range of pool el-

evations and gate openings , indicated that sluice gate openings greater

than 16 f t  would create negative pressures upstream of the sluice gate.

16. Some negative pressures were measured downstream of the sluice

gate (Tables 1—7) ;  however , most of the piezometers in this region m di—

cat ed positive and approximately zero ( atmospheric ) pressures which
seemed quite reasonable for the theoretical parabolic shape. Two pres-

sure transducers were mounted along the invert of the sluiceway to detect

high—frequency fluctuations in pressure. The pressure transducers did

show positive and negative pressure fluctuations, but the average pres—
su.res were approximately zero or slightly positive. Prototype tests con—

ducted during August l971~* revealed that the mean pressures along the

sluiceway downstream of the sluice gate varied from zero to the vapor

pressure of water (see Plate 6 for prototype pressure cell locations).

Because the pressures measured downstream of the model sluice gate with

piezoineters and pressure cells were riot as low as pressures measured in

the prototype, the decision was made to install lift joints (see para-
graph 10) in the model to determine the effect on pressure conditions.

17. Two lift joint discontinuities and two additional piezometers

were installed in the model as shown in Plate 8. Pressures measured

with piezometers for various gate openings with lift joints in the model

are presented in Tables 8—12. Pressures measured with piezometer 83
were consistent with average pressures obtained from pressure cell 2,
which was located in the same vicinity within the prototype sluice. The

model indicated that the lift joint discontinuity caused local flow sep-

aration arid reduced pressure along the invert of the sluice.

18. The average pressures measured downstream of the model sluice

gate were not as low as those measured in the prototype because of the

* E. D. Hart and A. B. Tool, “Sluice Pressures, Gate Vibrations, and
Stilling Basin Wall Pressures, Libby Dam, Kootenai River , Montana ,”
Technical Report H—76—l7, Oct 1976, U. S. Army Engineer Waterways
Experiment Station, CE , Vicksburg, Miss.

13
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ia’ t b i l i t y  ‘ reproduce local geometric discontlnuities and flow separa-

tion along the invert and walls of the model. With the magnitude of

velocity healn.n involved , it is qui te  reac- - able to expect pressure fluc-

tuations in the range of those measured during prototype tests when the
flow is subjected to surface discontinuities and irregularities.

Aerator Development

19. The extent of aeration in the model sluice with the as—built

conditions was limited primarily to the water surface as shown in Fig-

ure 5. Various aerator configurations were constructed and tested in

the model to develop a device that would fully aerate the flow on all
boundaries without creating adverse flow conditions . The aerators

basical ly consisted of two parts , the slot and the deflector. The pur-

pose of the deflector is to create a low—pressure region over the slot
and to prevent water from entering the slot. The purpose of the slot is

to provide a passage to permit sufficient flow of air from the gate

chamber into the low—pressure region created by the deflector, and thus

i T
-

- -
~ POO L EL 2459

O R I G I N A L  DESIGN
GATE OPEN 12FT

- 

- 

4 .4 
-

—

-1 -

Figure 5. Extent of aeration with the
as—built conditions
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aerate wat -w ~~~~ -d o~; ’  - wa. • ream t~- l -~rj~- o of t h t -  sluice.

00 . ~ eO i- ij.’ the aerator •; I t  :11 tn~ t affect thc- water flow condi—

tl- !is, 1~ U ; L c  si  Oej I a:’~r~- e n- - u~ h t h at  ~d r : .  w was not restricted and

vu . ; -oh~ t~~~ - 1 that water :1 - -u Ud not in~ ir~~c upon the slot and block

the !l w o: air. Desicni of a c-~’ is:ac ’ Jx- y deflector that did not create

adverse fl - u  cc~litions was r;~ore involve-i . The various deflector ar-

rangements tested are listed in Table 13. The characteristics of each

Ler t t- -r are di:;cu;oe I in the or -j o y -  shown in Table 13.

Ty1:e 1 aerat- r

21. The tyle 1 - i t - n - ’ j t r  ( i l at e  9) consisted of 6 . 0— i n . —hi gh deflec—

t -~~r ; w i t h  a iet ’lect i  ‘ u ~ l ;  0 of 6.3 140 , l—o n— 9 slopes or flares , and

~. 0 — i r . — n ~-~- n -  by , . : o_ - ’ ~~v l j e  si - t o  or the sidewalls and invert . The

- 1€~~th ot ’ th ~ s~ - to ~as made shallow so that structural steel wi th in  the

c- rnc r o~ e w - iU : t have t- . be exposed during prototype installation.

The rno Ie~ tes t s oh we-I tha t the aerator achieved full aeration of the
:0 w but causel adverse flow conditions characterized by flow striking

the r o n ’ of the sluice which resulted from excessive deflection of the

:Iuw . Although air was successfully supplied by the slot in the model ,

a leeper slut was considered necessary to assure proper venting in the

~n-ototype . A deeper slot meant that structural steel would have to be

exposed during prototype installation.

Types 2 and 3 aerators

22. The deflectors of the type 2 aerator (Plate 10) were 3 in.

high with similar flare and angle of deflection ( l—o n— 9 slope and 6 .3 1 4° ) ,

and the slots were 2 ft 9 in. deep by 3.0 ft wide . Results from model

studies* conducted by the USBR were used to help in the design of this

aerator. Flow conditions were improved with the type 2 aerator but were

still unsatisfactory due to excessive flow deflection along the sides.

In an attempt to reduce bulking of the jet and improve flow conditions ,

the sidewall deflectors were removed (type 3). This resulted in more

* D. M. Colgate, “Hydraulic Model Studies of Aeration Devices for
Yellowtail Dam Spiliway Tunnel , Pick—Sloan Missouri Basin Program,
Montana,” REC—ERC—7l—147, Dec 1971, Bureau of Reclamation , Engineering 

—

and Research Center, Denver , Cob .
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favorable flow conditions in the sluice; but water impinged upon the

sidewall slots, thus preventing aeration along the sidewalls.

Types 24, 5, and 6 aerators

23. To reduce bulking of the jet, the sidewall deflector height

of the type 2 aerator was reduced to 1.5 in., as described in Table 13,

to create the type 14 aerator. The type 14 aerator provided full aeration

on all flow boundaries but created unfavorable and excessive deflection

of flow along the sidewalls. The deflection angle for the sidewall de—
flec tors was reduced to 3.180 (l— on— 18 slope ) for the type 5 aerator .
This produced acceptable flow conditions in the sluice; however, some

flow and spray did randomly hit the roof, so it was decided that further

improvements to the design should be attempted.

214. Sidewall deflectors tapered from a height of 3 in. (0 = 3.18°)

at the invert to zero height and deflection at an elevation of 17 ft

above the invert (type 6) were tested in an effort to create less flow

- - disturbance along the water surface. The tapered sidewall deflectors

caused unfavorable flow conditions and allowed water to impinge upon the

sidewall slots at the watcr surface during large gate openings.

Type I aerator

25. The type 7 aerator (Plate 11) was developed by reducing the

height of the deflector on the invert of the type 5 aerator to 1.5—in .

and the deflection angle to 3.18°. This aerator allowed aeration of all

flow boundaries without creating unfavorable flow conditions and was

therefore recommended for prototype installation. Flow impingement upon

the slots did not occur for most of the expected range of conditions.

Flow conditions with the type 7 aerator are shown in Photo 1 for partial

and full gate openings. The degree of flow disturbance was much less

than that experienced with types 1—6 . The type 7 aerator was tested

with 17—ft—high sidewall slots which allowed some water to enter the

sidewall slots at the water surface for a 17—ft gate opening. The side—

wall slots and deflectors should be extended further up the sidewalls as

shown by Plate 11 to prevent this occurrence in the prototype.

Type 8 aerator

26. The type 8 aerator (Plate 12) consisted of the same

i6
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configuration for the invert slot and deflector and sidewall slots as

that of the type 7 aerator . However, for the type 8 aerator, there were

no sidewall deflectors and the sidewall slots were partially covered to

prevent impingement while allowing aeration along the sidewalls. The

sidewall deflectors were removed to achieve better flow conditions . The

type 8 aerator provided a small degree of aeration along the sidewalls

while allowing good flow conditions in the sluice. Without sidewall de—

flectors , some water entered the sidewall slots. The degree of aeration

along the sidewalls was not sufficient to justify use of this design .

Intake Modifications

27. During a conference held at WES, it was recomm ended by the

consultants (see Preface) that two modifications be made to the proto-

type sluices in the vicinity of the emergency gate slot. First , the

square blocks of concrete at the top corners of each sluice on the down-

stream face of the emergency gate slot should be removed by extending the

6—in, offset of the sluice sidewall 2 ft above the roof of the sluice

(Plate 13). This modification was made to the model. Second , a steel

plate extending 2 ft vertically up the downstream face of the emergency

gate slot should be installed across~~he width of the sluice. The bottom

edge of this plate should be welded to the 3/24—in. liner plate that

presently forms the roof of the sluice.

28. Two modifications to the roof of the intake were recommended

by the consultants for model testing. These model revisions consisted

of replacing the section of 1—ft horizontal roof immediately upstream of

the emergency gate slot with a sloping section tangent to the upstream

roof (modification 1, Plate 13) and with the section sloped to project

1.5 in. into the flow (modification 2, Plate 13). The revisions were

tested to determine if pressure conditions in the intake during maximum
gate openings could be substantially improved .

29. Pressures observed in the model with the two roof mnodifica—
tions are presented in Tables 114—19 for gat e openings of 16 , 16.5, and
17 f t .  Both revisions provided favorable pressure conditions in the

17
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intake for all gate openings. With the sluice gate fully open , flow con-
trol was maint ained by the intake immediately upstream of the emergency
gate slot as it was with the as—b uilt  geometry ; however , wi th the roof
re st r ic t ioz~s, f low did not imp inge and erupt into the roof opening of

the emergency gate slot as it did in the original design . A smooth jet

passed beneath the emergency gate slot roof opening which allowed more

tranquil flow conditions in the vicinity of the emergency gate slot .

Flow imp inged on the sidewall gate slots with a 17—ft gate opening with

both revisions , as shown in Photo 2. Flow separation along the sidewalls

downstream of th e gate si~ot res ult ing from the flow impingement caused

a negative pressure region (piezometer 19, Tables 16 and 19) that could

possibly produce s-One cavitation. However, an air—water mixture created

in the gate slot by the turbulent action of the flow impingement could

provide a cushion sufficient to prevent any cavitation damage that might

develop in the region of piezometer 19. Furthermore , the steel liner
plate that exists in this portion of the sluice should help minimize

damage.

30. There were no significant advantages of modification 2 over

modificat ion 1. Roor pressures with modification 2 were slightly higher

than with modif icat ion 1, but the di f ferences  were not sufficient  to

justify the use of a roof deflector (modification 2). If conditions

necessitate operation with a 17—ft gate opening for extended periods ,

then modification 1 is recommended to prevent excessive cavitation dam-

age that is likely to occur with the existing geometry.

18 
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PART IV: DISCUSSION OF RESULTS

31. The model study of the center sluice of Libby Dam helped to

define undesirable hydraulic conditions that have caused cavitation dam-

age of the prototype structure. The 1:20—scale model was used to eval-

uate and develop various designs of aerators that are needed to prevent

cavitation damage in the sluices downstream of the sluice gates. A

certain roof modification is suggested to prevent unstable flow and

cavitation damage in the roofs of the sluice intakes near the emergency

gate slot.

32. The severe damage experienced along the invert and sidewalls

of the sluice was attributed to cavitation in high—velocity flow caused

by small surface irregularities and discontinuities on the invert which

was designed for zero (atmospheric) pressures. However , had the invert

been shaped such that pressures were eq,ual to the depth of flow , cavi ta-
tion (tripped by small surface irregularities) still would have been

likely in the high—velocity (130 fps) jet. The best solution to the

problem was considered to be aeration of the jet to provide a cushion

against damagi~~ pressure fluctuations that occur in cavitating flow.

33. The model was used to develop an aeration device that would

provide sufficient aeration along all flow boundaries without adversely

altering flow conditions in the sluice. The recommended (type 7) aerator

(Plate 11) provided good ventilation of the jet without altering the dis-

charge characteristics and capacity of the sluice. While an aerator in-

herently caused bulking of the flow, that resulting from the type 7

aerator did not cause the sluiceway to fill with any gate opening . An

aerator with greater deflection of the jet was not needed and as demon-

strated by the model , this would increase flow disturbances. An aerator

with less deflection of the jet might give satisfactory results bu~
would require excessively restrictive tolerances during installation to

assure success.

314. The recommended minimum operating conditions with the type 7

aerator are presented in Plate l~4. The line therein denotes pool eL-

vations and gate openings that permitted water to flow into the aera~ ion

19
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-L  u - - d r  ~rouab1y irpa ir t I . ~if~’ t1 - i~- n’om s of t L - ~t-

fonliti oh “ /-: t he  h a ’- u y r . i ; i - i o t e  i14 oh oil ~e S i o l ’ act  ry.

gate  - p e - n A r o - ; I f - so  tb ’s! 114 ft  - s J - ;  pool  - -lov ati- - ni ; ~‘r’-ater than the

m in i  p-J o~ (ci  OC h7 ) , t ip : r” - was no t h o u  of  ~ a ’ or in to the aerat or

sLots -in- - I - L” r-~’i )ri woo I -r ’ v i b- -i . The aerator main ta ined  o o rr : e t e

r aid ~‘att- pe-r . l r ! g s  w i th  pool ide-jat ions greater than

ci -
- ;ou .  - r ; - ~~ i c_ -vat ion ;; less than ci 2~t20 , ,~et -ie l-oht ies  and

tarcat ui cuiitat i -si -ch i l i  U.- substant ia l ly  reduced.

~~~~~. A i r ier;;a;i-i of the sluice was increased wi th  the presence of
- - ~~~r. V a t  1 nc uccurreri thi- - u~ h the 14— by 14—it ventilation con—

th e  - i j ’Je-t ,r-tul of the s luice.  With  flow passing over the

u~ b~t n - ct - u , a-c with combined sluice and spiliway flow , venti lation

the outlet portal was hindered and an increase in air demand

‘P r- -isP the vent system was observed in the model . Excessive restric—

no . the open in~o: of the model vents demonstrated that during large

~ate openings , the sluice could be made to prime and flow full, creating
a siphon action which resulted in unstable flow and extremely low pres-

sures. W ith combined spillway and sluice flow, the vents of the model

cluice had to  be restricted to a total opening of less than 5 sq ft to

ause e m p lete primin g of th~ siphon. This is only 16 percent of the
tuta]. available opening (two 14— by 14—it vents or 32 sq ft) with the ex-

isting size of the vents. Thus , the existing ventilation system should

provide sufficient air to maintain open channel flow and prevent siphon

action from developing . Although the capacity of the vent system should

be ample , connected vents are undesirable and it is recommended that
modifications be made to provide individual vents to each sluice. op-

erations with combined spillway and sluice flow should be avoided as

much as possible.

36. Modification of the roof of the sluice (Plate 13) to elimi-

nate the 1—ft section of horizontal roof immediately upstream of the

emergency gate slot greatly improved pressure and flow conditions in

this vicinity with 16.5— and 17—ft gate openings. Because flow control

was maintained just upstream of the gate slot with a 17—ft gate opening,

there was an undesirable impingement of flow upon the sidewall gate

20
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~~ the n- au-f of the  ~i r i t a k ’-  , then

‘1 -
~~ ~, i C i  1 ! ’~~ ~

) :‘e c, rns; - : n i e - ; .  !-t - Ii fica t ion 2 (i-late 13) 

‘ ‘ -  - :0 I ~y :‘ - -
~~~

‘ 51 :t the i: t r t k ’ :  o : - ’ - n . i : c - -in l r e lu e c  the sluice 

~~~~~~~~~~~~~~ 
- r o t - ~; 

-c d: :1 i’— : -ate’ openii: 0’ w-~.ul I require

~ :‘ t he d t-~~ic n- oa f w i t h  n: : ! .f d a t i o n  1 to I r a v e n i t  cav i t a t i o n

LP.O! ’ ~~~~ p. ~ : .- In  t he  I~~t - trO - .

. l - 1  ‘c. * 0 -- a . ; — i - A i  I t  ,- - - - . - - t  r ,  r o : r  l ice;; i f l  t h e  p ou ’ : l  , flow c o n —

- : :‘ c a ;~~-.d-c :  rot - .- to the ‘il-ida ity ot’ the -:cer sen cy gate

- 
- -c. S n- - 5’~~- ’ - - - r e a l  :~~~~ b--t w - I t  .5 ‘tar 17 ft. hh o u i  oo ri iiti ons re—

; u ir e s a ’: .: ‘- nin cs -c u t e r  tt ’j ni  1’i ~. 5 ~‘ t , i t  i s  rec rcnen-ue -i  that the

- ~I . - - ‘ -o~ - h r  ;- . v - n  ac :’- t r I - ;  as feasible to  the fully open n-osition

- - n r c;--:. ’ ~:., ‘ - r i d -  f .  c -~ ;.~ it1oflS t h a t  u : e a n na ay  the alternating shift

- -c a t r i d  :‘rrz rs the sluice 5ate to the intake .

I wow’ :; ~!5’! : LulceS shaped to the profile of a free—

~‘ - t , h i n s  j et , w ith the r o n ’ :“dsel - r ow T ;s t r e t ~~ from the control gate and
w ‘:stahdshed , are assumed to have boundary pressures

id -ce t atrs - - .;.her;c. ld-w€; ’ii:r , there may be variations in local average

an the order of +5~ (or more) of’ the velocity head (which may

be even hig her t h a n  the profile design head). These pressure variations

resul t from small boon-lacy i rregulari t ies, small d i f fe rences  between

orototype ann model , d i f f i cu lties in measuring the small pressures in
t h e  model , and other f a c t o r s .  At hi gh heads (say, 250 ft or more ) and

the  resulting high veloci t ies, these local variations (in the negative

~~r€-C tL ;n) combined with substantial pressure fluctuations in the tur-

bulent boundary layer may well be enough to induce cavitation. Thus ,

extreme care should be exercised in the design and construction of such

high—velocity passages , including carefully conducted model studies to

ensure against the cavitation—inducing pressure conditions.
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‘: n t b ; ’ :  1

in’ -: ;:r - ’;r 1nrc J~ i. ; t  1 ~d, S l u i c e  P1te 0b~er! 1 ft

-- El 2 , 5  f’ nsl , :)isch- trge 1200 ~fp

Piesometer Pressure Piezometer- Pressur e
- Feet a t ’ W i t e r  N D .  Feet of’ W at er

1 232.0 141 2.~
2 ~ iL .0 142 1.14

143 1.9
237.6 01, 2.7

5 ~ i6.6 145 2. 5
d6.6 146 1.7

7 :d(.9 147 2.2
-9 236.9 148 1.7

238.1 149 1.9
1-I 238.5 50 2.6
11 238.7 51 1.6
1,2 ,id9.5 52 3.9
13 c~9 .9 53 0.~4

2143.7 514 3.1
15 2ii5.2 55 2. 5
16 I~6o 56 —0.3
17 2 146.3 57 2.5
18 207.9 58 2.2
19 208.5 59 0.7
20 255.0 60 *
21 2514.14 61 6.8
22 2514.5 62 2.2
23 255.3 63 2 .3
20 255.5 614 1.0
25 256.1 65 **
26 257.1 66 **
27 2147.5 67 **
28 238.2 68 **
29 238.2 69 **
30 256.9 70 **
31 2149.6 71 **
32 232.1 72 **
33 233.1 73 0.14
314 2149.7 714 3.14
35 2 149 .7 75 0. 14
36 —1.8 ‘t6 1.5
37 —3.14 77 2.2
38 3.2 78 253.6
39 8.8 79 253.5
140 —2.0 80 2140.5

81 *
82 *

* Fiezometer inoperative.
** Piezometer above water surface.

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



Table 2

Pressures Throughout Sluice, Sluice Gate Open 14 ft

Pool El 21459 ft msl, Discharge 3500 cfs

Pressure Piezometer Pressure

__________ 
Feet of’ Water No. Feet of Water

1 231.5 141 3.14
2 231.5 142 1.0
3 231.2 143 2.2
14 200.14 1414 14.0
5 230.1 145 2.1
6 230.9 146 1.6
7 231.2 147 2.7
8 231.2 148 1.2
9 233.1 149 2.9
10 236.3 50 14.1
11 235.7 51 1.6
12 235.0 52 6.9
13 235.14 53 —1.8
114 2141.5 514 14.3
15 239.7 55 3.7
16 2140.5 56 —0.5
17 239.8 57 2.9
18 2142.9 58 14 .1
19 2140.7 59 —0.1
20 252.8 60 *
21 250.7 61 14.0
22 2147.8 62 2.7
23 2147.6 63 3.8
214 2147.5 614 0.6
25 2148.1 65 1.1
26 2146.1 66 1.9
27 2140.2 67 1.1
28 230.9 68 0.14
29 230.9 69 1.5
30 235.8 70 0.1
31 171.6 71 1.14
32 239.1 72 1.14
33 2140.1 73 —2.0
314 2141.5 714 5.1
35 235.2 75 3.14
36 19.7 76 14.3
37 3.7 77 3.7
38 3.1 78 2149.1
39 5.8 79 2145.5
140 —6.0 80 232.5

81 *
82 *

* Piezometer inoperative.
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Table 3

ir~- :; sures Throughout Sluice, Sluice Gate Open 8 ft

Pool El 21459 ft msl, Discharge 5650 cfs

Piezometer Pressure Piezometer Pressure
No. Feet of Water No. Feet of Water

1 220.0 141 3.9
2 216.5 142 1.0
3 209 9 143 2.2
14 182.6 1414 3.7
5 210.6 145 14.8
6 t’lo.6 146 1.2
7 210.9 147 3.8
8 213.7 148 0.7
9 225.1 149 1.1
10 221.1 50 14.6
11 220.1 51 0.1
12 215.0 52 7.9
13 217.0 53 —3.5
114 229.7 514 14.3
15 219.9 55 14.2
i6 219.5 56 0.5
17 218.0 57 2 . 5
1 225.3 58 14.7
19 217.1 59 —0.1
20 21414.8 60 *
21 239.6 61 3.8
22 228.7 62 3.7
23 225.6 63 14.8
214 2214.14 614 0.0
25 223.5 65 0.9
26 221.9 66 3.14
27 219.3 67 1.1
28 216.7 68 0. 14
29 221.7 69 3.1
30 192.2 70 1.0
31 122.6 71 3.6
32 231.1 72 6.5
33 233.1 73 —1.6
314 217.9 714 7.0
35 178.3 75
36 37.9 76 6.1
37 7.6 77 1.3
38 3.6 78 237.2
39 7.9 79 2214.3
140 —6.0 80 205.3

81 *
82 *

* Piezometer inoperative .
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Table 1,

} : ‘ - ; ; r : ur’ !- .: 11 r’ - ii hout Sluice, 2 1 u 1 - : e -  Gate Open 124 ft

, n I  21459 ft msl ) DL;-aarge 11,200 cis

Piezometer Pressure Piezometer Pressure
No. Feet of W r t e r  No. Feet of Water

1 193.8 1,1 14.24
2 168.5 142 0.5
3 137.7 1,3 2.2

116.6 1414 14.7
* 145 5 3

139.1 146 1.2
7 l~ 9.14 07 24.0
8 11414 .7 1i 8 0.0
9 ~sl .l 149 0.9
10 167.5 50 6.4
11 163.2 51 0.6
12 138.5 52 11.9
13 ~0 1.2 53 —14.6
10 190.5 514 5.1
15 150.2 55 5.2

1149.0 56 1.0
17 11414 .3 57 2.0
18 162.14 58 4.7
19 135.8 59 —0.6
20 215.8 60 *
21 198.2 61 2.5
22 162.3 62 4.5
23 150.6 63 5.8
24 1145.8 614 —0.7
25 1145.1 65 0.9
26 136.24 66 14 .4
27 1147.2 67 0.1
28 146.14 68 —0.9
29 1140.9 69 24.3
30 115.8 70 1.0
31 83.1 71 6.4
32 179.1 72 1.1
33 1914.6 73 —0.2
314 139.2 74 5 .4
35 92.2 75 5 . 24
36 43.7 76 6.5
37 17.5 77 0.2
38 8.1 78 192.14

39 11.8 79
40 _7.7 80 116.0

81 157.0
82 130.7

* Piezometer inoperative.
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Table 5

Pressures Throughout Sluice, Sluice Gate Open 16 ft

Pool El 21459 ft msl, Discharge 15,700 efs

Piezometer Pressure Piezometer Pressure
No. Feet of Water No. Feet of’ Water

1 1714.0 Li 14.9
2 1024.5 142 1.0
3 79.7 243 2.2
14 242.( 2414 14.7
5 755 245 6.3
6 79.6 146 1.7
7 79.9 247 14.0
8 88.9 248 0.0
9 173id 149 0.7
10 120.5 50 5.8
11 115.7 51 0.6
12 69.0 52 11.9
13 71.0 53 —3.9
14 159.7 524 5.6
15 95.7 55 5.5
16 90.5 56 1.5
17 814.8 57 3.3
i8 110.0 ~8 5.0
19 70.0 59 —0.1
20 1914.3 60 *
21 168.7 61 14.8
22 108.8 62 2.7
23 914.6 63 5 .6
214 814.0 624 —1.0
25 86.6 65 1.14
26 82.1 66 0.9
27 88.7 67 10.6
28 84.9 68 —1.1
29 79.9 69 5.0
30 70.3 70 1.3
31 55.1 71 7.14
32 106.6 72 1.1
33 1514.6 73 —1.0
314 87.7 724 6.14
35 60.2 75 5.9
36 32.7 76 7.2
37 17.2 77 2.7
38 9.1 78 162.1
39 12.3 79 82.5
140 —6.5 80 245.5

81 107.5
82 63.7

* Piezometer inoperative .
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Table 6

Pressures Throughout Sluice, Sluice Gate Open 16.5 ft

Pool El 21459 ft msl, Discharge 17,800 cfs

Piezometer Pressure Piezometer Pressure
No . Feet of Water No. Feet of Water

1 159.5 01 24 .7
2 109.0 142 0.9
3 46.7 143 2.3
14 —2.14 1414 24.8
5 * 145 10.4
6 47.3 246 1.14
7 148.2 147 2.6
8 58.5 48 —1.3
9 1147.1 149 —0.1
10 96.5 50 5.6
11 89.5 51 0.7
12 31.5 52 11.2
13 33.2 53 —3.9
114 1140.7 514 5.6
15 65.7 55 5.7
16 514.14 56 2.0
17 52.7 57 2.5
18 82.6 58 14.6
19 32.3 59 —1.0
20 180.8 60 *
21 1149.6 61 3.9
22 79.7 62 4.3
23 55.9 63 5.3
224 51.3 64 —0.3
25 59.2 65 1.5
26 51.9 66 14 .14
27 56.2 67 0.1
28 57.9 68 —0.9
29 149.2 69 5.3
30 50.2 70 1.2
31 38.1 71 7.9
32 6 14 .24 72 1.5
33 103.6 73 1.0
314 58.6 724 6.14
35 140.1 75 5.6
36 22.0 76 7. 3
37 13.3 77 0.14
38 8.6 78 1140.1
39 13.3 79 247.0
40 —7.1 80 —6.5

81 79.5
82 214.7

* Piezometer inoperative . 
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Table 7

Pressures Throughout Sluice, Sluice Gate Open 17 ft

Pool El 21459 ft msl, Discharge 20,200 cfs

Piezometer Pressure Piezometer Pressure
N o . Feet of Water No. Feet of Water

1 138.0 141 14.9
2 76.0 142 1.5
3 1.7 143 2.8
24 _

~~~~9 2414 14.2
5 — 3.9 145 14 .8
24 2.1 146 1.7
7 2 .~4 247 14.2
8 114.0 148 9.2
9 93.1 149 10.14
10 63.5 - 50 6.1
11 148.7 51 1.6
12 —20.0 52 12.5
13 —19.6 53 —3.6
lii 113.7 514 6.1
15 20.7 55 6.2
16 12.5 56 2.0
17 7.8 57 3.0
18 37.4 58 5.2
19 —16.0 59 —0.1
20 161.3 60 *
21 121.7 61 14.3
22 36.8 62 24.7
23 9.6 63 5.8
214 3.5 614 0.0
25 10.1 65 0.24
26 10.1 66 3.9
27 11.2 67 0.1
28 12.3 68 —1.9
29 2.9 69 5.3
30 9.3 70 2.0
31 12.1 71 7.24
32 14.6 72 2.2
33 —4.24 73 0.5
314 16.7 724 6.4
35 6.2 75 4 .14
36 6.7 76 7.0
37 6.7 77 3.2
38 7.1 78 112.1
39 12.3 79 0.5
140 —6.0 80 —50.5

81 1~9.5
82 —20.3

* Piezonieter inoperative . 
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Table 8

i; ’essures Dewnst r eam of Sluice Gate with Lift Joints

Sluice Ptte ~-en 1 it, Pool El 2059 ft msl

21.: charge 1200 cfs

I -r u - sc or e- Piezometer Pressure
_________ 

F -ct of’ Water Nc . Feet of Water

59 —0.1

38 3.6 6o *

61 24 .8
- - -1 —3 .5 62 1.7

- 1  ~4 .6 63 1.8

614 0.5
—0.8 65 **

1414 —3 . 8 66 **
05 1.8 67 **
146 1.2 68 **

1.7 69 **
148 1.7 70 **
249 1.6 71 **
50 2.6 72 **
51 1.6 73 12.0

52 3. 24 714 —2.6

53 —0.1 75 1.2

514 3.1 76 1.8

55 2.2 77 1.14

56 —1.0 83 —1.9

57 2.5 814 0.4

58 2.2

* Piezometer inoperative .

** Piezometer above water surface.



Table 9

Pr e s n n u ; - ’ - ,: l)- wn,strcam of Sluice  Gate with Li f t  Jo in t s

I’ Ic i ct - Ojen 4 n o ,  l o o l  El 224 59 ft msl

24iio-ha rg idOd cfs

i i e c ,m e t e r  i r u - i n o n e  I ics  c re te r  Pressure
No . F - ~-’. of Wnit ~ - r N T . Feet of Water

37 3.2 59 —0.1

38 3.6 60 *

39 5.3 6i — -24.2

62 2.2

-- I -241.1 63 2.8

4 , 2  1 4 .5 614 0.5
- 4 3  0.2 65 0.24

- -14 — 2id 66 0.9

145 1.8 67 0.1
1 ,1 0.7 68 0.1

.7 1.7 69 0.8

24 8 0.7 70 0.5

-.9 0.9 71 0.9

50 3.6 72 0.6

51 1.1 73 13.0

52 5.9 724 5.14

53 -1.1 75 3.14
514 3.6 76 5.5

55 2.7 77 2.2

56 —1.5 83 —8.9

57 2 . 5  814 —1.14

58 2.7

* Piezonieter inoperative .

~ 1Ii. —.-- ---- ‘ 
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Table 10

Pressures Downstream of Sluice Gate with Lift Joints

Sluice Gate Open 8 ft,  Pool El 2 1459 ft msl

Discharge 5650 cfs

Piezometer Pressure Piezome ter Pressure
No. Feet of Water No. Feet of Water

37 6.7 59 —0.1

38 3.6 60 *

39 7.3 61 —1.7

140 —9 .5 62 3.2

141 —0.1 63 3.8

02 14.0 614 0.0

143 0.2 65 0.9

424 —1.3 66 3.9

145 2.8 67 0.6

246 0.2 68 — 0 . 24

147 2.2 69 3.8
148 0.2 70 0.0

149 0. 14 71 14.9
50 14.6 72 1.1

51 0.1 73 10.5

52 7.24 714 6.9
53 —2.6 75 14.0

54 4 .6 76 6.5
55 14.2 77 0.7

56 —0.5 83 —9.9

57 1.5 814 —0.9

58 14.7

* Piezometer inoperative.
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Table 11
Pressures Downstream of Sluice Gate with Lift Joints

Sluice Gate Open 114 it, Pool El 21459 ft nisi

Discharge 11,200 cfs

E l  ~-zometcr Pressure Piezoxneter Pressure
N .  Feet of Water No. Feet of Water

37 17.20 59 —0.1

38 8.10 60 *

39 10.80 61 —2.2

140 —11.0 62 3.7

141 1.14 63 14.3
142 5.0 614 —1.0

243 —0.3 65 0.14

1414 0.7 66 14.14

245 2.3 6i 0.1

146 0.2 68 —0.9

247 3.2 69 24.3

148 —0.3 70 0.5

249 —0.1 71 6. 24
50 5.6 72 0.1

51 —0.24 73 12.0

52 9.14 714 8. 14
53 —3 .6 75 5 . 14
514 5.1 76 6.5

55 14.7 77 0.2

56 0.5 83 —io.14
57 1-5 814 —0.14

58 14.7

* Piezometer inoperative.

~
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Presci - ui  ~~u ice Gate wi’h lift Joints

‘1  . 1  o’ .-  a 1 1  it , I - - l  El 214 .9 ft  mci

-~~r~e 10 ,200 ci’s

n- - ’ —: - I ~r~- I l , - s - - r e ’ er Pressure
‘ - ‘ ‘  

~ - s - S . Feet of Water

. 7 59 —0.1

(24 *

12. ’- 61 —0.2

- -  - - - - .0 6: 14.2

1.-- 63 24.8

5.5 60

-.3 1.7 65 0.9

. 1, 1.2 66 0 .1.

55 3. ~ 67 0.1

46 1.2 68 —0.9

07 1.7 69 14.8

148 —0.3 70 1.5

149 —0.1 71 7.14

50 7.0 72 1.1

51 1.1 73 11.0

52 11.24 7 14 8.9

53 —2.6 75 5.9

524 5.6 76 7.5

55 5.7 77 0.7

1.5 83 _9.14

57 2.5 824 0.1

58 5.2

* Piezometer inoperative.
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Table 124

Pressures in ~ 3 c - ~ Intake , Roof Modification 1

, 2 I T a , j n 5€’ Gate -~- : e r -  f t , Pool El 21.59 f t  msl

Flu - cc -meter Pressure Piezometer Pressure
11 . F~~et o: W at e r  I-to . Feet of Water

1 170.0 21 1614.7

2 129.5 22 1014 .3
3 82.7 23 83.6
-4 * ~~~

. 80.2

5 * 25 88.1
1 ~-0.1 26 814.1

14-9.? :c~( 77.2

8 59.-. 28 63.9

) ‘19.]. 29 6Q.~
10 9 0 . 5  30 69 .3
11 115.7 31 55.1

12 81.0 32 101.6

13 75.9 33 1245.6

114 156.7 314 82.7

15 77.2 35 57.7

78.5 78 1514 .6
17 - ‘ .~~~ 79 ‘6.5
It ~2.-. 80 73.5

17 ‘ .5 21 109.0

2C ‘ - t  82 70.7

Piesnm’:t,er inopera~ ive.
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Table 15

o lu ic e  Intake s Roof Modif ica t ion  1

16.5 it , Pool El 22459 ft md

- - - - - ‘ - - I r e T 5 - J 5~ - Piezometer Pressure
________ — 

“C ’ - A ’,t eS  No. Pu -ct  of Waoer

1149.0 21 1147 .7

108 . 5 22 75.5

0 2 . 7  23 50.1

- -  224 1,3 - 5

5 25 57.1

6 25 .6 26 55.1

7 23.9 27 00.2

8 23.5 28 29.14
o 10.1 29 23.9

10 13.5 30 524 .3

11 87.7 31 19.1
12 -.5.0 32 60.1

13 37. 0 33 93.1

i14 10 24 . 7 314 50~~

15 61.7 35 37.7

16 5,_ s 78 136.1

17 32.8 79 141.5

11- 100.14 80 141.0

19 30.5 81 ~~~
20 180.3 82 38.~

~ Plezoineter inoperative.

~

-- 
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Table i6

Pressures in Sluice Intake, Poof Modification 1

Sluice Gate Open 17 ft. Pool El 21459 ft msl

Piesameter Pressore Piezometer Pressure
__________ 

Feet of Water No. Feet of Water

1 1146.~ 21 128.7

2 87.5 22 2424.8

22.7

5 * 25 21.6

6 ** 26 22.6

7 ** 27 6.2

8 ** 28 **

9 ** 29 **

10 ** 30 15.3

11 ** 31 18.1

12 14.0 32 3.6

13 3.24 33

114 121.7 31i, 19.7

15 29.7 35 11.7

i6 7.5 78 115.1

17 ** 79 24.0

18 70.14 8o 11.5
19 -.i1.o 81 59.0

20 165.3 82 5.2

Piezometer inoperative .
** Piezometer not submerged or above water surface.
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Table 17

Pressures in Sluice Intake, ROof Modification 2

Sluice Gate Open 16 ft, Pool E] 2 1459 f t  msl

Piezometer  Pressure Piezometer Pressure
No. Feet of Water No. Feet of Water

1 169.0 21 162.2

2 127.5 22 108.8

3 824.7 23 79.1

24 * 214 76.5

5 * 25 824 .6

6 50.1 26 81.1

7 249.9 27 71.7

8 149.9 28 52.24

9 50.1 29 50.lo

10 58.5 30 66.3

11 76.2 31 53.1

12 85.c’ 32 96.6

13 714.14 33 136.6

124 155.2 314 79.2

15 88.2 35 55.2

16 70.5 78 152.1

17 58.3 79 71.0

18 121.9 80 51.5

19 61.5 81 108.0

20 189.8 82 71.2

~ Piezometer inoperative.
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Table 18

Pressure- s in  ‘luice Intake , Roof Modification 2

Sluice (2t t~~- (Om en 16.5 ft, Pool El 2 1459 ft  msl

Pie zometer Pressure Piezometer Pressure
No. Feet of Water No. Feet of Water

1 156.5 21 1145.7

2 106.5 22 71.8

3 514.2 23 1245.1

14 ft 214 143.5

5 ft 25 514.1

6 13.1 26 52.6

7 13.14 27 38.2

8 11.9 28

9 12.6 29 13.14

10 23.5 30 141.8

11 140.7 31 38.1

12 51.5 32 514 .6
13 38.14 33 85.i

114 137.7 314 50.7
15 51.7 35 35.2

i6 314.5 78 133.6
17 21.8 79 36.0

18 97.14 80 15.0

19 25.5 81 83.5

20 178.3 82 39.2

~ Piezometer inoperative. 

TIT 1., ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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Table 19

Pressures in Sluice Intake, Roof Modification 2

Sluice Gate Open 17 ft, Pool El 22459 ft msl

Piezometer Pressure Piezoineter Pressure
No. Feet of Water No. Feet of Water
1 1148.0 21 132.2

2 91.5 22 149.3

3 33.7 23 18.6

24 214 124.0

5 25 25.1

6 ** 26 23.6

7 ** 27 9.2

8 ** 28 **
9 29

10 ** 30 16.3

11 ** 31 18.6

12 32 3.1

13 ** 33 5.6
114 125.7 314 19.7
15 314.2 35 12.2

i6 11.5 78 118.6

17 _14.2 79 3.0
18 70.9 80 2.5

19 —9 .5 8i 66.5

20 168.3 82 17.7

Piezometer inoperative.
~~ Piezometer not submerged or above water surface.
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a. Discharge 3500 cfs; 24—rt gate opening

- - 
,~.i;, ‘ - A

b. Discharge 5650 cfs; 8—ft gate opening

Photo 1. Flow conditions with the type 7 aerator
for pool el 21459 (sheet 1. of 3)
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d . Discharge 15,700 cfs; 16—ft gate opening

Photo 1 (sheet 2 of 3)
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e. Discharge 20 ,200 c f s ;  17—ft gat e opening ( fully open)

Photo 1 (sheet 3 of 3)
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Photo 2. Flow impingement upon sidewall gat e slot
with roof modificat ion
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