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• PREFACE

The prototype tests described in this report were conducted during

July and August of l97~4 . They were made by the U. S. Army Engineer

Waterways Experiment Station (WEB ) under the sponsorship of the U. S.

Army Engineer District , Seattle
• Acknowledgment is made to the individuals of the Seattle District

who actively participated in this investigation . Mr. E. D. Hart, Chief

of the Prototype Branch, was test coordinator for WES. This report was

prepared by Mr. Hart with the assistance of Mr. A . R. Tool under the

general supervision of Mr. E. B. Pickett , Chief of the Hydraulic Analysis
Division , and Mr. H. B. Simmons, Chief of the Hydraulics Laboratory , WES.

COL G. H. Hilt, CE , and COL John L. Cannon, CE , were Directors of

WES during the investigation and the preparation and publication of this
report. Mr. F. R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

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

verted to metric (SI) units as follows:

Multiply By To Obtain

inches 25.14 millimetres

feet 0.30148 metres

miles (U. S. statute) 1.60931414 kilometres

* acre—feet 1233.~482 cubic metres

pounds (force) per 68914.757 pascals
square inch

inches per second 2.514 centimetres per second

feet per second per second 0.30148 metres per second per second

cubic feet per second 0.02831685 cubic metres per second

F t

~ I

14 
L
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SLUICE PRESSURES, GATE VIBRATIONS, AND STILLING

BASIN WALL PRESSURES, LIBBY DAM,

KOOTENAI RIVER, MONTANA

PART I: INTRODUCTION

Pertinent Features of the Project

1. The multipurpose Libby Dam and Reservoir (Figi~re i) is located
in northwestern Montana on the Kootenai River, approximately 17 miles*

upstream from Libby, Montana; the damsite is at river mile 219 (Figure

2). Primary purposes of the project are flood control, power and

recreation.

2. The concrete gravity dam is 2955 ft long at the top, rising

336 ft above the streambed. The power plant will eventually consist of

eight power units, with 20—ft—diam penstocks and a plant capacity of

814o,ooo kw. The dam impounds 5,850,000 acre—feet of water in Lake
Koocanusa at full pool (el 21459.0 ft msl**).

Outlet Works

3. Desired flow through the structure is accomplished by means of
a two—bay ogee spillway over which flow is controlled by two 148—ft—wide

by 56—ft—high tainter gates; three sluices, each 10 ft wide by 22 ft

• high, controlled by 10—ft—wide by 17—ft—high tainter gates; and the

stilling basin at el 2073.0. Both the spiliway and sluices empty into

• the same hydraulic—jump type stilling basin (Figure 3) with sloping end

sill and no baffles. Pertinent elevations and dimensions are shown in

• Plate 1. *

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 14 .

** All elevations (el ) cited herein are in feet above mean sea level
• ( ms l) .
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Figure 1. Libby Dam and Reservoir
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Purpose and Scope of Tests

14. The center sluice , located in structure monolith 29, was se—

• verely damaged after a short period of operation , apparently by r iv i ta-

tion. An indication of the extent of the damage is given in Fi~-u rI ~ ~ ;

note that the damage included deep erosion of the wall as well as the

floor. The problem was reported to the U. 2. Army Engineer Waterways

Experiment Station (WEs ) in September 1973. 7he U. ~~. Army Engineer
District, Seattle, proposed that WEB place nine pressure transducers in

- 
.~ the sluice floor, six of which would be in the reconstructed surface of

the damaged area. These transducers would be used to monitor the pres-

sure fluctuation amplitudes and frequencies. This information would be
• 

- 
used to determine if negative pressures existed. These measurements

were to be made for 1—ft increments of gate openings and closings. The

• range of openings would be from 1 ft to fully open (11.0 ft).
• 5. Operation personnel had detected extreme noise and suspected

structural movement during large sluice gate openings. For these rea—

sons, accelerometer measurements were requested by the Seattle District
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_ 

*
______ 

-
-

I 
_ _ _ _ _  

7 .

~
: 

_ _ _ _ _ _
- 

.~~~~~ 

. 
-

- 

- -
~ *

. 

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

_ _ _ _

_ _ _ _ _ _ _

Figure 14. Erosion damage , r € - n l vr  ~1uice , •

looking downstream

8

_  - -



~~~~~~~
“ 

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

~~~~

‘

~~~~~~~~ 
~~~~~ ‘

~~~~~~~~~~~~~~~~~~~~~~~~~
‘
~~~ J ~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~-

~to determine vibrational frequency and magnitude for the center sluice

gate and the surrounding concrete structure. The measurements were to

be made at 1—ft movements of gate opening, beginning with the opening

which initiated a significant response. Continuous recordings were also

to be made as the gate was opening and closing.
* 6. Prior to construction of the project, WEB proposed installing

five pressure transducer carriage—guide slots in the stilling basin wall

for pressure fluctuation measurements. Since Libby Dam has no baffle

piers, it was thought the data would be valuable for comparison with

information obtained from a prototype basin with baffles.1 Also , to

allow comparison with model dat a , the pressure measurements were to be

made at elevations that corresponded with those of the Libby Dam model

tests which were conducted by the North Pacific Division Hydraulics
• Laboratory.

2
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PART II : TEST FACILITIES, EQUIPMENT , AND PROCEDURES

Test Facilities

Sluice pressures

7. Nine pressure transducer mounting boxes were installed in the

floor of the center sluice as shown in Plate 1. The surface plate of

each box was installed flush with the invert surface. Two interchange-

able cover plates were fabricated for each mounting box, one for a per-

manent cover and the other for %~ES to install the pressure transducer

just prior to testing. Six were located along the center line on the

- t invert and three on the invert near the right wall in the area that ex-

perienced the most severe damage. A typical installed plate with its

pressure transducers mounted is shown in Figure 5.

~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~“1 • 

-~ -

Figure 5. Installed cover plate and pressure
transducers in sluice floor

8. The transducer cables passed from the test sluice through —

h’~lt~~ drilled from the base of the mounting boxes downward into the

drainage gallery at el 2081.5 (Plate 1). Six of the cables (3, 3A , 14,

10
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14A , 5, and 5A) passed through a common hole in the base of transducer ~
• 

- 
mounting box; the others passed through individual holes. Figure 6

* 
shows the cable being fed through mounting box 6.

COVE PLA 
______

C48L .~ 
*

- 

~~~~~~~ _ ~~~~~~~~~~~~~~~~~~
Figure 6. Installation of pressure transducer 6

Gate vibrations

9. icecial plates were welded to the back side of th e center

~~~~~~ ~ m~~n~~er g i L ?  for installing accelerometers . These plates were

in~~ a~ ~e-1 uii1- ~r the supervision of WES personnel just prior to the tests.

A •?i-~.-~~-r o2 three accelerometers (radial , tangential , and transverse)

v~: ~~~. I : i  attached to the plates. A corresponding cluster was located d i —

r’ectly ~~V e I  the center sluice on the dam gallery floor at el 22140.25

(~~iste 1). ~igures Ta and Tb show the clusters on the gate and galler~
i I - c r , restectively; their general locations are shown in Plate 1.

~~~~~~ b-~siri wall pressures

10. Five pressure transducer carriage—guide slots were en~be i3e~

i~ ‘h~ r i c h t  stilling basin wall during construction (Plate 1). The

- 

* 
; Se: sre t, r a r i -s - l seers , mounted hi spec al carriages fabricated at \~E2 ,

were  i n lt i ~ t 1 ly set at el 2083.0 ~n 1  then were mo ved simultaneously up t-l ~e

slot the -~th e r  d s si r u 1  elevat ions showrI in Plate 1. The t ransd :sers

wi-s • hel l it eash elevat i~~u whi le  the  dis~ haig e w~ s va r i ed .  In th is

m a n e i - r , an r~r I iy of oressures wos o t t i l  ned for  e~ab  sp i i lwa.y di sclmi~g .

Fl - is . 8 sh iw s the carr iage and the mounted pressure  t sm s iucer .

Test Equipment

11. The t’-st i - q u i pmen t .  described herein ins si los  the trari s iuc-ers

11
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Figure 8. Stilling basin wall pressure
transducer carriage

cables , and recording equipment. Transducers used for the tests were

as follows:
a 

a. Sluice pressure tests: 50— to 2000—psia pressure
transducers.

I. Vibration tests: +5g accelerometers.

• c. Gtilling basin wall pressure tests: 100—psia pressure
• transducers.

Table 1 lists the transducer type, range , location, and function .

• 12. Cable lengths required for the test program were determined

* 
from contract drawings of the project. These cable lengths were cut and

used in the pretest and posttest cal i bration of their corresponding

I ~I 

f 13
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•

transducers to account for line losses. The cable length for each trans—
• ducer is given in Table 1. In some cases, cables used in one phase of
- 

the tests were reused in a subsequent testing phase. Almost 2.7 miles

of cable were required for the test program.

13. The recording equipment consisted of: (a) WES—fabricated

model 01 amplifiers to condition the transducer output signal, (b) a
* Sangamo model 3500, 114—channel, frequency modulated, magnetic—tape

- • recorder with a frequency response up to 2.5 kllz at 7.5 ips and 20 kHz
at 60 ips (tape speeds used for the tests), (c) a Century model 5141 gal—

vanometer driver to supply higher current to the high—frequency galva-

nometers, and (d) a CEC model 1—119, 12—in, chart, oscillograph capable

of reproducing 36 channels of data at a paper speed from 0.25 ips to

160 ips at a frequency response of 0 to 2500 Hz. (Speeds used at Libby
were 14 and 140 ips.) Figure 9 shows the equipment setup at the recording
station.

• Test Procedures

114. The tests were conducted in 19714 in the following sequence:

• (a) sluice pressure tests (31 July—2 August), (b) gate vibration tests

• Figure 9. Recording station and equipment

- • 114
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(3 August), and (c) stilling basin wall pressure tests (5—6 August) .

All were recorded on magnetic tape. During each individual test, a por—

tion of the taped data was transferred to the oscillogram to confirm

that the data were being recorded and to make a visual check of the

results.

15. Procedure was generally the same for all three test phases

and consisted of the following with all personnel on station :

-• a. Record test number , dat e , time , and conditions .

b. Record zero (no flow).

C. Record step calibrations.

d. Raise test gat e to desired opening ; allow flow to
stabilize.

e. Record data on tape and oscillograph at speeds given in
paragraph 13.

f .  Measure discharge (Seattle District).

• ~~ . Record. upper poo 1 and tailwater elevations .

h. Record air and water temperatures.

i. Record step calibration.

16. Voice comments on the tape and notes on the oscillograph were

continuously made for later reference. Gain changes, to improve the

recorded signal, and corresponding calibrations were made as required

during the test period.

15
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PART III : TEST RESULTS AND ANALYSIS

* Sluice Pressures

17. Eighteen pressure tests were conducted in the center sluice.

Measurements were made during gate movement and at 1—ft increments with

gate openings of 1.0 to 16.0 ft, and then at 16.5 ft. The final mea—

surexnent was with the gate closing from 16.9 to 16.5 ft. The highest,

lowest, and mean pressures were extracted from the oscillograph charts

(Table 2 and Plates 2—7); also determined was the maximum instantaneous

peak—to—peak pressure fluctuation for each test.

18, As indicated in Table 2, during all tests each transducer
recorded negative pressures (except in the cases when the transducers

were not operative. As shown in Table 2 and Plates 2—7 , almost all the

mean pressures at each transducer varied over a narrow range of negative

pressures , regardless of the gate opening. The smallest mean pressure

occurred at transducer sta 1 with a variance from —3 to —5 ft of water;

at sta 6, the range was from —14 to —114 ft of water.

19. The accuracy of these listed pressures is dependent upon at

least three factors: (a) accuracy of reading the oscillograph traces,

(b) basic transducer accuracy , and (c) transducer accuracy improvement *

due to calibration. The estimated accuracy for these tests varied from

+0.5 ft for the low range (50 psia) transducer to +2.5 ft  for the high

range (1000 psia) transducers at a pressure of 20 ft of water . The high

range transducers (see Table i) were selected to ensure adequate pres—

sure range coverage in the violent fluctuations associated with cavita—

tion. The test results indicate that a maximum range of 100 psia would

F • have been adequate and thereby provided more accurate data.

20. As part of the overall investigation , the sluice invert was

surveyed in November 19714 at 1—ft increments along its length and at

2—ft intervals in the transverse direction (Plate 8). The survey con—

firmed what was observed by visual inspection : the invert did not con—

form to a smooth parabolic shape, varying by as much as 0.2 ft; rather ,
it tended to follow a series of chords along the theoretical surface.

i6
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This being the case, it is possible that the recorded pressures were af—

fected by the transducer location with regard to the sudden slope changes
• of the invert . The following tabulation lists the slopes preceding and

at the transducer location and is arranged so that the transducer lies

between sta 2 and 3 for each case (see also Figure 10).

Trans— Trans-
k ducer Sta 1 Sta 2 ducer Sta 3 ~y = Slope Comm ents

No. El El Loc . x El 1—2 2—3 on Installation

1 2185.92 2185.69 0.50 2l85.~40 0.30 0.29 Very slight U.S.
plate protrusion

2 2172.143 2172.20 0.35 2171.83 0.23 0.37 Plate protruding
U. S. 1/32 in.
or less

3 2162.06 2161.5)4 0.60 2161.09 0.52 0.145 Plate and lead
screw protrud—
ing U.S.  1/32

• 
• in. or less

3A 2162 .00 2161.60 0.90 2161.114 0.~iO 0. 14 6 Plate and lead
• screw protrud-

ing U.S. 1/32
in. or less

14 2156.86 2 156. 145 0.22 2155.98 0. 141 0. 147 Plate protruding
U .S. slightly

14A 2156.89 2156. 14 6 0.10 2156.00 0. 14 3 0. 146 Smooth

5 21 149.72 21149.28 0.30 21 148.82 0. 1414 0. 146 Plate and lead
screw protrud—
ing very
slightly

5A 21)49.76 21149.30 0.10 21148.82 0 .146 0. 148 Smooth

• 6 2 130.7 14 2130.21 0. 50 2129.65 0.53 0.56 Plate protrud ing
U.S.  1/32 th .
or less

S T A  STA STA

SLUICE INVERT 
~
.

H 
_ _ _ _ _ _ _ _ _ _ _

7.0~ -~~~ 1.0~

Fi gure 10. Invert slope relative to transducer location
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21. The worst condition would exist when slope 1—2 was substan-

tially smaller than slope 2—3 and with the transducer located just down-

stream from sta 2. This combination of conditions is most noticeable at

transducer 2. Since other transducers measured , on the average, lower

pressures than transducer 2, it cannot be concluded that the invert pro-

file affected the pressure readings. In addition to the irregularities

c ited above , there appeared to be a chordal effect between horizontal

construction joints. The relative positions of the construction joints

and the transducers are shown in Plate 8.
22. The field notes on transducer installation indicate that there

was a slight upstream protrusion of transducer plate 2 which could pos—
sibly have affected the pressure recordings also. However, transducers

installed “smooth” averaged lower pressures, in a number of cases , than
those installed with upstream protrusions. For this reason, it is as—

- • sumed that the installation of the transducer plates was adequate and
did not significantly affect flow conditions.

23. For the cavitation conditions occurring at Libby Dam during

the period of the tests, a pressure recording of —30.7 ft represents
vapor pressure of the water in the sluice.3 This value was reached or

approached at minimums in the pressure fluctuations during four tests
- 

• as follows :

Gate Pressure Transducers
Opening , ft Recording —31 ft

* 

1.0 14 ,5
5.0 3

11.0 3

15.0 3

Vapor pressure was then recorded at transducer locations 3 and 14, and
approached at transducer 5. Pressure fluctuations at transducer 3 are

illustrated in Plate 9 which is a 1—sec digi t ized sample from the mag—
• netic tape recording . During this short interval a minimum pressure of

—23 ft was recorded. The major i tmage occurred between sta 3 and 5

- • 
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(Plate 1). It is possible that initial erosion due to the low pressures

occurred near the location of transducer 3. This irregularity may

have then intensified the cavitation and caused erosion to progress

downstream .

214. The cavitation indices listed in Table 2 were calculated

using the equation

h . - h
= 

(V*
2

/2 g)

where

K . = cavitation index at transducer i

h.  = mean absolute pressure at transducer i, ft

h
~ 

= vapor pressure , ft

(
~i
2
/2g) = velocity head at transducer i, ft

The average velocity V . was determined from the continuity equation

V = Q/A , having calculated depth by the step method .~~’
14 

Although there

is no inc ipient cavitation index for reference , Table 2 indicates that

the indices generally decrease with gate opening (i.e., tend toward

cavitation). Since the pressures did not necessarily decrease with gate

opening and also varied over a small range (paragraph 18), the downward

trend is attributed to an increasing velocity head with gate opening.

Because of the questionable accuracy of the water depth calculations ,

the indices are presented as relative rather than absolute indicators.

Structural Vibrations
1 4

25. Structural vibrations were measured on the gallery floor at

el 22)40.25, sta +60 (directly above the center sluice), as shown in

Plate 1. These measurements were insignificant in almost all tests.

During the continuous gate opening from 16.0 t o  16.5 ft, maximum peak—

to—peak amplitudes were recorded on the oscillogram for all three ac— *

celerometers of the cluster. These maximum recordings and correspond—

ing displacements were as follows :

I
19
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Peak—to—Peak Frequency Displacement*
Direction Atnplitude, g’s Hz ii ft

Vertical 0.035 1140 0.03

Upstream! 0.0145 1140 0.014
Downstream

Transverse 0.0147 1140 0.014

* ~j  ft = 0.000001 ft; displacements estimated by the
2

sinusoidal equation d = acceleration,/(2llfreq)

Because of the higher frequencies of these accelerations, the computed

H displacements were less than those shown in Table 3 for gate openings

of 15.0 and 15.5 ft, even though the recorded amplitudes listed above

were larger.

Gate Vibrations

26. The accelerometers were installed on the control gate of the

center sluice as described in paragraph 9. The analysis included data

from the oscillograxns and the magnetic tapes. Table 3 contains a suimnary

of data taken from each source. The reduction and analysis of the mag—

netic tapes included digitizing the data and transforming it from the

recorded time domain into the frequency domain. This manipulation is

referred to as time series analysis and is the equivalent of a mathe-

matical Fourier Transform (or Fast Fourier Transform , abbreviated FFT).

This display presents the frequencies at which maximum energy is con-

centrated for a particular parameter , such as acceleration.

27. In the time series analysis , 1— and )4—sec samples were re-

duced from 10 of the accelerometer tests recorded on magnetic tape. The

upper cutoff  frequency 
~c 

for this analysis was chosen to be 500 Hz.

To avoid aliasing the original data,
5 the time interval (At) between

samples should be no great1er than 1/(lfc
) Therefore , At was chosen

to be 0.001 sec. Typical replots of the digitized data are shown in

Plates 10—12. 
-*

28. The following example comparison of maximum accelerations

can be made by listing data from the oscillogram and the time series

_ _ _ _  _
_ _

_ _ _  J
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analysis. The data come from Record No. 58 of Table 3, gate opening

15.0 ft.

DigitizeS• 
~~ i 1 I g i ~u~ ~~~~~~~~ Sample ,

Te i Jc —~ P e a k — t i—  _______________________________________________
Peak Peak )-~ax~ Our- . ~ — f e a k  S I

Frequency .Amplitu Ie Sii ipia~ ement Aripl i tude )Se~ uet~ y k - z l i t - u - i i  I e~~k— - - — i Di i-~ -eter t
:-i~- e~ ts-~ 10 - ‘~~ j  ft g ’ s Hz - ‘ s ‘s u f t

Tangential 250 0.590 260 0.019 ~).l90

Padial 60 0.87 0.7)40 5C ~- CiI~5 • . 1-~ C 13.0
• 

Transverse 150 0.19 1.0 t. 1~~5 0.OOt 0.008

The maximum accelerations derived from the oscillogra.m are random peaks

which may not have appeared on the 14— or 1—sec se~ nents of the digitized

data. Therefore, the digital playback will never contain peaks greater

than the corresponding oscillogram recording. The peak accelerations

listed under the FFT heading are the maximum coefficients in the Fourier 4series expansion . Their peak—to—peak value can be approximated by

multiplying by 2.

29. The natural frequency of the gate accelerometers is 75 Hz and
each accelerometer is damped to 70 percent of critical. In almost all

cases , as shown in Table 3, the maximum measured radial and transverse

accelerations occur at frequencies less than 75 Hz, therefore requiring

no adjustment . On the other hand , tangential accelerations occur at

frequencies much larger than the accelerometer natural frequency. The

predominant frequencies are also shown in the Fourier Transforms of

r Plates 10—12. Therefore , these tangential accelerations require adjust— 
- •

ment to account for the reduced instrument response due to damping (see

adjusted column above).

30. This adjustment can be made by expressing the ratio (rnagnif i—

cation factor) of the actual to measured acceleration (Aa/Am ) as a func—

tion of the frequency ratio (f/fn ) and the damping factor (0.7). To

ad.lust the tangential acceleration in the listing of paragraph 28, cal-

culate the frequency ratio 260/75 = 3.147 From the magnification

ratio graph,
6 
determine Aa 5Am . Then the adjusted peak—to—peak ac-

celeration would be 2 x 5 x 0.019 = 0.19 g1 i- . This corresponds to a

displacement of 2.3ii ft at 260 Hz . The radial and transverse

21
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displacement s were calculated using recorded accelera t ions .  All three

estimated sets of values represent the predominant  d i s n i ac em e n ’s  and

frequencies to which the gate is subj ected for th i s  ; ~ticifl ar -te

opening during this segment of time.
31. An attempt was made to determine if there was a rei ltionThi t

between the gate vibration frequencies and the frequency c-f pressure
~1

fluctuations of the transducers on the sluice floor. The cross—

correla t ion of two sets of data describes the general dependence uf the

values of one set of data on the other , in thi s case the dependence of

pressure fluctuations upon gate vibrations. Plate 13 presents the power

spectral density plot for tangential acceleration an-i pressure trans—

ducer 5 at a gate opening of 10 ft. Also shown is ~i plot of the cross

spectrum of th - two phenomena . A significant ~-eak in the latter plot

would imply -t rorre1at~ on at the frequency of the z k .  The magnitudes

• of the cr~- — o e •~tl-a1 tensity plot are less than those of the pressure

ftuc tiat - i- ~ris plot. ~inre no s i g n if i i a n t  peaks result Thor: the combi—

nation , it is assumed that depend enc e of pr essure on vibrat ions is

insignif icant .

Stilling Basin Wall Pressures

32. Pressure fluctuation measurements (Plates i~. and 15) ~y trans-

ducers located in the stilling basin wall were described in ~-a r:~ :r aph 10.
The test d ischarges , as shown in Table 14, were 20 ,000, 29,000, 37,000 ,

• *if l~ ) 0)-proximately 147 ,000 cfs . Considerabl e damage to the test equipment

and ling along the stilling basin wall was experienced at discharges -:

of 37,000 cfs and greater . The test equipment was severely • ir: - i  and

the rail in~ completely destroyed as the spillway gates were opened in an

attem )-t~ to rectsh 50,000 c- f s .  Because of 3-he damage , the gates were im-

mediately -:1os~’- • 1 and the discbori~e was estimated to be 147,000 cfs  a t the

t ime t~he pressures were recorded . In 1::equer 4 tes ts, the maximum dis—

~~~~~~~~ was restricted to 29,000 - ‘ fr.

33. The pI’ - --tcty~-e da t-I listed in T I bl e 14 revealed the largest

f t - l s t l r it  I - n o  n wall pre :~; fl~~ . t - -  b~ nE-ar t h ’ botl on ~f the basin. The

22
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mean pressures at the upstream end of the stilling basin were lower , and

the pressure f luctuat ions were great er , than thos-3 in other parts of the

basin. These two observations are presented graphically in Plates 16—21.

Plates 16— 19 present pressure fluctuations at transducer el 2083.0.

These should be compared with the much smaller fluctuations (for the sar.e

discharge)  wi th  the transduc ers located at el 2110.0 (Plates  20 and 21).

These plates also illustrate the increase in mean pressure and decrease

— in pressure f luctuat ions  in the downstream direct ion . The accompany ing

Fourier Transforms indicate that the predominant frequencies of fluctua—

- ‘ 
t ion were less than 10 Hz. Table 14 indicates the magnitude of pressure
fluctuations was as large as 214 percent of the calcu lated entering ‘y e—

locity head when the discharge was 37,000 cfs and the pressure trans—

ducers were located at el 2083.0 (10 ft above the basin floor). These

ratios were smaller at lower discharges. The entering velocity heads

listed in Table P were cDlculated using depths determined by the step

method3’5 down the curved port on of the spillway and OCE Category “A”

• I I rogram number 722~ i6 ~ i-7~~6AF, P6209 was used down the constant slope

portion . The 1 value for r-’-u~ hncss used in the calculations was o.0014
for concrete.~~’

8

314. Pegative pressures sufficient to approach or reach vapor pres—

sore were recorded at location PC—l (Plates 1, 114, and 15 and Table 14)

f-~r discharges of 29,000 and 37,000 cfs. This location corresponds to

an area where damage has been discovered in an inspection subsequent to

Phe prototype tests. Mean pressures at location PC—3 for all discharges

- - 
were fai rly constant , within +2 ft of their collective mean . Also , for

all tests conducted with pressure transducers located at el 2083.0, mean

pressures were the highest at PC—3 .

Model—prototypo comparison

• 35. A comiarison of model study and prototype data is presented

in Fobie 5. When comparing the model and prototype results , the accuracy

of the equipment used to obtain each should be considered . The prototype

pressures are assumed to be accurate to within +3.8 ft of water. The

accuracy was determined usi n g the manufacturer ’s spec i f ications for the

pressure transducers and the resolution of the oscillograph records. The

23
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model pressures were measured with a 25—psia pressure cell. The esti—

mated error varies from +2 percent at the maximum observed pressure of

76 f t  prototype (1.5 f t  model ) to about ±~ 
percent at a typical mean

pressure of 35 ft prototype (0.7 ft model). Model pressures within the

• range of +10 ft prototype would contain considerable error (15 percent

and greater). The mean pressures listed in Table 5 for PC—li to P0—15

are less than the limits of the accuracy of the recording equipment and

probably can be considered to be atmospheric . Also , visual inspection

• revealed these transducer locations to be above the water level except

- • 
- during surges.

36. A comparison of data indicates tailwater depths to be greater

in the model study than the prototype for nearly the same discharge if

the mean pressures on transducer PC—5 are used as an indicator of the

tailwater depth (Plates 1~4 and 15 ).  A reason fcr this could be due to

the lO ,000—cfs powerhouse discharge simulated in the model tests. 2 t -

other factor could be the differences in model and p~~~:tct~~re •lischarres

for model flows of 30,000 and 140,000 cfs (Table 5).

37. Plates 114 and 15 show comparisons of the model—prct-tty~ e

with the transducers at el 2083.0. A similar c- rn) - r ~ son for trans-loser

el 2110.0 can be made by referring to Table 5. For the reason stated in

paragraph 35 relative to near—atmospheric pressures , a comparison of the
data at transducer el 2128.0 is not suggested .

38. The least favorable comparison occurs at transducers PC—3 and

P0—14. The prototype pressure is consistently high at FC —3  and low at

P0—14 by about 25 percent (using the prototype res -lin~ as a base). fe-n—

sideration should be g iven to the error stat ed in paragraph 35 giv ing  a

final possible difference of 17—33 percent . This difference could be

due to the heavy surge (about 20 ft) experience-I in the prototype which
2

apparently was not recorded in the model study . Plate 15 and Table 5

ind ica te  that a negative mean prototype pressure occurred at PC— i for

a discharge of 37,000 cfs while the mean model pressure was pcoitive .

The remaining mean P0—1 readings agree to within about +10 percent.

This seems reasonable considering the stated prototype test conditions .

21, * 
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Previous prototype study

39. A model study9 of pulsating forces on stilling basin side—

walls indicated they could reach magnitudes up to 1.5 times the entering

flow velocity head. It was felt that this figure was excessive and

should be further investigated . Additional information would be useful

in the design of other similar stilling basins.

110. Stilling basin pressure tests similar to those at Libby were

conducted at Barren Dam, Kentucky , in April 1965.
1 

The stilling basin

~ floor at Barreni is 10 ft below the conduit portal invert and contains

streamlined baffle piers and an end sill; in contrast, the Libby Dam

spiliway crest is 322 f t  above the stilling basin floor which contains

t no ba f f l e s .  ~~ 1sating wall pressure measurements at each of these proj-

ects would provide information for two distinctly different structural

designs.

141. The f luctuations recorded at Barren were less than 0.3 times

the entering velocity head. As shown in Table 14, the maximum ratio

recorded at Libby was 0.214. A plot of these ratios is presented in

Plate 22. The data indicate that the pressure fluctuation to entering

velocity head ratio increased in an upstream direction during the Libby

Dam tests (paragraph 33). The same comparison for the Barren data is

inconclusive. The majority of the data from the Libby test series in—

dicates that the ratio increases with depth . Again , the comparison for

the Barren data is inconclusive . The magnitude of pressure fluctuations

at Barren was largest at the upstream location which agrees with the

Libby test findings (paragraph 33).

25 
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PART IV: CONCLUSIONS

142. The following determinations and conclusions result from anal-

yses of the data reduction of the Libby Dam prototype tests.

143. Sluice pressures:

a. Negative invert pressures were experienced at all nine
-
~~~ transducer locations for all gate openings.

b. The possibility exists that the chordal invert surface ad—
versely affects the pressure along the sluice floor.

c. The calculated cavitation indices indicate a general ten—
dency toward cavitation conditions as gate opening in-
creased , primarily due to increasing velocities.

- I d. Vapor pressure was approached or occurred at minimums in
pressure fluctuations at transducer locations 3, 14, and 5
(in the damage zone) for certain gate openings during the
tests.

e. Transducer 3 indicated vapor pressure at a number of gate
openings. The possibility exists that this general area
represents the origin of cavitation damage .

f. The presumed originating damage near transducer 3 probably
intensified the downstream low—pressure fluctuations which
caused progressive erosion along the sluice invert and
right wall.

~~ . 100—psia—range pressure transducers would have been ade-
quate for these tests and thereby have provided more ac-
curate results in some cases.

- 
- 

1414. Vibrations:

F a. The vibrations computed from measured accelerations on the
gallery floor were generally insignificant.

b. The sluice control gate is subjected to a range of signif-
icant accelerations in all three directions .

• C. In the cases of data reduced , the tangential displacement
was always much smaller than the radial and transverse.
However, the latter two displacements occurred at frequen—
cies about one—fourth that of the tangential frequency.

d. Data analysis failed to indicate a correlation between
downstream pressure fluctuations and the gate vibrations.

145. Stilling basin wall pressures:

a. The mean pressures were lower in the upstream lower por— - -~~

tion of the stilling basin. This agrees with the model
and Barren Dam test data. —

26
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b. Vapor pressure was approached at sta P0-1 at the higher

— 
discharges in the Libby model and prototype tests.

c. Tailwater elevation in the model is greater than in the
prototype, probably due to the additional lO ,000—cfs
powerhouse discharge simulated in the model.

a. A heavy surge, not indicated in the model , occurs at the
approximate location of the middle carriage slot.

e. Pressure fluctuations reached a maximum of 214 percent of
the entering velocity head in the Libby tests compared
with approximately 30 percent in the Barren tes~~’. This
ratio increased with depth.

f. Floor and wall erosion is predictable in the lower up—
* stream portion of the stilling basin at high two—gate

spiliway operations (about 14o,ooo cfs and greater).
Comments

116. A combined effort between WES and the Seattle District is

under way to attempt to alleviate problems discussed. Action being

taken includes : (a) contracting a panel of experts on cavitation to

study the problem and make recommendations , and (b) conducting a model

study by WES to determine the cause (causes) of sluice damage and to

recommend remedial measures.

- 

- 
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Table 1

Instrumentation

Location of Cable Fut t i - i .
______________________________ ln struments ** Length

_______________ 1 - e -  Sta El ft  Mea surement  t i .  ________________________________

1 CEC -— l. 50 psia 1*5 . 12 ‘ IO- . - 538 Sluice j r e su u u - . 1~ ( Tes t numbers i n Su l t -  - -ui  I —
br u t j f , r f  and ‘~a’.l-
conditions

2 CEC l~ 3iI ’ 150 psia 1* 1.2 1 ,  .0 538 Slui ce pressure I—El

CEC - — i l l 1000 ~~ia 1+ 1 9.5 ‘161 .1 533 Sluice pressure

3K N e - t I e r  0-013 1000 ~~ja 1+1 9 .5  1 1 6 1. 1  533 Sluice pressure ~~, ‘ Grounding r r - -Ll,-r affected
Out rut

A SEC • — 1  2000 psi a 1 + 9 . 5  , 12 i1 .1 ’ rl lOu i s pr - sure 1 — I t

3A - - — 1  500 psi. 1* 1 9. 5 :161 .1 538 11, 0- c pressure l’1_129

4 
It SEC 1 _ Il 1000 p si 1+’ 1.1 i~ C .~~~~~ 5l i Sluice pressure I_ I l

~~ CEC ~~~~ 1000 psia ~‘ I 1 15 6 . 3  580 S l O e  pressure 1—01

--A K Ki let 603A 1000 psia 1+ 1 .1 1 - 1 2 5 6 . 2  580 1 l 1 1 e  rr -1-ssu re 1_ L E Sr . ,ur t c r r l 0,u  aOl- t e l  Ioutput

5 CEC -_  r 1  1000 psia +15. - ‘119.0 5-611 Ci t r i c per- tn-c I _ E l .

5A CEC 1 _ - 1 3 2000 psis u - - I ’ ) • O  578 lIe- r i -c r t - t - su , e  1 — I l

53 CEC It_ I l l 500 psia + 1 1 . 1 1  2 1 19 . 0  578 Sluice pr ‘ure 1 1 — 9

SEC 1,— lI - 150 t- ~~I - r  *1’ . - 1110.1 568 lab ,- press~~s i~~12 9

1. ’ .1’ uth-on  33 5 -0 2-n ’ or sluice Cr1,: -  580 0-tIe —u, - ee ler a l  i n n — —  OS_ El,
O rn E e t t i t s i

-SF 0 thee. A N  5 ~- ‘ s Cen ter s lu ice  578 Gate a c c e l e r e t i - o r — —  2_IS -
r ad ia l

GT -un A l  5 - ‘ s C r e s t  O u i - e  gate OS Gate a , ,o:Ier-,l I en—— -0 — ( 12
t I l . t0’ C

- _  — - — I - I 5 g ’ e —— 1- 1 10 . ,  5 923 2 , - ; .  t r e  accelera t i on  ‘ -Il_ - I
—— ‘,erticsl

551 ._ . — - _ 5 5 ’~~ 
_ _  —— 610 e -r  - - ta r - - aec-elerar ion ( 1— I -

— — us ‘1 rr -ars—d ewnatre ssn

ri eEC - — — — - - i  1, - ‘ f —— —— 538 : r u t ur e -,o e - - 1 , --r s t  I ,
— — t r a n s v e r s e

ssi i-p .r 1 — 1 1  100 - I t t  - u  2 ’,ru-d 011 1 S t i l l i n g  i - e s ’ , w a l l  ‘ — 1. Tran sducer s  w e r , -  eel l a s er
pressure s r I  i n C  -- - - - I - a ,  d i r  fl~~

All  we re t N . - -sn - -
013 ’ CEC — 0 1  100 ~.‘i- - s - Jt S t r i c t  10 S t i l l ;  SC ban in  wal l  - - — 0 r 1--]  an . r  range

pre r sure

• 8B3 SE C _ 1 .  100 ci . 1) Var ied 9” I 1 1 1 1 1  i n ~- basin wall ( I _ i ’.
pressure

:‘kr~ CEC 1,_ I ?  100 p a i r  s -0  San d 918 1 i t i I l i n ~ 1 . 1 ’ , wal l  12— 71’
p r - -cu r e

OP- I- CFC It~~i12 100 pa ls - +~~ r i --I  9;’ l 1 t  b i l l e r  b a s in  s - - i l
3 pressure

H

1. -c Plate 1. 1 4
I 41 - 

m El ’-  length s- i. - ohan g .-- i  dur l , , s  course F •- ,~ O.t - . -‘

~~~~ Al l . . ‘ ‘-- i -  gage ‘ I ’ : . i i  t n , - n - , h A P .  
—— 
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Table 2

Center Sluice Prototy~ e Pressures, Velocities, and Cavitation T o r i  ‘es

Gate 0penin ~ Transducer Station
ft Iteis~ 6 5 14 3 2 1 5!~ 14A 3A

1.0 V . li~’ 814 .27 85.88 91.93 97. 140 105. 86 814 .27 85.-~ 9 r . 9 1
Q a 900 cfs  K 0. 200 0.115 0. 111 0.23 11 0 .181 0.159 0.179 0 .207 0 . 12 01

H —5 0 0 20 20 — 5 —1 3
I’S — 10 —18 —18 0 _ii ~ —11 ..7 —T
L — 16 —3 0 —31 —13 —9 —25 —2 3 —9 — 1 5

P/P 10 30 31 33 15 31 29 35 1’O

V 1113.2 1014 .5 105.1 105.7 107.7 111.8 1014 . 5 105.1 105. 7
Q a 1, 150 cfs  K 0.113 0.122 0.162 0.1118 0 .121 0. 137 0.199 0 .150 0. 117

S II —3 1 6 - - 1 5 11 7 14
1-1 —12 —10 —3 —5 —9 — is 3 —5
1. —20 —23 — 17 _lhi _ 11~ _ 1l, — 17 —19 —~i

P I P  114 17 19 214 15 15 29 18 11;

-1 . 11 V 10 . 6  111. 14 110.9 iio.6 I I o .L 110.9 111. 110.9 110.6
Q = 2 , 55/ I  c fs  K 0.120 0.113 0.1110 0.130 - . i l ;  12 . 112 0 0 1 2 1 ’  0 .1145 0.15i

H 2 1 5 8 0 -
_ 

2 12 25
-I —7 -.9 —14 —6 —14 _ 14 —6 —3 —2
L — 5 0  —16 —15 — 2 0 —9 —i .e  — 16 —15 —20

P/P 13 18 19 26 112 15 22 38

1 5  V 111.5 109.95 109.38 109.00 108 . 1 1 1~-, - -  - 1 1• Q 109.38 109.00
Q = 11 ,150 cfs  K 0. -I-S O ~~~~~~ 0.138 0.161 0 . 1 . , 0 . 15 /  0 .138 0.161

H —3 ** 0.5 2 7 ** ** 1
M —l i i  7 5 —1 _ i, —5 —5 —1
L —21 —20 ** —3 —17 —10 -  ** ** —2

PI P  17 29 20 3 16 i tS 15 21 2

5 . 0 V 1121.11  109.81 1 0 .~~~- 108.23 101 .99 1 0- 95 1 0 .  108.85 5/ .23
Q = n ,780 Ct’S K 0.116 0.111 . 110 ~.130 0.128 0 . 2 1 , 1  0.100 0.1145 -Tel]

out
II 17 20 23 12 9 6 ** 15
11 — 8 —10 — 5- —7 —- “ —5 — 11
t, —22 —2 5 _ .I l  — 1- 1  —22 —13 *~ — 1 1

P/P 35 h i  1 2 1  50 32 15 21

6. 0 V i ll i . 65 111.914 110.1112 110.02 11111 .70 107.02 111.91 110. 814 110.0:
Q = 1 ,500 cfs K 0 .12 1-  0.112 0. i S o  0 .121 121 .129 0.150 0.137 0.1145 ——

H 3 1 9 12 2 7 10
1. 1 _ I -  9 1~ ~~1 —7 _ :~ _ :~ ~3 Cell

1 ’ -  L —15 —17 —13 — 16 _ 1( -0 _ l 1 ,  ~ i 
-

P/P 15 16 i6 15 1~ 13 17 18

7.0 V 116.05 111 .9:: 111.71 1 1 08 7  109.02 - 112.9. 111.71 U0. -0 1
Q = 5, 00 ~ fz  K 0 .1 0 3  0 .1014 0.158 - .1 35 S- .128 0 . 5 0  0 . 1 0 3  0.158 ——

ii —6 ** ** 0* 5 *0 0* ‘ - : 1

5-7 —9 — 10 0 — 5  —7 _ 12 10 0
14 — 1 9 ** ** —1’ ~ —i It  ** **

• P/P 17 25 16 17 17 17 32 ‘I,

8. 0 V i S . - i  115 . sS  113.90 i i  -o014 111.11 108. 19 1 1 2 . 2 3  1 1 1 2 . 5 . 7
Q a 1 , 1 1 - 1 1 :  ct’s K ( . 0 t S l  0 • - 7  0.11 11 - .112 0 .118 0.1145 0.057 0 .150 ——

H — N 2 2 ~~ Cell
out

—13 —1 5 —3 _ I1 . 121 _d~ ..j 9 — :
L ~55 *0 ** —1 6 — 1 1

p/p dO 23 i~ - 23 iii 15 25 22

K TOtititiut - i )

~ V eu- -r ice- - velocity , K = cavi ta t ion  I n - h - - n , H = l i I 5 h - - l t t  1 , t t : r n l  - , ,  ,., - t - r - e n ’u r t - , 57 ~ mean - “ i t - -
14 = 1- v--cl i n r t ,antm n’- r ,,r e - r- t: r e - . ‘sn-I P I P  = i l - - S t  peak—peak pressure.

~~ 5- -ri -’ 5-i, - ’, 7 t h a t . ~ ‘ - - 1- c w r e n - , I - 1 l r S i r r + ’tt i sh al l ‘- - ‘ri -t oO l I e~’rut -h recor-lo.

_ _ _ _ _  -- - ——-~~~
• ,

~~~-- - - —
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Table 2 (Concluded)

Gate Opening Transducer Station
t’t Item 6 5 It 3 2 1 5A IrA 3A

9.0 V 120. 7 1  117.29 115.91 1111.99 112.911 110.514 117.29 115. 91 1114 .99
Q = 6 ,850 St’S K 0.109 0 .111 0.112- 7 0 .08 1 0.125 0.1111 0.120 0.1147 0.111

H ‘ —i 5 — 6 2 5 Is ii 7
s: — 6 —7 —i — 111 —6 —14 —5 0 —8 12
14 —15 —15 —11 —26 —15 — 13 —17 — 10 — 19

P/P 13 ~I - lit 20 17 16 13 19 20

10. : -  V 1 - - . 146 110 .90 117. 141 116.5 3 1114.111 111.92 118.90 117.117 116.53
Q = 7, 700 ct ’s K 0 . 1 2 1  0 .103 D.0’9 0.112 0.117 0.137 0.113 0.129 0.131

H - 1 10 3 2 5 8 10 16
~i —11 —8 — s  —7 —T — 14 —6 —3 —3
L —114 — 18 — s : :  —18 —16 — 15 — 16 —12 —12

P/P 1-4 18 1~ 18 13 11 20 19 23

11.0 V 125.0 ’ - 121. 112 1 1 1 .97 118.85 116.83 111 .22 121. 112 119.97 118.85
= ‘s ,-:so cf ~ K S b - O.iOIs 0.133 0.113 0.117 0.132 0.112 0.133 0.090

11 2 1 10 6 1 14 8 11 3
—6 —7 — I  —6 _( is 5 — 1 —11

14 —17 — .0 — i:- _2h-t _ 10 —12 —22 —10 _2 1i
p/p 15 16 114 26 15 13 23 20 22

1: ,1( v 1- 6 . -I 122 . -I 1. - ‘- .9? 1l 9. .~I 117.75 115.914 125.51 120.99 119. 06
Q 9 , , ’ - -  - cfs  K -7 .1’ ,-~ 11 .102 ( .117 0. 102 (1 . 1 1 5  0. 130 0.119 5 . 1 1 2 1  0.i06

H 3 9 1 0 1 ( 6 13 3
— ~ 

_ I . — , —it —8 —6 _1~ — s  0
14 — 12 — 7 9  —12 —1 5 —15 _ iht _ ]14  —9 — 2 1

P/P 15 28 15 16 17 111 26 20 23

13.0 V 126. 9 1 1.02 121.15 120 .32 11’ . 1 . 115. ’ - S , ’ . GI 121.15 120.32
Q = io ,5/-o ~5e; K 0.107 0.109 ‘1.117 ( / 1 1 1  0.109 .12 0 ‘. l i e  0.139 ——

H 2 14 — o  1 l~ 7 12
12 5 14 9 .4 .2 — u  1 Calib .

error
L —1:  —1 : —13 —20 — 1 7  _ 1 -  —15 — 11

p/P 10 1 5 11 17 17 15 19 19

iIs.o V 130. 12 126 .1 56 ~,-14 . (1 1 .58 1-1. 14: - 118 .58 126.26 1214 .7 14 123.58
Q = 12 ,000 e lSe K ‘ ‘ - I S -  (1 .088 0.111 0 .00 7 ~i 0 -4-1 0.127 0.10 14 9 . 121 0.1014

8 2 0 6 16 It 7 11 11 2
57 —6 —9 — S — - 1) — ‘ — — _ — 1 —6
1. — 114 — 18 — 111 — - - - —2 ~ _ h  -

- — ( - - — a —17
P/P 13 16 21 35 ‘3 16 i l  1

15.1 V 1 11 021 1 - ’ .58 ) :. r (  12O.0~ 117.01 125.21 l S e . ’ -S 122.36
4 1, = 13, - I l l  c fs  K 0.091 0.080 0.113 0 . 12( 9 -1 0. 09_ I 0 .130 ‘1.19 9 0.117 0.093

H 0 1 6 15 1 10 6 9 1
s-s —7 —10 _ 14 —9 —9 _h — — 9

i i ?  J 14 —15 -21 -I —31 - ‘0 - I N  -12 -13 -19
p/P 11 i 19 10 NI) 17 18- 15 17 15

1( . ( V 159 . 61 , ~ t 5 . b,1s 7 .  - I ’ . - 120 .21 117.06 125. i, l , 123.83 122.58

• 
Q = 15, - I ll  ct ’s K 10091 0.0117 0.108 0 .0 97 0 .130 0.09 5 ‘7 .111 ’- 0.09 3

H 1 1 -1 21 2 7 5 7 0 K
7-7 — 1 —10 — 5, —10 —9 —3 — R —~~ —9
L — 2 5  — 1’1’ — 1 6  —21 —2 1 — 114 —15 —11 — 19

P / P  11 20 21 38 22 18 16 18 15

V 127. - I : ’  1.38 1 ‘1. 6’: 110. t O 117.86 1114 . 55 1 : 7 . 10 121.65 120.36
= l6 , io ~fs  K (~ . fl’) ’ 0. 1102 0 1 0.088 0.101 0 .136 0.113 0.121 0.096

K 1 1 7 5 2 8 6 9 1
- ‘ _ 6 —9 _ -. — 5 1  _9 _ 3 I~ _

~~
L — I I  - 13 _ ] 5  -. 2  —20 — 16 —12 -15 —20

P/P 10 18 18 27 18 19 15 19 i6

t- -, ‘ - 2 .) H 0 5 ‘1 10 1 12 9 12 1
s-s —6 — 8 — i  — ‘ - —9 — 3  —3 —1 —9
14 -13 — : 1  - 1 -  - - - - - -21 _ l l . -18 -10 —2 1
P/P 11 20 II’ . 1 iP - 21 18 15 17

I
-— — -5- ‘—-.-----—i-—- -’- —. -_ - ‘—5--- -5-- 

- - — — — -
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1+115 3
Center  1 b , , i ’e  I n :  t - -ty3 .e Sate Vibration, August 19 1

Gate 11,i lleny F leer
Record Opening late 7~- ,n neisrn ’
No. ft Item Tangential Iladial Tnat nverse Vertical Downstream Tr t t t , , v .n x r
50A 1

l’ceq,  Hz —— —— —— —— —— ——
Accel , g ’s —— -— -- —— — —
Dlspi , I —— — — —— —— ——

Samtle
Max , g ’s -.0.033 n - . ’ .- : +o,0i6 5, . -1o5 +0 007 xc 
Mii i , g ’s —0 .0 31 —1.0/1 — 0 .015 —( (.110 1 —0, 115
9113, g ’s 0.023 0.100 3 . 110’: 0.002 (1 .101 0.0 02

VP-I
Max u , - ‘s ‘00029 0.0018 0.0030 0.0017 0.1,010 0.0006
0 1* 1,  1312 263 155 180 180 1111) 60

a, C ’ s 0.0017 1, 301111 0.0008 O.000lt 0.0002 0.0002
P-req . lIz :62 1.6 60 59 59 59

51 5
Ft-e.~, Hz —— —— —— —— —— ——

Di sp l , a ft — — —— —— —— —— — —

Sample
Na,, , a ’s *012115 *12 --0 .02 1. e ’., lil ’ .1- 006 *11 , 1-1 0
7 - l i e , ‘ s —3.087 — 0 . 0 5 1  —0 .023 — 7 . 7 1 2 1  —0 .006 —1 , 11
P-MS. g a  -‘- .0’S 0.011 0.101’- 0.002 0.002 1.11012

lix , ~‘ s ‘00109 0 . 00/1 0.0031 17 .1017 - ‘- .0011 0.0009
Yreq, es 1’-9 69 180 180 180 60

tax a , - ‘ s 0.0050 0.0011 0.0008 0.00014 ‘.0000 - -
P-req . Sc. 259 :0 60 59 5 9  59

52 7 -- 12
Hz 1-t O 60 60 — — —— ——

- ‘ c 0 .11127 c .o66 0.031 — — —— ——
l ’ix;- l , s f t  12u 5  19.0 6.9 — — - ——

S ’ s *12/ 91 +° 505 *~ 3 12 *1 .011  .015
Mba , p ’s — 0.1 - 5 5 —0.517 _~~•~~ 17 — ‘ 1 . 110’ —0.011 —0.011
07-7, , c ’ s -1- 091 0.168 0. 10’ 0. 0111, 0.001 0.001.

S-t x -, , c c  ‘01211’ 0.12714 0.0115 (- .1~-1/1 0.0025 0.00:12
Freq , Hz 258 71. 140 71. 71. 71.

0.0271 0. 0 0 *  ‘2c~12-1 , ‘001105 10-12:---
f r e’~ , liz 25-- 73 39 59 12 11 0”

53 10 5j, j  
. 1  ‘2 Hz 260 0’- 60 — — —— — —

- 
I -0’ ‘‘ 1 .1, i 0.132 0.011 — — —— ——

- , i x i /1 ~. ft 12.5 .000 ‘03 — — —— ——

5l
~tx , g ’ s *01(5 + 1 0 ’- * - .r0- ,- : .~~1 . . 1-- ’ r * 001

‘I I-S i r, , ~ ‘s —- . 013-11 — 00
.

- - — ‘ - 0 ’  — 0 .  _ 00t —~~ 005
- ‘1’ . g ’ c 0.017 12’, I l l  - . 5/ 0002 - ‘.- 0. -

?12ax ‘ , g ’s 0.0060 ‘( ‘13 ’ ‘0 — 0.0017 - . ~~I 0  00OO~
- 

f m ’ - 7 ,  Hz 27 35 03 90 180 90
0 ’

‘-‘--C “ , C ’’ ‘.O1~ 
- 7 .fel0’l : 00  00001. , e 0.1, 11-1

I Hz 1’ 33 1’ ‘1) ‘0 ‘ ‘4

(Sor t 1~~*2

l~ - - -  , ‘- ‘cix O tt- . v- - I - I , :  12 4 and - - - + Hz r t i_ - I l l  ( are - I ‘ - I C u  111 m o u l t  ti -c t a” , Tot- P-Pr , ‘ ‘ f - c  - -5 ,-n ‘ ‘ i x  i s , ’  4
- - - A - “r e--t sr , , ,e  - - - I ‘-tot ‘ l , -t,, 100 II: ’ . -2 - I -~ 1 3 c - t , qr  at ’ n i l  i l i v  *12! “ 1
at 1’~ : i : i ~ I ’ : ’ f ,~ -c tu n- ‘ 0 c c ,  r Sri . srrs l 0’- I - ‘ ‘~ 

is v- - I  I ‘dove ‘-00 ‘ - -  -
- I - - ~~~ - I ‘ . - x l  0 i t  tit .: U - r i l e , - - 

Hz a c i i ’’ i  at , ’ fee- - 1 u—-a- -y  - -f  osi : i l l’, ’ l - e ,  a c t — I ,
1 1 ’  . . C  ‘ 12 f - i l l  v i  1’.) or :eI, , ”, i ’ i - - ,  ‘ ci,-, I I— ’ - — t ’ - e k ) .  2I , ft  • p x a i l t — t - - —i- - - - ,k - l I d ’- 1 ‘i l  , 0 : l S - , . - - -ec 0 - m m ’ 1-to,/ ( ‘ e e ’r ’t iu, -t , - y )  -

c~~~, 5 I h i l i t  ict ,~I ,t an~ l ’ ~. -i V - - t l  Ii see 1 1001) 1-11-C - I _ _ n ’ -—- - ms3-,. - -  I - - -
?~~, - , - ‘

~~ • cre tIn ,-’ m d — m t - i t  us ‘—b n in  * Or ” - 
‘0, , g ’ s = (n - -,’. - “ I n , -t ’i t i t,an,r : - i s  ‘ ‘- ma ’ -n I’ l~~ On- - . - ’ - - , .
PM , c ’s = C’- - , — — ia—square of - - -
OPT = Fact  - - - in - : , -  Tr an s for~n i n I i t ’ a t - i -e 0 r !t eet , - :sr, (202 1. -‘ — i s )  (“ne-n v xmt 5 I - - i -
7-Ir,x - , ,‘‘,‘ = -/ ,_ Itt _ ti , ‘ r n- u x i r n - c-: -- 

- ‘ In: p • ,t t O ,  w
4
t , ’ . - i , . - x - - -

I , HZ • ‘ Cr 7 4 , ‘y 2 ,‘
~ 

- - *7 :1, l i t ,  ‘ - - flax imut,, -. 
- -- ‘2

- 1 ’,. ’ — - -  - I r un , ,  i r  r f 5t V t i I u , - c  Ie ’ r s-i- - u I - .
- -  = v - i l -  a - , - af ~axi~~~ “-, ‘ (a s  - i i .  r n -  - - 

. 5 1 ’ -  i ,-e -t- ~~’ :ni’,,t’ 3 . ~ i i t , , - t , r,sX I lt u5i ’’ - , , ” C
— = 5 ,31213100 ‘ ‘  ,

• Data mait !.e,1 v i er m l  m-az’lr- 1-ion ’ em war ’- i r , a i - a , i 2 - c $  -

-5 I
7, I f

~

..
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Table 3 (Concluded )

Gate li’.llery Flruor
Re’tcnl Opening Gate IJps ’,net.ci /
No, ft Item Tangential liadial Transverse Vertical t tuwnxtr vn sum Tranaverne

55 Di
Freq, Hz — -— —— —- —- —-
Aced , g’s — —— —— -- -— -- 

- 
-

t - ispl , ~ ft* —— —— —— —— ——

12
Freq, Hi 260 1.0 60 -— —— ——
Accel , g a  0 ,2 0 0.19 0.10 —— —— ——
Dispi , mm 131 2 . 1- 100.0 52.~3 —— —— ——

V*mx , g ’ a +0, 101, +0.186 +0.0129 * 0 1 - - + 0 01  +0010
Mm , g’s — 7 .122 —0.172 _O .111 9 _ -

~~cI~~ ’ —1- . 3’- ’ —0.007
liMit , p’s 0. 029 000*2 0.015 0 . 1110 0.002 0.002

P-Pr
Max a , 5 ’ s 0 .90 7’ 13.C1’I ‘0C0- ,~ - 0.00 18 0.0011 0.0008 2
Freq, ii: 258 10 - 180 180 60

Max a , x ’ s 0.00143 0.0001 0.0 1  0.0001. ‘0.’~~-3 0.0002
Freq , 1:’ 257 1.3 37 59 - 59

56 13
Fre ; , Hz — — — — —— —— —— —-
Aced , x ’ s — — — — —— —— — —  ——
Diapi , it f t  —— —— —— —— —— ——

57 11,
Freq, Hz 250 60 60 60 60 122
Accel , g’s 0.80 0.~~5 0.31 —— —— ——
DI spi , mm f t  11 .0 190.0  78.0 —— —— ——

Sample
Max , g ’s +1) 11 +C 339 +0.113 +l3 . ’09 +19 17(0’ ~~12 . .

f-Sin , g ’s — ‘02 146 — 0.37 14 —0 . 599 — 0 0J ’ —0 .005 —.3/ IL- ’
liMit, a ’s 0.055 0.086 0.0-0 9 , 1-1 3 0.002 2.19.

P-Yr
~i’ax a , g ’s 0.0137 0.0196 0.0080 ‘00011’ 0.0012 ~~.*, S
Freq , Hz 26 1 , 50 142 180 180 60

Max a , g a  0.0091 0.0123 3 . 9055 D,~~e9L 0.0002 13.0002
P-req . liz 261, 50 142 59  59 129

58 15
Freq , Hz 250 60 150 60 60 60
Aced , g ’s 0. 1,3 0.87 2 . 1 ’ )  001 0.01 0 .01
Dispi , mm ft 5.6 . 1)0.0 7.0 2 .2 2.14 2.1

~~~~-1e
I g s  + 1 + 0 1  1 006 007
Mm , c ’s —0.327 _ 0 , Iu O l . _ 5. -199 — 0 0 0 8  — 0 . 2 0 7  — -1.107
Fl-If , g ’a 0.06 7 0.098 ‘102 1 . 1 .  0.002 0.002

Max a , 5 ’ s 0.0189 0 .0 1159 11. 0012 5 1.0 11) ’ 0.0009 0 .0029
Fre -~ , lIz 260 56 ItI ~ 180 180 60

Max a , 5 ’ s 0.3130 0.0102 ‘2 -703 3 0,0001, 0.0002 0.0002
P-req , Hz 259 51. 30 ‘0— 59

59 15.5 ~~~~~ - -

P-req . Hz 260 60 60 60 Oft 10
Aced , p ’s 0.~ -’ 0/I’) 1 , 0 )  0.01 0.01 0.01
D iap l , mm ft 14.1 11001) 90 . ’ i/ I  :: , 3  12.6 . -

~~~~ 1v
laX , p ’ s *(, ‘9.” +0.1402 ,t 9f , ui t4 +0.008 .ooo6 *-  ,o0 6
Mm , C ’s _0.181. —0,352 — ‘9 (1’S —o oo8 — ‘90”’  — 0 07
P-Mit, p ’ s 0.01. 12 0.093 0.023 0.002 0.019 0.002 12 

-

i-lax , p ’ s 0.0136 17.0299 0.700* 0,0018 ( .1317 11 0’
Freq , Hz 261 56 1i9 180 180 155

U Avg
Max a , c ’ s 0.0073 0.0118 0.0025 0,0001, ~.000. 0.7110,1
Freq , Hz 262 56 57 59 59 59

‘5

Dats omitted where recorded ls.asurem”n ’ 11 w,-r,- l ’,si,-,:i f i . , a n l  - 
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Table it

Stilling Basin Wall Pressures, Feel c-I ’ W at e r

Transducer Location Eouivaic-ro
PC1 PC2 PC3 PC...it PC—S ‘‘cl lW fmt Of mm Comments

Mean 23 33 52 33 36 2119 Test No. 65
High 59 53 58 il 110 Q = 20 ,000 cfs
Low —i~ 0 36 28 32 Transducer el 2083
Peak to peak 52 27 10 8 5 Entering V2/2 g = 293 ft
Ratio** 0.18 0.09 0.03 0 .03 0 ,02

Mean 12 26 50 29 36 2119 Test 1-11 . 66
High 6o 55 69 112 )m2 Q = 29, 000 cfs
Low —27 —5 30 17 29 Transducer el 500 -0 -
Peak to peak 69 38 20 8 6 Entering V2/2g = 30-3 ft
Ratio 0.20 0.11 0.06 0.02 0.02

7’le.an ‘-it 211 118 35 39 2122 Test N o .  67
High 67 81 85 53 117 Q = 37, 000 cfs
Low —31 —0 -1 15 21 28 Transducer 2el 2083
Peak to peak 91 63 111 19 8 Entering V /2g 372 f t
Rat io 0.2 1, 0. 17 0.11 0.05 0 .02

Mean Transducer 26 50 32 1t1 21211 Test n-s . 68
out

High 72 77 1111 1m8 Q = 117,000 ef s~~
Low —5 28 20 31 Transducer

2
el 2083

Peak to peak 62 1.1 17 10 Entering V /2g =

396 ft**
515513 o.i6 0.10 0.05 0.02

Pc— 6 PC— i pc—8 PC—9 PC—la

Mean —7 7 12 15 No trans— 2119 Test 510, 69

¶ 
ducer

High i ii lit 19 19 Q = 20 ,000 cfs
L.:w 0 2 it 8 Transducer 2el 2110
Peak to peak 7 8 it 8 Entering V /2(’ = 0-9 3 f t

Mean 0 6 19 9 No trans— 2119 Test 111. 70
) ducer

High 6 16 32 16 Q = 29, 000 cfs
Low — -1 9 —3 Transducer 11ei 2110

F - Peak to peak 8 12 17 21 Entering Va /25 = 3113 f~
PC—li PC—12 PC—l 3 PC—l it PC—1 5

Mean 3 2 —2 1 No t rans— —~~‘o Test Nci . ‘Ti

t 

ducer
High 5 6 0- It Q = , 0 ,000 cfs
Low 0 —2 ~ 0- — 2 Tm ’)n s:lucer 0el 25.0-c
Peak t” peak 5 6 7 6 F n 5 e r i s ,~~~V ’ ’ f~~~~~~2 90- f t

7. 4 
_ .0~ 1mf,  1 0 —3 —2 N, t r ans— ‘119 ‘Te~ t 5 . 72

ducer
1( 1- oh 11 11 2 6 11 = - Q ’ -3. : c f s
Low —1 —11 —7 —It ‘Srans,j ,)ce r

11el 2128
Peajc to peak 5 6 8 ii 5n tm cri ,’~o V , ’21* 0 - i ,3  0~

~ Equivalent tailwater  ,i r s l cui .’tl- .e 1 ‘1(1 1119’ mean I r ’- 2 c ur e  - - f  t r t u i c I-:cer f ’m r S l m e s t  lown es S r u tm ic .

** ( o~ —s o) / V 2/ 2 g ) ,  signit ’j carit at t r ’ ) I ) c - l l I  ‘ t i ’ s PC— i ‘ 5 r - ~- im ~ 5 1C ~~: ~~, I V .
t A(~~r -u x lm ’s) . -e val is e——test  stopped lue ‘o high (‘low iIa~nage.
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~~~~~~ C O L f ’ O\ (\J
Pu ICu,zi’ on Cn (\j

,-i
S C’)
(H
H)

C-I

a CO CO CO -*0 (N H (‘al .*0 ~.f 7 On I I I C”I C’) 0
4~m 4* ~ ,—l 0) (“3~~~ .,*0 H r’I Cu (“3
0 0  H H)

C’) )s.
0 0  0
0 0  ,0
0 0  On r’7 Lf’ ,H QD (H

a - E C u  C~1H , ~ f C u CmJ
0~~-U) P I
., o - o n P  E

I I O ’ H 0
I I H) 0 0~ If,, 1— On Cu Cu 8.al 0 0 H I I I I I .0

~~~ fL, 0 r’I~~~ ( N I  C u O n  I a

4’, H)
S 1:0

1 1  ( H E  N— H l f ’ (”l N--
p p,, ‘.0 o J C O 1 r~,.r (H

.0-H s ’-4 C)
H i - c  a

(H If’ H C’) CO 0 on i-al 150 ‘.0 H I on t’-~ On 0
1 -  Z X 150 N -tO if ’ If’ H On Cu On H H

0
0

I

‘ 
H) C’) 150 0 03 150 0 ‘.0 0 3 0 3  i-al H 0 On Cu i-al 03 0
+‘ P.m H O J If’ Cd On H I I H 0(H H .,4

Cm C’) H(H ‘*4
i--i 0) ‘ ‘01
0 Lt’\ 0 2 0 ’
H a a N- 0- N- On Cu ..*0 i-al ‘.0 150 Cu I I I C’) H cO oil
H) Cf4 C$~4 P HO J On-T..*0 H n 4 C’) Cu S 5.
H) 0 0  H 1-3 .H

~s, Cu 0’
0 0  Ii)

0 0 0
‘H C 0 H 1’- Lf’\ 0 N- 03 On On 03 on 5< H -~~ N- ..~~ i-al H) 0.

PS-, C J l O n r - 1 Cu I I I l l S
a c .0 3 a E
H) c ’ O C u P ’r4 • i-u I)

Its 1,~ I S O S  a ri fe
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Zn accordance vita ~~ 70-2-3, paragraph 6c(1)(b),dated 15 Pebruary 1973, a facsl.nile catalog card
in LIbrary of Cosigrese for~~t Is reprod~aeed below.

Hart, Ellis Dale
Sluice pressures , gate vibrations , and stilling basin

vail pressures , Libby Dam, Kootenal River , Mon~ana , by
E. Dale Har t 1and2 Allen R . Tool. Vicksburg , U. S. Army
Engineer Waterways Experiment Station , 1976.

1 v. (various pag ings) illus . 27 cm. (U. S. Water-
ways Experiment Station. Technical report H— 76—17)

Prepared for U. S. Army Engineer District , Seattle ,
Seattle , Washington .
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