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FRONTISPIECE. Norfork Dam, North Fork of the White River, Arkansas



PREFACE

In a letter to the Division Engineer, Southwestern Division, dated
23 November 1945, subject: "Slide Géte Tests," the Office, Chief of En-
gineers, proposed a series of slide gate tests to be made at Norfork Dem,
Arkansas. Actual authorization of the tests was contained in the Wth
indorsement to the initiating letter. The prototype tests were super-
vised by ﬁhe Little Rock District Office under the general direction of
the Office, Chief of Engineers. The Waterways Experiment Station pro-
vided all measuring equipment and personnel for its operastion. Thié
report was prepared by the Waterways Experiment Station in collaboration
with the Little Rock District and the Office, Chief of Engineers. It isg
factual ig nature, containing only a presentation of data, together with
a few brief, readily-apparent conclusions. It is plamned to prepare a
more comprehensive report on the tests after a thorough analysis of the
data hag been mede. Also, at that time, additional observations regarding
the 45-degree gate 1lip (type B), which is undergoing a long-time test at

partial opening, will be included.



SUMMARY

Results of full-scale tests of two types of slide gates under high
heads at Norfork Dam, Arkansas, indicated that the performance of a gate
with a 45-degree upstream bevel at the lower edge (type B) was superior
to that of the Norfork-type gate (type A) which had a flat bottom with a
slight slope to fit the sealing surface. High negative pressures on the
gate bottom, considerable gate vibration, and crackling sounds charac-
teristic of cavitation were noted for most gate openings of the Norfork
gate. By contrast, high positive pressures occurred over the sloping
bottom of the L45-degree gate, resulting in elimination of cavitation
sounds and in a marked reduction in gate vibration. The high positive

pressures also resulted in less air demand at partial gate opening.
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SLIDE GATE TESTS, NORFORK DAM

NORTH FORK RIVER, ARKANSAS

PART I: INTRODUCTION

1. The need for fine reservolr regulation, together with the econ-
omy of installing a few large reservolr outlets as opposed to a larger /
number of smaller outlets, makes it desirable to discharge under condi-
tiong of part-gate open and high reservoir heads. Operating experience
at existing structures has revealed undesireble dcwnpull, chatter, and
vibration of some control gates when subjected to long periods of opera-
tion under heads greater than 75 ft.*

2, After studying available information on objectioneble perform-
ance of control gates, a comprechensive gate testing program was initiated
by the Office, Chief of Enginecers, to develop and test reservolr outlet
gates for high-head operation. Slide and tainter gates were selected for
detailed investigation because of thelr economy, superior hydraulic per-
formance, and structural and mechanical simplicity. The main purpose of
the test program reported herein was to develop a slide gate which could
be operated continuously at part-gate and under heads of 200 £t or more
without undesirable cavitation or vibration.

3. Model tests on a l:6-scale model of a typical slide gate were

first undertaken to determine the most satisfactory shape of the bottom

%*  "Survey of Hydraulic Control Works, "

25 April 1947.

Migsouri River Division, CE,



edge of gate, which would later be tested under prototype conditions at
Norfork Dam. The prototype tests were considered highly desirable be-
cause of the large number of slide gates planned for future installation
in Corps of Englneers structures.

4. The model data obtained consist of pressure measurements on
seven shapes of gate lip obtained by means of 15 to 20 closely-spaced
piezometers. A complete discussion of the model data willl be included
in the comprehenéive report to be prepared after a thorough analysis of
the data has been made and at a time when results of the long-time test
on the 45-degree gate 1lip are available. On the basis of the model tests,
two gate-lip shapes, described hereinafter, were sclected for further
investigation under prototype conditions.

5. The purpose of the prototype tests was to verify and extend the
experimental data obtained on the model for the two shapes of gate lip
gelected for prototype testing. In addition to observations of general
hydraulic performance of the gates at several part-gate openings, measure-
ments were made of pressures on the gate lip and in the conduit a small
distance downstream of the test gate, vibration of the gate in vertical
and horizontal (upstream and downstream) directions, strains developed

near the gate lip, and air requirements.



PART IT: TEST SITE AND PROCEDURE

Norfork Dam

6. 1In view of the relatively high heads available, Norfork Dam,

locatbed in northern Arkansas on the North Fork of the White River (fig.

1), was selected as the site for
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wide and 28 ft high, on the spillway crest. At present vertical bulk-
heads 13 ft high are. located on top of the spillway in lieu of the gates.
The stilling basin, 568 ft wide and 181.5 ft long, has a floor elevation
of 362. Two rows of bvaffle plers 8 ft high and a stepped end sill 6 5%
in height are located on the basin floor to assist in dissipation of
energy contained in spillway and saluice flows.

7. Eleven flood-control conduits, each 4 £t wide by 6 ft high, are

provided through the bvase of the spillway section. The combined capacity

% All elevations are in feet above mean sea level.



of the condults with the reservoir at spillway crest is 21,000 cfs. Each
conduit has a bellmouth entrance with invert at elevation 394.99. The con-
duits are inclined downward on a constant slope of about 8-1/2 degrees to
an intersection with the stilling basin. Fach conduit is controlled by
two hydraulically operated flat-bottomed gates in tandem, the downstream
gate being used for normal operation and the upstream gate being reserved
for emergency operation. The axeé of the gate frames and leaves are in a
vertical plane (plate 2). The gate and air vent slots are bevelled as
shown on plate 3. The gates are fully vented and are operated from con-
trol rooms Just above each conduit, which are reached through an operating
gallery with floor elevation LOk.k. The service gate of the conduit near-
eét the powerhouse was replaced by the test gatés for conducting the tests
described herein. With test gate sill at elevation 390.13 and reservoir
water surface between elevations 550.0 and 550.#, the head on the gates

during the tests was approximately 160 ft.
Test Gates

8. The first gate lip tested, designated type A, had a flat bottor
with a slight slope to fit the bottom sealing surface when closed and the
roof of the conduit when fully open (existing Norfork-type slide gate).
The second gate lip tested, designated type B, had a 45-degree inclined
bottom with a 2-in. sealing surface on the downstream portion of the l1lip.
The 2-in. ssaling edge is required to keep bearing pressures on the gate
geat within reasconable limits. A l/2-in. vertical projection is provided
in order to permit machining of the sealing edge without changing the

width of bearing surface. The detalled dimensions of these gates are



shown on plates 4-7. An airtight chamber in the gate body contained the
necessary measuring equipment. The change from one test gate to the other
involved only removal of the oll cylinder lifting mechanism and the gate
bonnet cover (photograph 1). The embedded gate frame was not disturbed

during the test program.

Instrument Installations and Test Procedures

9. Date obtained in the prototype tests included average and in-
stantaneocus pressures on the gates and in the downstream conduit, gate
vibration, straln measurements, and air demand. Apparatus for measuring
and recording prototype data included SR-4 strain gages, six channel am-
plifiers, Westinghouse type P.A. recording oscillographs, Brush piezo-
electric crystal vibration pickups, clectric pressure cells, 2h- and
100-in. mercury U-tubes, high pressure dial gages, orifice plates, pitot
tube, and a Velnor air-velocity meter.

10. ZTach gate leaf was equipped with facilities for determining the
pressure distribution on the lip surface by means of piezometers and
electrical pressure cells (plates 4-9). Facilities were provided also
for determining pressure conditions in the bonnet and on the conduit roof
immediately downstream from the test gate. The 13 piezometers in type A
gate leaf and the 11 piczometers in type B gate leaf, together with a
pressure tap in the manhole cover downstream from the gate and a pressure
tap on the gate bonnet, were read with a conventional 24-in., or 100-in.,
U-tube with mercury as the gage fluid (photograph 2). Pressures above
the range of the 100-in. U-tube were recorded with a Bourdon-type dial

gage. The electrical pressure cells for measurements of pressure



fluctuations were located as shown on plates 8 and 9. These cells (photo-
graph 3) were designed and constructed by the Waterways Experiment
Station especially for this series of tests. Fach cell was about 1 in.
in diameter, surrounded by a mounting plate approximately 2 in. in
diameter. The face of each cell consisted of a thin diaphragm to the
inner side of which were bonded two SR-4 strain geges. As the diaphragm
was f.exed under pressure or vacuum the electrical resistance varied in
direct proportion to the amount of deflection. The cells were designed
for use with pressures ranging from -15 to 75 psil and were calibrated
prior to installation in the test gate. Recording equipment used is
shown in photograph k.

11l. The horizontal and vertical vibrations of each test gate were
measured with a Brush vibration pickup, a commercial prcduct of the
Brush Development Company. This instrument 1s of the lnertia type which
utilizes piezoeleotric crystal clements as the generating members. The
instruments were screwed to studs fastened to the test gates (plates 8
and 9). Movement of the cryqtal clement in a direction normal to its
facc generated a small voltage that was approximately proporticnal to
the acceleration the crystal received when applied to a vibrating bédy.
To obtain a displacement record, this acceleration curve was integrated
twice by an electrical circuit. A permanent record was obtained by
using the camera attachment of the oscillograph. The camera, loaded
with a sensitized recording paper 5 in. wide, could be driven at various
speeds. This same camera attachment wag used to record the pressure
fluctuations with the pressure cells described in the preceding para-

graph. Other apparatus used are shown in photograph 5.



12. The quantity of ailr required for each test gate at various
openings was measured by circulaf orifice plates located on the inlet
end of a 20-in. steel pipe specially constructed to extend the air vent to
the top of dam thereby facilitating measurements (photograph<5 and plates
10 and 11). A pressure tap was located 1 in. below the orifice plate and
the differential between atmospheric and tap pressures was recorded by a
U-tube manometer with water as the gage fluid. The orifice plates were
of the square-edged type with diameters selected to give orifice areas
equal £0 75, 50, and 25 per cent of the area of the 20-in.-dlameter air
vent extension. The method recommended by the American Society of
Medhanical Engineers in its publication entitled "Flow Measurement,"
dated 1940, was used in transforminé manometer readings to rate of air
flow. A constant coefficient of discharge of 0.6 was assumed. Atﬁémpts
were also made to measure air quantitieé with a commercial type air
velometer and a pitot tube. Both methods were abandoned, however, in
favor of the inlet type orifice plate.

13. Straln measurements were attempted by SR-4 strain gages‘
mounted at strategic points on the inside of the gate in a watertight
compartment. Any bending movement of the gate on which the gage was
mounted resulted in a corresponding deformation of the gage and a change
in the electrical resistance of the gage. The change in electrical re-
sistance was related to stress in the gate members and thus to bending
forces.

1. The desired data were recorded for gate openings of 0.25, 0.5,
1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 ft. Air demend data were also recorded

for various sizes of orifices located on top of the 20-in.-diameter



extension to the air vents. These orifices had diameters of 20 in. (full
vent area), 17.32 in. (75 per cent vent area), 1k.4k in. (50 per cent vent
area), and 10 in. (25 per cent vent area),,\Although the orifices resulted
in a reduction in inlet arsa of the 20-in.-diameter riser pipe, they did
not give results similar to those that would obtain had the entire air
vent been reduced in the same proportion. However, as the diameter of
the orifice was reduced it did result in increased losses at the entrance
to the air vent, thereby throttling the vent to some extent. The effsct
of this throttling resulted in changed hydraulic performance of the
sllde gate. Piezometer readings were recorded for all conditions of
vent opening, but pressure cell, strain, and vibration measurements were
obtained only for the unrestricted vent and the smallest diameter orlfice
(25 per cent).

15. The general test procedure followed consisted in securing a
set of pressure readings, both plezometric and electric, and measuring
vibration, strain, and air demend, for the smallest gate opening and then
proceedling Tto the next larger gate opening where the procedure was re-
peated. After the gate was completely opened, 1t was closed in 1-ft inter-
vals and similar measurements obtained as a check on those obtained during
the opening prdcedure. It was not possible to make discharge measurements
for the various gate openings. However, a computed pool-discharge re-

lation curve for one gate full open is inclosed (plate 12) for reference

purposes.



PART III: TEST RESULTLS

General Hydraullc Performance

16. Observation of the general hydraulic performence of the test
gates and of the emergency gate upstream revealed some interesting facts.
As the emergency gate was raised or lowered the motion was made in a
geries of short Jjerks accompanied by sharp metallic pinging and hammering
gsounds. Bagsed on an earlier inspection of the gate seals by the gate
manufacturer, it was concluded that the irregular emergency gate move-
ment was due to clamping action caused by a wavy surface finish on the
gate geals. This action was minimized on the service and test gates by
lubricating the sliding-contact surfaces with a heavy coat of waterproof
grease. Corresponding surfaces for the emergency gate could not be lu-
bricated, but the action could be minimized by operating the gate at a
slow rate of movement. Even though seals of both test gates were greased,
type B gate appeared to operate more smoothly with less sound effects
than type A gate, especially when the air vents were throttled. The
greatest vertical vibration for cach gate appeared to occur at a gate
opening of 80 to 90 per cent of the conduit height. This same character-
istic has been observed in model tests of other gates conducted at the
Waterways Experiment Statiomn.

17. The manhole cover in the roof of the conduit downstreamnfrom
the gate (plate 2) was removed to observe flow conditions in the conduit
downsgtream from the gates. It was obsgerved that for small gate openings
the flow was rough and concentrated in the center of the conduit with

congiderable spray along the side walls. This 1s attributed to the curved
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upstream face of the gate. Excessive gpray at the manhole and high-
veloclty alr flow through the menhole into the conduit made observations

imposgible at openings in excess of 2 ft.

Average Pressure Measurements

18. Measurements of average pressures for various gate openings
and air vent conditions, as determined on types A and B gates by means
of plezometers, are presented in tables 1-10. In analyzing these data,
it should be noted that for gate openings larger than about 5 ft some pie-
zometers were located in the gate well above the conduit roof.

19. Plots of the pressure data presented in tables 2 and 7 are
shown on plates 13-16. These plots reveal superior pressure conditions
for type B gate, for which pressures were positive along the entire gate
lip with the exception of the 2-in. sealing strip at the base. There,
flow was deflected free from the 2-in. sealing strip by the l/2-in. ver-
tical projection at the base (plate 7) an&’small negative pressures oc-
curred, being substantially equal in magnitude to the condult pressures.
Pressures were negative on the under side of type A gate for all gate
openings except those less than 0.5 ft and full-gate open. \

20. Pressures measured at the manhole cover on the roof of the
conduit about 5 ft downstream from the test gate are shown on plate i?.
These data also indicate the superiority of type B gate. In general,
negative pressures in the conduit were more nearly constant and of smaller
magnitude for type B gate. Throttling the air vent resulted in slightly
increaged negative pressures in the éonduif. The low pressures at 0.75~

ft gate opening for type A gate are attributed to the unfavorable shape of
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gate bottom. Low pressures which occurred between 5.0- and 6.0-ft gate
openings for both gates were due to the downstream condult being nearly
filled with water, resulting in maximum air requirement. The pressures
recorded on the roof of the condult were in each instance about the same
ag observed on the bottom of type A gate and on the 2-in. sealing edge of
type B gate. Maximum negative pressures on the two test gates occurred at
these locations.

21. Pressures recorded in the bonnet for type A gate are presented
on plate 18. Similar data for type B gate will be obtained at a later
date. The low bonnet pressures, as compared to the head on the gate, for
openings in excess of 0.5 ft are caused by the clearance in the gate well
on the downstream side of the gate beihg conslderably larger than on the
-upstream slde, resulting in low water levels in the gate well. The high
pressure for a gate opening of 0.25 ft is caused by the top of the gate

being in contact with the downstream seal when gate openings are small.

Instantaneous Pressure Measurements

22. Results of instantaneous pressure measurements recorded with
electrical pressure cells in typc B gate are shown in tables 11-19 and
on pléte 19. Meximum, minimum, and observed average pressures arc pre-
sented as taken from oscillograph records. Actual reproductions of
typical oscillograph records for most critical conditions are being pre-
pared and will be included in the final report. All pressures were
pogitive except on the base of the 2-in. sealing strip where a pressure
of -21 ft was recorded at a 0.25-ft gate opening (table il). Comparisons

of observed average pressures as determined by pressure cells in type B
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gate with those recorded by piezometers for several gate openings and
two ailr vent conditions are shown in tables 11-19 and plate 19. These
data reveal resonable agreement between the two methods.

23. Pressure cell data are not presented for type A gate. While
two attempts were made to measure pressure fluctuations for type A gate,
in each attempt all cells on the underside of the gate (plate 8) were
damaged. As shown on photograph 3, the dlaphragm of the cell falled by
being forced inward. Tests on a similar type cell in the laboratory re-
vealed that the cell could be subjected to a steady pressure of about
490 psi before failure. Since this is about 7.5 times the head of water
at Norfork Dam, it was concluded that the cell failures were caused by ex-
tremely high instantaneous pressures resulting from the collapse of cav-
itation pockete, or from high frequency pressure changes set up by vibra-
tion of the gate. Thus, further attempts to record pressure fluctuations

on type A gate were sbandoned.

Vibration of Test Gates

2h, Vibrations, both in horizontal (upstream and downstream) and
vertical planes for each test gate were constent, for the most part,
throughout the full range of gate openings (plates 20 and 21). The
vibration data represent only relative vibration; that is, the relative
vibration scale of each plot is based on percentages of the maximum
amplitude of recorded vibration, which occurred in the horizontal plane
for type A gate. The determination of vibration amplitude in terms of
dimensional quantities was beyond the capabilities of the test equipment.

Vibration in the vertical plane was somewhat less pronounced for type B
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gate. In the horizontal plane, vibration of type B gate was considerably
less than that of type A gate. The vibration measurements provide addi-
tional evidence of the superiority of type B gate.

25. The vibration data are also being studied with a view to pre-
senting frequency data in the final report. An ettempt will be made to
correlate the recorded frequency of gate vibration with the natural period

of vibration of the gate and hoist mechanism.
Air Demand

26. The equipment and methods for measuring air demand have been
previously described in paragraph 12. TFor type A gate, maximum points of
air demand occurred at gate openings of 0.75 ft and 5 ft (plate 22).
These gate openings correspond to those for which pressures on the roof
of the downstream conduit were most critical (plate 17). TFor type B
gate, alr demand gradually increased as the gate was opened, reaching a
maximum at 5-ft opening (plate 23). Maximm air demands were 323 and 290
cfs for types A and B gates, respectively. TFor both gates, air demand
gradually reduced to zero between gate openings of 5 and 6 ft as‘conduit
flow changed from partly full to full. Also, for both gates, large air
demands occurred at a gate opening of 0.25 ft, which probably results
from a combination of spray filling the downstream condult at small gate
openings and submergence of the condult exit by high tailwater during
small conduit flows. The spray action causes maximum alr entrainment and
the submerged exit prevents part of the air demand from being supplied
at the conduilt exit.

27. In analyzing the air demand data, it should be noted, as stated
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in paragraph 1u, that a reduction in orifice size does not result in a
gimilar reduction in air vent size. Air demand data would be most useful
if the quantity of air could be related to a vent of uniform size. The
recorded data, together with air vent and orifice sizes, will be analyzed
further with a view to relating alr demand and vent size. If this 1s suc-

cessful, the relationship will be presented in the final report.

Effect of Air Demand on Gate Performance

28. The effect of throttling the air supply downstream from the
éate is shown by the pressure and vibration data referred to previocusly.
Reductions in air supply, within the limits tested, resulted in only
small reductions in pressures on the two gates tested and in the down-
gtream condult. In general, vibration of both gates in the vertical and
horizontal planes increased with reduced air supply, the effect being
more pronounced for type A gate. Vibration of type A gate with the 25
per cent orifice installed indicated that further reduction in air demand

would be undesirable if not unsafe.

Strain Measurements

29. An attempt was made by the Structural Branch, Little Rock Dis-
trict, to analyze the straln gage measurements to evaluate stresses in the
structural members near the bottom of type A gate. Strain gage measure-
ments were not obtained for type B gate and only a limited number of
measurements were obtained for type A gate because of trouble experienced
with condensation inside the watertight chamber and consequent shorting

of the electrical strain gages. The initial data procured at location A
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in the type A gate (plate 8) indicated comparative stresses about as ex-
pected. They were 50 per cent higher than the stress calculated for the
gstatic water load which indicates a considerable lmpact factor. Data
procured during a check run, however, indicated compressive stresses
nearly twice as large as for the initial test. Pressuré data for loca-
tion B were erratic and did not give definite .results. Sinoe no strain
gage results were obtained for type B gate nor for the lower part of type
A gate (locations C and D), and the results obtained could not be analyzed
to present dependable data, none of the results have been included in

this report.
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30.

PART IV: CONCLUSIONS

On the bvasis of a preliminary analysis of the test results

presented in previous paragraphs, the following conclusions appear

Justified:

The over-all hydraulic performance of type B gate (45~
degree 1lip shape) was far superior to type A gate (flat-
bottom, existing Norfork gate) at partial gate openings.

Based on the pressure data, hydraulic downpull of con-
giderable magnitude occurred on the bottom of type A
gate and hydraulic uplift occurred on the bottom of type
B gate. (Total gate loads are increased and decreased
by hydraulic downpull end uplift, respectively.)

Instantaneous pressure fluctuations were considerably
smaller in magnitude for type B gate.

Cavitation probably occurred 100 per cent of the time on
the bottom of type A gate for most gate openings, whereas
cavitation did not occur on the bottom of type B gate.

Vibrations in the vertical direction were comparatively
small for both gates, being somewhat smaller for type B
gate. Vibration magnitudes in the horizontal direction
(upstream and downstream) for type A gate were approxi-
mately five times the corresponding magnitudes for type B
gate. (The large horizontal vibration of type A gate is
attributed to the unstable pressures on the bottom of

the gate.)

Air demand wag groater for type A gate, probably as a re-
sult of low pressures on the gate bottom and rougher flow
conditions under the gate. Although alr demand varied
considerably with gate opening for both gates, in general
type B gate required less air and the air demand varied
more uniformly with gate opening.

In general, negative pressures in the condult downstream
of the gate were increased when the alr supply was rc-
duced.

Downward hydraulic loads on top of type A gate, as indi-
cated by bonnet pregsures, were small (7 to 21 per cent
of the head on the gate) for gate openings of 0.5 ft or
greater, when the top of gate was not in contact with
the downstream scal.
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Table 1

PIEZOMETER ELEVATIONS -- TYPE A GATE

ziizger Gate Opening in Feet
Number 0.25 = 0.50 1.0 2.0 3.0 4.0 5.0 6.0
1 390.6  390.8 391.3 392.3 393.3 39%.3 395.3  396.3%
2 390.5 390.7  391.2 392.2 393.2 39k.2 395.2  396.2
3 390.1  390.7 391.2 392.2 393.2 39h.2 395.2  396.2
L 390.%  390.7 391L.2 392.2 393.2 39k.2  395.2 396.2
5 390.%  390.7 391.2 392.2 393.2 39k.2 395.2  396.2
6 390.k  390.6 391.1 398.1 393.1  39%%.1 395.1 396.1
7 390.k  390.6 391.1 392.1 393.1 39%%.1 395.1 396.1
8 390.L  3%90.6 391.1 392.1 393.1 394.1 395.1 396.1
9 390.6  390.8  391.3 392.3 393.3 39%.3 395.3  396.3*
10 390.4  390.7 391.2 392.2 393.2 39k.2  395.2 396.2
11 390.k  390.7 391.2 392.2 393.2 39%.2 395.2  396.2
12 390.4  390.6 391.1 392.1 393.1 394.1 395.1 396.1
13 390.k  390.6 391.1 39%2.1 393.1 39%.1 395.1 396.1
NOTES: Plezometer locations are shown on plate 5.
All piezometers marked by asterisk (¥) are located in the gate

well for particular opening indicated.



Table 2

PRESSURE DATA -~ TYPE A GATE
Air Vent Unrestricted
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-10.6
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-9.9

6

-12.2

-6.5

7

-7.2

1, 0%

O

28.3
0.6
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-10.4
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-10.1 -8.3 -8.8 -9.8 -9.7 -11.5 50.8
-10.7 -11.6  -12.3 -11.1
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Lho.2
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Piezometer zeros are

Pressures are recorded in feet of water.

Plezometer locations are shown on plate 5.
ervolr elevation 550.2 msl.

ghown in table 1.

NOTES:

Reg -

All piezometers marked by asterisk

(¥) are located in gate well for particular opening indicated.



Alir Vent Restricted By 75 Per Cent Orifice

Table 3

PRESSURE DATA -- TYPE A GATE

Piez Gate Opening in Feet
Number 0.25 0.50 1.0 2.0 3.0 4,0 5.0
1 131.5 96.3 70.8 52.6 L8.9 60.6 8l .4

2 55.6 -8.8 -7.9 -9.2 -10.8 -11.1 -12.5

3 37.7 -9.h -8.h -9.9 -12.3 -8.5 -10.6

4 73.1 -8.5 -7.6 -8.1 -10.7 -5.7 -8.7

5 98.7 55.0 -4, 6 -7.2 -8.4 -5.7 -8.5

6 -8.2 ) -2.9 2.6 -3.6 h.3 | 1.2

7 -8.2 18.7 -3.0 -6.5 -8.4 -3.8 -6.6

8 12.0 10.2 -0.3 4.8 -6.7 -3.0 6.6

9 119.2 67.2 he.1 £2.5 20.0 26.7 Ls.1

10 26.0 -7.9 -8.5 -9k -10.4 -10.9 -11.9
11 T79.4 -8.8 -9.9 -10.h -10.5 -11.4 -12.0
12 36.0 -7.8 37.2 -9.0 ~9.,2 -9.5 -8.2
13 41.0 3.6 =77 0.2 2.7 -0.9 -5.3
NOTES: Piezometer locations are shown on plate 5. Piezometer zeros are

shown in table 1.
ervolir elevation 550.0 mgl.

Pressures are recorded in feet of water.

Res -



4.0

3.0

2.0

Table L

Gate Opening in Feet

PRESSURE DATA -- TYPE A GATE
Air Vent Restricted By 50 Per Cent Orifice
1.0

0.50

0.25

Pilexw
Number

-8.6 -9.8 -11.9 -13.4 -13.2
-10.6 -12.5

-10.7

58.1

Q

-12.8

-10.9

-10.0

-9.2 -9.8 -11.2 -12.1
-10.6

-10.4

39.3

o

-12.5

-11.3

.2

-12.2
-12.1

-10.0
-10.8

QJ
N O

3

-1

-10.1
-10.k

73.6

-9.3
-12.7
~13.6
-13.6

11.5
-10.9

Reg-

-13.6

-12.8

-12.8

-11.7

-9.9

-9.4
Pilezometer zeros are

-11.7
~11.4
~11.7
-12.k
-11.0
-11.1

-10.8
-11.5
-11.2
-11.9
-10.4
-11.7

-10.0

-10.2

-10.7
37.9
39.7

-9,0
Pressures are recorded in feet of water.

-10.4
ervolr elevation 550.0 msl.

68.
-10.0
-10.5
-10.2
-10.4
-10.2

%)

99.4
12.5
1214
29.3
37.9
ho.9

81
Piezometer locations are shown on plate 5.

gshown in table 1.

9
10
11
12
13

NOTES:



Table 5

PRESSURE DATA -- TYPE A GATE

Alr Vent Restricted By 25 Per Cent Qrifice

Plex Gate Opening in Feet

Number 0.25 0.50 1.0 2.0 3.0 L.,0 5.0 6.0
1 13%.0 96.6 Tl 53.7 L8.7 61.7 80.1 21.7%
----- 97.7 70.7 52.4 L7.2 56.8 8y.7 ————

2 58.3 -10.4 -10.7 -11.8 -12.6 -11.1 -10.5 78.4
----- 1000  A106 <X SRS S3LA S30.7 p—

3 3%.9 -10.6 -10.9 ~11.7 -12.7 -11.0 -12.4 18.7
----- -10.5 -11..0 =-11.7 =-12.6 -11.6 -12.k ———

L 73.9 -10.6 -10.6 -11L.8 -12.% -9.9  -10.7 30.3
----- -10.5 -10.7 -1l.6 -12.6 -11.9 -10.2 s

5 99.5 56.6 -8.6 -10.7 -11.3 -8.5 -8.9 550
----- 63.6 -10.5 -10.8 -11.7 -10.0 -10.4 ————

6 -0.9 -8.3 -2.L -2.5 ~2.9 -3.7 2.7 -10.0
----- -8.6 5.1 -3.9 -2.9 -0.8 -1.5 ————

7 «10.0 12.5 ~5.9 =7.9 -8.9 E B -8.7 -8.4
----- 13477 ~7.2 -8.3 <91 ~6.5 -9.2 EE

8 12.2 105 0,3 “beld -7.1 ~5.7 -8.7 14.8
----- 11.3 -0.8 -6 6.5 -5.2 -9.2 —————

9 120.2 67.8 b1k 3.1 21.0 28.5 h2.7 14 .0%
----- 69.5 ho.o 24 .2 20.9 28.2 L. 7 FEEEE

10 28.1 -10.5 -10.6 -11.7 <12.7 -11.9 -12.7 52.9
----- -10.2 =10.6 -11.2 -12.6 -12.7 -13.5 - ——ae

11 1.0 -11.1 -10.6 -11.7 =12.7 -11.9 -11.6 LT
----= 210k -10.9 -11.7 -12.6 -12.7 -1kl aeee-

12 37.%  -10.3 o2 cl1.9  <12.7 £Q.T k.6 -6.0
----- -10.3 32.7 -ll.7 -12.6 -11.5 -11.8 —————

13 hi1.1 h.o At -0.1 e G = -8.4 18.1
----- -10.6 “3.5 2.3 2.1 -2.0 8.7 ———

NOTES: Plezometer locations are shown on plate 5. Piezometer zeros are

ghown in table 1.

Presesures are recorded in feet of water.
ervoir elevation 550.2 msl.

Hesg-

All piezcmeters marked by asterisk

() are located in the gate well for particular opening indicated.



Table ©

PIEZOMETER ELEVATIONS -- TYPE B GATE

zigg;er Gate Opening in Feet
Number 0.25  0.50 1.0 2.0 3.0 4.0 5.0 6.0
1 391.8  392.0 392.5 393.5 394.5 395.5 396.5%  397.5%
2 391.4  391.6 392.1 393.1 394%.1 395.1 396.1 397.1%
3 391.0 391.3 391.8 392.8 393.8 394.8 395.8  396.8%
L 390.9 391.1 391.6 392.6 393.6 39k.6 395.6 396.6%
5 390.7 390.9 391.k  392.k  393.k  3ok.h 3954k 396.hx
6 390.5 390.8 391.3 392.3 393.3 39%.3 395.3 = 396.3%
7 390.%  390.7 391.2 392.2 393.2 39%k.2 395.2  396.2
8 391.7  392.0 392.5 393.5 394.5 395.5 396.5%  397.5%
9 391.3 391.5 392.0 393.0 39%.0 395.0 396.0  397.0%
10 390.9 391.1 391.6 392.6 393.6 394.6 395.6 396 .6%
11 390.M 390.7 391.2 392.2 393.2 394.2 395.2 396.2

NOTES: Piezometer locations shown on plate 7.
All piezometers marked by asterisk (¥) are located in the gate
well for particular opening indicated.



Table 7

PRESSURE DATA -- TYPE B GATE

Air Vent Unrestricted

Piez Gate Opening in Feet

Number 0.25 0.50 1.0 2.0 3.0 4,0 5.0 6.0
1 158.0 152.9  143.4  130.8 12h.1  131.2 3k L% 14.o%
6.4 152.5  1k2.7  132.2  130.1  1L0.6 39.8 0.1

2 153.8 143.8 123.2 101.5 88.6 101.9 123.7 27 . 6%
153.6 1k2.2  123.0 101.3 93.4 105.2 129.2 8.5%

3 153.9 139.8 111.k 9L.8 83.0 84.7 103.6 9.9%
151.6  137.2 120.9 95.0 83.6 86.4  103.3 -1.0%

i 148.3  13%.6 119.5 97 .7 85.9 85.8 95.3 11.5%
48,1 133.7 119.0 9.5 86.2 85.8 94.8 0.8%
5 k2.5 127.0 11k.2  96.8  87.4  85.3  88.9 52, 1%
2.3 126.5  113.8 95.6 87.2 85.1 88.2 25.7%
6 138.9 128.1 121.9 11l.2 107.4  105.6 97.8 89.7%
138.5 127.2 121.9 109.9 105.6 103.6 99.3 Lo, 1x

7 2.7 -0.2 -1.1 -1.8 ~1.7 0.4 -3.0 -12.8
2.6 0.2 -1.2 2.1 2.2 -1.8 -3.3 -13.7

8 153.9 146.3 129.,6 115.2 112.6 117.8 107.9% 19.0%
153.9 5.4 129.8  115.4  11k.0 119.9  109.0% L. ox

9 7.0 126.2 98.2 60.1 53.4 59.2 85.9 15.h*
k7.0 125.9 98.2 59.8 51.8 61.8 88.5 0.8%

10 141.6 120.9 92.5 6Lh.1 54.8 48,9 50.8 13.0%
1.k 117.3 93.7 63.0 55.0 50.2 52.7 1.3%

11 -8.3 17.9 10.6 -7.1  -11.0 27.7 20, 9% -7.2
----- 11.3 0.1 1.3 ~1.7 30.5 22,3% -11.9

NOTES: Piezometer locations shown on plate 7. Plezometer zeros are

shown in table 6. Pressures are recorded in feet of water. Res-

ervoir elevation 550.4 msl.
(¥) are located in the gate well for particular opening indicated.

All pieczometers marked by asterisk



Table 8

PRESSURE DATA -~ TYPE B GATE
Air Vent Restricted By 75 Per Cent Orifilce

Piez

Gate Opening in Feet

Number 0.25 0.50 1.0 2.0 3.0 7.0 5.0
1 136.5 151.1 2,0 131.1 129.9 137.4 27 5%
----- 150.8 k2.9 130.2 m———— 136.2 31.6%

2 133.1 2.2 139.0 101.5 k.2 106.1 129.4
----- 1h2.2 128.1 101.3 ————— 107.9 116.7

3 129.6  137.2  120.8 ok.5 8l.2 85.5 105.6
----- 137.0 120.9 ok.5 c———— 87.2 103.5

b 127.1 133.5 118.8 96 .4 86.2 85.6 9.9
----- 133.3 119.0 9.5 ————e 85.8 105.4

5 120.1 130.8 113.4 95.6 87.1 8.7 89.6
----- 131.2 113.7 95.4 - 8h.5 88.2

6 117.3 127.4 121.6 110.2 105.6 103.8 101.2
----- 127.4 121.7 111.4 ———— 103.8 97.5

7 -3.1 -1.1 ~1.4 -3.8 -1.8 -2.0 -3.3
----- -0.8 -1.h -3.9 ————— -2.0 -3.7

8 134.2 RN 129,1 115.3 111.6 114.9 102.9%
----- 146.0 130.8 115.6 ————— 117.3 105.,9%

9 1264 129.9 98.3 58.7 ho.7 61.4 8.6
----- 130.4 99.8 60.5 ———— 61.3 86.8

10 120.6 121.0 92.8 62.5 51.9 kog,2 50.7
----- 121.8 oL.8 64,2 ————— 49.3 50.5

NOTES: Piezometer locations shown on plate 7. Plozometer zéros are

shown on table 6. Pressures are recorded in feet of water. Res-
ervoir elevation 550.1 msl. All piezometers marked by asterisk
(*¥) are located in the gate well for particular opening indicated.



Table 9

PRESSURE DATA -~ TYPE B GATE
Alr Vent Restricted By 50 Per Cent Orifice

Piez Gate Opening in Feet

Number 0.25 0.50 1.0 2.0 3.0 L.0 5.0
1 156.2 152.5 143k 129.0 128.9 135.7 4o,5%
----- 152.7 143.2 130.6 129.9 132.1 .35,

2 153.6 2.5 123.7 103,0 93,4 104.0 115.9
----- 143.3 128.2 101.9 95.3 107.2 121.1

3 150.2 137.0 121.2 95.2 83.7 86.0 100.2
----- 137.7 121.2 k.8 8h.2 87.3 101.6

I k7.6 133.5 119.1 S 96.1 86.1 85.7 93,0
----- 135.6 119.2 96 .6 86.2 85.9 93.6

5 14k1.6 126.3 113.6 95.1 86.5 85.5 87.5
----- 126.5  113.8 95.3 8.9  8k.9 88.2

6 k3.1 127.1 121.6 110.3 105.2 104.6 98.7
----- 127.1 126.5 110.8 105.8 103.8 100.3

7 -3.1 -0.3 ~1.k -1.6 -2.0 -2.3 L2
----- -0.3 -1k -1.5 -1.5 -1.9 b2

8 153.9 1454 129.8 117.9 112.8 119.1 106.8%
----- 145.8 131.2 115.9 113.5 121.1 104, 8%

9 146.8 125.7 97.7 60.5 54%.9 60.1 85.4
----- 125.7 99.1 60.9 52.3 61.8 87.3

10 140.3 120.7 93.0 6h.1 53.0 49,2 50.7
----- 121.7 k. L 63.8 54,1 49,5 50,8

11 10.3 11.4 1.1 8.5 -9.7 23.6 11,2
..... 12.4 6.2 -0.8 -3.5 24,0 11.9

NOTES: Piezometer locations are shown on plate 7. Piezometer zeros are
shown in table 6. Pressures are recorded in feet of water. Res-
ervolir elevation 550.1 msl, All plezometers marked by asterigk
(%) are located in gate well for particular opening indicated.



Table 10

PRESSURE DATA -~ TYPE B GATE
Air Vent Restricted By 25 Per Cent Orifice

ervolr elevation 550.1 msl.

Piez Gate Opening in Feet

Number 0.25 0.50 1.0 2.0 3.0 L0 5.0
1 156.2 151.8 143.2 130.2 130.3 138.3 32,1
----- 151.6 142.9 130.4 129.9 135.6 27 . o%

2 153.3 142.5 128.2 101.1 92.8 110.5 121.0
----- k2.5 128.4 101.5 k.2 106.5 1243

3 150.2 137.0 121.0 ol k4 83.0 86.3 102.6
----- 137.2 121.3 oh.7 83.4 86.7 103.0

Iy 7.6 133.5 119.1 96 .4 85.9 85.6 ok .2
----- 133.3 119.1 96.5 86.1 85.8 gk .,2

5 141.3  131.0  113.7 95 .4 86.5 8k .6 89.9
----- 131.2 114.0 95 .4 87.0 8.7 86.6

6 k2.9 127.4 122.0 110.5 105.9 04,7 97.5
----- 127.1 121.9 110.8 105.7 103.5 98.2

7 -3.5 -0.4 -1.h -2.7 -2.5 -2.5 -6.5
----- -0.6 -1.b -1.3 -1.9 2.4 -6.4

8 153.5 5.4 129.6 115.4 112.1 117.7 105.3%
----- 145.8 131.0 115.4 112.8 116.9 106.7%

9 147.2 130.2 97 .4 61.0 50.9 61.7 85.4
----- 130.6 99.4 60.3 51.1 62.4 8.2

10 12,3 120.7 93.6 62.6 52.1 ho.5 49,2
----- 121.8 ok .5 63.3 52.9 50.1 k9,0

11 -9.8 11.0 11.7 -1.6 -1.6 2L .5 12.7
----- 15.0 22.9 -6.8 2.4 27.6 12.9

- NOTES: Pilezometer locations shown on plate 7. DPlezometer zeros are

shown on table 6. Pressures are recorded in feet of water. Res-

All piezometers marked by asterisk
(*¥) are located in gate well for particular opening indicated.



Table 11

PRESSURE CELL DATA -- TYPE B GATE
Gate Open 0.25 Ft

Pressure ;
Cell Piezometric
No. Maximum Minimum Average Pressure
Air Vent Unrestricted

1 166.5 144.3 15545 152

2 55 151.5 164,0 153.7

§ 0 mmsews, emses cuowe | 152.8

b 12,6 133.0 138.0 8.2

5 mmeme emeem emees e

6 133.k 126.9 129.9 138.7

T -12.3 -21.1 -15.9 2.7

Air Vent Restricted By 25 Per Cent Orifice

1 157.1 136.8 1h6.5 156.2

2 170.3 146.7 156.7 153.3

3 149.3 130.1 139.5 150.2

I3 6.7 139.4k k3.7 ! 1k7.6

5 149.2 | 126.4 137.6 1k1.3

6 1273 119.9 123.3 2.9

7 -4.3 ~F -6.9 =2
NOTE: Pressure cell locations shown on plate 9. Piezometer locations

are shown on plate 7. Piezometer zeros shown on table 6. Pressures
are recorded in feet of water. Reservolr elevation 550.2 msl.



Table 12

PRESSURE CELL DATA -~ TYPE B GATE
Gate Open 0.5 Ft

Pressure

Cell Piezometric
No. Maximum Minimum Average Pressure
Air Vent Unrestricted
1 160.1 137.9 150.0 152.7
2 136.9 118.4 125.2 143.0
3 emmee e e 138.5
i 128.2 117.0 123.0 134.2
5 memee memee ameas 126.8
6 132.8 12h.9 128.9 127.7
7 2.9 -8.3 -2.8 0.0
Air Vent Restricted By 25 Per Cent Orifice
1 150.7 - 131.5 1.0 151.7
2 157.9 136.9 1467 2.5
3 134.9 11k 125.3 137.1
L 135.0 : 121.5 128.5 133.4
5 139.1 111.3 123.3 131.1
6 123.7 1149 119.3 . 127.3
7 1.0 -8.1 4.3 -0.5

NOTE: Pressure cell locations shown on plate 9. Piezometer locations

are shown on plate 7. DPiezometer zeros are shown on table 6.
Pressures are recorded in feet of water. Reservolir elevation
550.2 msl.



Table 13

PRESSUEE CELL DATA -- TYPE B GATE
Gate Open 1.0 Ft

Pressure '
Cell Piezometric
No. Maximum Minimum Average Pressure
Air Vent Unrestricted
1 149.2 133.8 139.0 143.1
2 13k.7 117.4 121.7 123.1
3 eemee mdeee e 116.2
e 101.4 119.3
100.6 © 90.0 102.1 114.0
6 112.5 102.9 107.8 121.9
7 0.9 -6.6 -2.8 -1.2
Air Vent Restricted By 25 Per Cent Orifice
1 “ 12,1 122.9 132.h 143.1
2 140.3 119.4 129.3 128.3
3 110.1 97.9 103.8 121.2
L 118.0 101.6 110.0 119.1
5 119.3 93.2 106.0 113.9
6 113.5 103.9 108.4 122.0
7 -1.6 -6.6 ~h 7 -1.4
NOTE: Pressure cell locations shown on plate 9. Piezometer lotations

shown on plate 7. Piezometer zeros are shown on table 6.
Pressures are recorded in feet of water. Reservoir elevation
550.2 msl.



Table 14

PRESSURE CELL DATA -- TYPE B GATE
Gate Open 2.0 Ft

Pressure
Cell Plezometric
__fNo. Maximum Minimum Average _Pressure
Alr Vent Unrestricted

1 136.6 116.3 127.0 131.5

e 118.6 112.h 115.5 101.4

3 90.9 7.9 8.5 .9

Iy 75.9 66.1 71.0 97.1

5 133.5 107.2 119.9 96.2

6 | 11k.9 98.3 106.5 110.6

7 2.k 6.9 g 2.0

Air Vent Restricted By 25 Per Cent Orifice

1 133.4 112.h 122.9 130.3

2 107.2 101.0 104.2 101.3

3 86.3 Th b 80.3 ok.6

L 90.7 ~80.0 85.6 9.5

5 97 .7 75.2 86.L 95.4

6 110.1 95.3 103.5 110.7

7 4.0 7.8 5.6 2.0
NCTE: Pressure cell locations shown on plate 9. Piezometer locations

shown on plate 7. Pilezometer zeros are shown on table 6.
Pregsures are recorded in feet of water. Reservoir elevation
550.2 msl.



Table 15

PRESSURE CELL DATA -- TYPE B GATE
Gate Open 3.0 Ft

Pressure
Cell Piszometric
llo. Max lmum Minlmum Average Pressure
Alir Vent Unrestricted

1 41,7 107.9 1250 127.1

2 105.0 82.2 100.5 g1.0

3 87.9 55.3 71.0 8343

L 9%.5 75.9 83.0 86.1

5 ok.7 65.1 79.9 87.3

6 119.9 88.6 104.0 106.5

7 ~1.7 -6.4 4.0 -2.0

Alr Vent Restricted By 25 Per Cent Orifice

1 132.3 10867, 120.2 130.1

2 101.8 82.6 gk.9 93.5

5 4.3 ' 593 68.2 83.2

b 86.0 69.6 7.1 86.0

5 ok .4 59.2 6.4 86.8

6 122.1 93.8 104.9 105.8

[ -5.6 2.2
NOTE: PFressure cell locations shown on plate 9. Piezometer locations

shown on plate 7. Pilezometer zeros shown on table 6. Pressures
are recorded in feet of water. Reservoir elevation 550.2 msl.



Table 16

PRESSURE CELL DATA -- TYPE B GATE
Gate Open 4.0 Ft

Pressure
Cell Piezometric
__No. Meximum Minimum Average _Pressure
Alr Vent Unresiricted
1 7.5 109.9 129.0 135.9
2 115.4 103.6 110.2 103.6
3 86.5 60.1 71.0 85.6
L 97.9 7.3 83.0 85.8
5 97.7 72.2 8h L 85.2
6 108.5 85,0' 97.0 10k.6
7 -5.9 -11.8 -9.5 0.7
Air Vent Restricted By 25 Per Cent Orifice
1 136.4 106.9 120.8 137.0
2 111.h 92.2 104 .4 108.5
3 87.1 57.9 72.7 86.5
L 86.8 66.3 76.2 85.7
5 90.6 59.2 75.2 8.7
6 109.3 79.8 93.2 10k, 1
7 L2 -8.0 -6.2 -2.5

NOTE: Pressure cell locations shown on plate 9. Piezomster locations
shown on plate 7. Plezometer zeros are shown on table 6.
Pressures are recorded in feet of water. Reservolr elevation
550.2 msl.



Table 17

PRESSURE CELL DATA -- TYPE B GATE

Gate Open 5.0 Ft

Pressure
Cell Piezometric
No. Maxlmum Minimum Average Pressure
Alr Vent Unrestricted

1% h6.6 15.6 30.4 37.1

2 133.5 115.0 119.2 126.5

3 117.2 88.8 102.5 103.5

b 97.3 79.0 88.0 95.1

5 ok .7 72.2 82.9 88.6

6 110.5 83.4 97.0 98.6

7 -6.6 -13.0 -10.1 -3.2

Air Vent Restricted By 25 Per Cent Orifice

1% 36.8 7.1 19.8 30.0

2 116.2 102.6 110.0 122.7

3 105.5 77.9 390.3 102.8

L 87.4 73.5 82.8 ok .2

5 91.8 58.0 75.6 88.3

6 101.3 71.2 85.5 97.9

7 -6.1 -11.8 -9.4 -6.5
NOTE: Pressure cell locations shown on plate 9. Piezometer locations

shown on plate 7.
are recorded in fest of water.

Piezometer zeros shown on table 6.

* Cell located in gate well.

Pressures

Reservoir elevation 550.2 msl.



Table 18

PRESSURE CELL DATA ~- TYPE B GATE
Gate Open 5.5 Ft

Pressure
Cell
No.

1%
D%

3%

1%
D%

3%

Piezometric
Maximum Minimum Average Pressure

Alr Vent Unrestricted

- - .- - - - -

Alr Vent Restricted By 25 Per Cent Orifice

b9 -26.3 33.8 ——
78.2 39.3 61,1 aeae-
977 51.8 75,3 deeen
119.3 Th.1 92.4 N
98.3 59.2 78.6 -
103.5 69.0 85.5  aeee-
-5.9 -11.8 e N> ——

NOTE: Pressure cell locations shown on plate 9. Piezometer locationg
shown on plate 7. Piezometer zeros shown on table 6. Pressures
are recorded in feet of water. Reservoir elevation 550.2 msl.
*Cell located in gate well. '



Table 19

PRESSURE CELL DATA -- TYPE B GATE
Gate Open Full

Pressure
Cell Piezometric
No. Maximum Minimum Average Pregsure
Alr Vent Unrestricted

1% 16.9 -1.9 8.2 7.5

2% 36.5 12.2 2h.0 18.1

3% 90.9 L2.6 67.1 L.5

L% ——— _—— 22.5 6.2

5% 62.2 13.3 38.5 38.9

o* 109.7 47.9 777 6k.9

I --—-- m=-- —-—— -13.3

Air Vent Restricted By 25 Per Cent Orifice

1* -——- ———- -20.0 ———

o 60.9 6.8 3o.o. ————

3% 5.4

by -——— ~——- 5.8 -

5% ———— ———— 60.5 ————

G* 75k

7 12.5 -25.6 -6.3 —
NOTE: Pregsure cell locations shown on plate 9. Piezometer locations

shown on plate 7. Piezometer zeros arc shown on table 6. Pres-
sures are recorded in feet of water. Reservoir elevation 550.2
msl.

¥ Cell located in gate well.
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DAMAGED CELL
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Flectrical pressure cells for measuring pressure fluctuations on gate lip
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Apparatus for recording vibration of the test gate. Reading from left to right: general radio

vibratlon analyzer, cathode ray oscilloscope, two televiso's vibrometers.
calibration device for vibrometers and vacuum tube voltmeter

Front row:



20-in. air vent extension pipe with circular orifice plate installed
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