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PREFACE

Hydraulic model studies for Libby Dam were authorized 21 December
1964 by the Office, Chief of Engineers, at the request of the U.S. Army
Engineer District, Seattle., The studies were made at the North Pacific
Division Hydraulic Laboratory, Bonneville, Oregon, under the supervi-
sion of Mr. A. J. Chanda, Chief of the Hydraulics Branch, and Mr. H. P,
Theus, Director of the Laboratory.

The spillway, stilling basin, excavated tailrace, and diversion
stages were studies by Messrs. P. M. Smith, R. L. George, and D. E. Fox
during the period September 1967 to July 1970. Mr. Smith tested plans
for the sluice intakes from February 1967 to March 1970. Methods to
alleviate nitrogen supersaturation were investigated by Mr. T. D.
Edmister from July 1972 to March 1973. This repdrt was prepared by
Messrs. L. Z. Perkins and R, W. Parker and edited by Mr. Theus.
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENTS

U.8. customary units of measurement used in this report can be

converted to metric (SI) units as follows:

Multiply By
inches 25.4
feet 0.3048
miles (U.S. statute) 1.609344
acre-feet 1233.482
feet per second 0.3048
cubic feet per second 0.0283168
pounds (force) 4.4482
pounds per square inch 0.0703
kilowatts 60,000.0

iii

To Obtain

millimeters

metres

kilometres

cubic metres

metres per second

cubic metres per second

newtons

kilograms per square centimetre

joules per second
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LIBBY DAM, KOOTENAI RIVER, MONTANA

Hydraulic Model Investigations
PART 1: Iﬁmﬁﬁ%n

The Prototype

1. Libby Dam (frontispiece) is located on the Kootenai River
17 miles* upstream from the town of Libby in northwestern Montana.
Figure 1 ghows the vicinity map of the area. The project (plate 1) is
a part of the comprehensive plan to develop the Columbia River basin

in the interests of flood control, power generation, irrigation,

recreation, and related water uses. Construction of the project by
the U.S. Army Corps of Engineers began in the spring of 1966; control
of the river at the dam began in March 1972.

2. The dam rises 422 feet above bedrock, 18 2,955 feet long at
the crest, and includes a powerhouse with an initial installation of
four 105,000-kilowatt generators with provision for four additiomal
units. The reservoir, Lake Koocanusa, has usable storage capacity of
4,965,000 acre-feet and backs water 42 miles inside Canmada. The
normal full and minimum pocls are at elevation 2459 and 2287 at the
das.* This storage provides flood control for the Kootenai River
valley and together with 15.5 million acre-feet of Canadian storage is
a major factor in countrolling floods along the Columbia River. The
largest discharges of the Kootenai River at Libby, Montana, have been
130,000 cfs in 1894 and 221,000 cfs in 1916. The computed maximum
flood outflow from the reservoir is 206,000 cfs with the pool at
elevation 2459—145,000 cfs spillway flow and 61,000 cfs through the
regulating sluices.

3. The spillway is an ogee-type concrete structure with crest at
elevation 2405 (plate 2). The weir profile corresponds to the Corps
of Enginsers’' high-dam shape for a design head of 46.4 feet, which

®* A table of factors for converting U.S. customary units to metric
(SI) units of measurement is shown on page 1iii.

*  Ali elevations in this report are in feet above mean sea level.
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equals 85.7 percent of the maximum head of 54.0 feet. Flow is con-
trolled by two 48-foot~wide by 59-foot-high tainter gates supported by
elliptical abutment piers and a 20-foot-wide center pier with circular
nose.

4. Three 10- by 17-foot sluices, sized for 35,000 cfs at minimum
pool and 61,000 cfs at normal pool, pass through the spillway (plate
2). The sluice entrances have compound elliptical curves, and ¢’
outside sluices are skewed to discharge into the ll6-foot-wide s 1-

way stilling basin (plate 3).
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5. Sluice diascharge is regulated by hydraulically operated tain-~
ter valves. Downstream from the valves, the invert curve follows the
theoretical trajectory for the full-pool head of 264.5 feéet. At full
pool and full valve opening the sluices have a computed freeboard of
2.5 feet. Emergency closure is by tractor-type gates that operate in
slots about 14 feet downstream from the axis of the dam. Downstream
from the emergency gate slots, the sluices are lined with steel for
approximately 43 feet on the bottom and sides and for 5.5 feet on the
roof.

6. The stilling basin (plate 2) is a hydraulic jump-type energy
dissipator 116 feet wide and 300 feet long with horizontal floor at
elevation 2073 and a 12-foot-high sloping end sill. The basin will
provide satisfactory dissipation of energy for a flow of 50,000 cfs
over the spillway when an additional 10,000 cfs passes through the
powerhouse. With spillway flows greater than 50,000 cfs and up to
90,000 cfs, a part of the hydraulic jump and energy di :sipation will
be outside the stilling basin over the rock-protected runout chanmel.
At approximately 90,000 cfs the jump will be completely swept from tne
basin and flip bucket action will plunge the flow into the runout
channel. Greater spillway flows will be flipped into the unprotected
channel beyond the runout. Since rock at the toe of the dam is sound,
a rare flood that would sweep the jump out of the stilling basin will
not endanger the structure. The top of the training walls at eleva-
tion 2142 provides about 2 feet of freeboard for the stilling basin
design discharge. Overtopping due to surge action is acceptable.
Downstream from the end sill, a runout channel sloped 1V on 6H extends
from approximately elevation 2080 to the excavated tailrace at eleva-
tion 2110.

Need for Model Studies

7. Model analysis of the Libby spillway and regulating sluices
was required in the interests of safety, economy, and development of a
competent design. The primary purpose of the study was to check crest

and pier pressures, head discharge relationships, eyebrows at sluice




outlets, abutment and pier shapes, training wall heights, and capacity
of the stilling basin. As design and construction of the project
progressed, model studies of tailrace excavation, riprap sizes, pro-
tection of stilling basin runout slope, diversion stages, flow deflec-
tors to reduce nitrogen supersaturation, sluice intakes, flow required
to clean stilling basin, stilling basin ejector drains, selective
withdrawal structure, and tests with a density-stratified reservoir
were made. Tests of the selective withdrawal structure with a density-

stratified reservoir were published in a separate report.*
The Models

8. Three models were used in the studies. A portion of the
forebay, the spillway, sluices, and powerhouse, and 1,600 feet of exit
channel were reproduced in a 1:50-scale model for general study of the
spillway, exit channel, and diversion during construction (photograph
1 and plate 4). A separate 1:50-scale model was used to study methods
to reduce high levels of nitrogen in flow downstream from the project.
This model included the spillway, sluices, stilling basin with runout
slope, and a 200~foot-wide by 400-foot-long section of dcwnstream
channel () uutograph 2 and plate 5). In both models all open-channel
sections of sluices downstream from the valves were modeled. The
intake of the right regulating sluice was reproduced in a 1:20-scale
model (plate 6). The model reproduced a portion of the forebay and
upstream face of the dam and included the intake bellmouth, emergency
gate slots, and valve section; the valve was not included. The model
forebay consisted of two closed steel tanks that allowed the full head
of 247.7 feet (12.4-foot model) on the intake to be reproduced. The

test bellmouths were precision castings of epoxy material (photograph
3).

* Swmith, P. M., A, G. Nissila, "Selective Withdrawal System, Libby
Dam, Kootenai River, Montana, Hydraulic Model Investigatiom,” Tech-
nical Report No. 125-2, Dec 75, U.S. Ammy Corps of Engineers, North
Pacific Division Hydraulic Laboratory, Bonneville, OR.
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9. Water uged in the models was supplied by pumps, measured by
meters in the supply lines, and diffused into adequate forebay areas
upstream from the respective test sections. Tailwater elevations were
controlled by adjustable overflow weirs according to computed rating
curves furnished by the Seattle District, U. S. Army Corps of Engi-
neers (plate 7). Standard laboratory instruments and procedures were
used to measure pressures, velocities, current directions, and water
surface elevations in the models. Structures were built of wood and
plastic. Channel topography was reproduced in concrete grout or built
of plywood. Crushed rock with a specific gravity of 2.74 was used to
represent various sizes of riprap in the general spillway model.
Coarse sand and 3/8-inch-minus gravel were used to represent gravel
and rock up to 200 pounds during tests to determine the self-cleaning
ability of the stilling basin.

10. Model measurements were converted to prototype values with
equations of similitude based on the Froude model law. Pressure lower
than -33 feet of water indicated vaporization in the prototype and had
no other significance except to show relative pressure conditions in
the model.




PART 11: TESTS OF COMPLETED STRUCTURES

Plan A Spillway (Original Design), Plans A and B Stilling Basin

Spillway Crest and Chute

11. Details of the original structures are shown on plates 4, 8,
and 9. The locations of plezometers in the crest, right abutment,
pier, end sill, and sluice outlets are shown on plate 10. Initial
tests were made with the exit channel at elevation 2097, which at the
time was the proposed ultimate excavation. Free flows of 20,000 and
145,000 cfs and gated discharges of 20,000 cfs (6~foot opening at
forebay elevation 2457) and 40,000 cfs (15-foot opening at forebay
elevation 2443) were reproduced.

12. Although flow did not impinge on the bridge across the spill-
way or on the gate trunnions during the 145,000-cfs discharge, waves
caugsed by flow around the abutments overtopped the upstream ends of
the chute walls (photograph 4 and plate 44). Water deflected by
eyebrows over the outside sluice outlets also overtopped the walls,
and a rooster tail formed by converging flow downstream from the pier
impinged on the bridge across the lower end of the chute (plate 12).
Vortexes formed near both abutments when the gates were used to con-
trol high flows. Spray that overtopped the side walls at a gated flow
of 20,000 cfs was no problem at 40,000 cfs.

13. Pressures at the piegzometer locations shown on plate 10 are
listed in table A for the spillway design discharge. The lowest
pressures on the crest were -3 feet at piezometer C-20 near the center-
line of the right bay and -7 feet at piezometer C-35 adjacent to the
pler. Computed pressures at these locations were -1.5 and ~14.5 feet,
respectively. Minimum pressures on the pier and abutments were -12
feet (piezometer P-8) and -6 feet (piezometer A-8) and occurred just
downstream from the stoplog slots. Pressures in the sluice outlets
indicated that the chute flow impinged on the sluice floors near their
intersection with the chute (pressures of 51, 52, and 45 feet for
plezometers E-6, E-8, and E-14, respectively).

[P




14. Additional piezometers were installed in the sluice outlets
and pressures were measured with and without eyebrows above the out-
lets with sluice flow only, spillwvay flow only, and combined flow.
Maximum impact pressures with and without the eyebrows were 111 and
135 feet in the spillway bucket and on the floors of the side sluices
(piezometers E-19 and E-7) when the sluices were closed and 145,000
cfs passed over the spillway. No areas of low pressures were observed
downstream from the impact points. With a combined sluice flow of
61,000 cfs and spillway flow of 145,000 cfs, the impact pressures
decreased to 92 and 82 feet, respectively. The lowest pressure of
-1 foot was at plezometers 2 and 10 behind the eyebrows. Above-
atmospheric pressures in the air pockets beneath the spillway flow at
the sluice outlets did not reduce sluice discharge during the project
design flood of 206,000 cfs because the discharge was controlled by
valves that were vented to maintain atmospheric pressure downstream
from them. Removing the eyebrows eliminated overtopping of the lower
chute walls by spillway flow, but overts ping still occurred with the
combined slufice and spillway discharge of 206,000 cfs.

Plan A-Stillixg Basin

15. The capacity of the Plan A stilling basin was inadequate for
the design flow of 50,000 cfs with tailwater for 60,000 cfs. The
minimum tailwater required to maintain a hydraulic jump in the basin
is shown on plate 13. With flows to 10,000 cfs, the downatream chan-
nel (elevation 2097) produced a tailwater higher than necessary to
maintain a jump. The jump could not be swept out by lowering tail-
vater. The maximum discharges at which a jump would remain in the
stilling basin with available tailwater were 27,000-cfs spillway flow
and 34,000-cfs sluice flow. Better flow distribution and mixing
action caused the higher basin capacity with the sluice flow. The
maximum capacity of the basin with sluice flow and raised tailwater
was 40,000 cfs. Additional tailwater depth did not increase the basin
capacity with spillway flow.




.‘.

Plan B-Sdlli&“in

16. Details of the Plan B stilling basin, vhich was 107.2 feet
longer (4.2 Dz) than Plan A, are shown on plate 14. The maximum
capacity of the stilling basin was 39,000 cfs with normal tailwater
for that discharge and 44,000 cfs with tailwater for a combined spill-
way and powerhougse flow of 54,000 cfs (plate 15). Approximately 3
feet of additional tailwater were required for 50,000-cfs flow with
10,000-cfs powerhouse flow. Use of a vertical end sill had 1iittle
effect on the basin capacity. Flow conditions with the project design
flood of 206,000 cfs are showm in photograph 5. With tailwater for
206,000 cfs (elevation 2144) the water surface in the tailrace was at
approximately elevation 2109, and waves covered the base of a proposed
observation platform on the right bank.

Plan B Spillway, Plans C to D-1 Stilling Basin

Spillway Crest and Chute

17. The Plan B spillway (plate 16) had the same crest shape, bay
widths, and tainter gates as Plan A (plate 8); but the pier and abut-
ment lengths were reduced 34.1 feet, the upstream overhangs and the
stoplog slots were removed, the abutment noses were changed from
circular to elliptical, the upstream width of the pler was reduced to
20 feet, the chute width was changed to 116 feet, and the stilling
basin was lengthened 40 feet and lowered to elevation 2059 (plate
17). Plezometer locations in the crest and right abutment are shown
on plate 18. No piezometers were installed in the Plan B piler.

18. The design flow of 145,000 cfs passed over the revised spill-
way with a total head of 52.9 feet—1.0 foot lower than with the
original design. Water surface and pressure profiles for 60,000 cfs
and 145,000 cfs are shown on plates 19 and 20, respectively. The area
of negative pressures on the crest increased; however, the lowest
pressure on the crest at the design discharge was only -2 feet (piezo-~ 4
meters C-20 and C-35, table B). With a gated flow of 60,000 cfs, )
pressures in the same areas were -3 feet. Pressures on the right
abutment were positive with a free flow of 50,000 cfs (stilling basin




design discharge) and a head on the crest of 27.8 feet. With the
spillvway design flow of 145,000 cfs, pressures ranged from 19 feet at
plezometer A-21 to -16 feet at piezometer A-26. The low pressure was
indicative of possible cavitation in the prototype. In contrast, no
negative pressures occurred on the circular noses of the original
abutments which overhung the upstream face of the dam 5 feet and were
subjected to lower velocities.

19. The 15-foot~high chute walls did not contain all the flow.
At a gate opening of 18 feet (60,000 cfs), the upstream ends of the
walls would have to be raised to elevation 2380 (27.5 feet high) to
contain the rideup (plate 19). With a free flow of 145,000 cfs, the
nappe was 6 feet deeper than the wall height (plate 20). Five designs
of abutment deflectors——four to deflect flow (plans B to E) and one to
deflect rideup only (plan F)—were investigated (plate 21). The spray
was minimized and rideup on the wall was decreased by a l1-foot-wide
deflector with 90-degree leading edge. The Plan F deflector for
rideup only was the simplest and most effective but required higher
chute walls, If the lower chute walls were desirable for structural
reasons, the Plan E deflectors with capped walls would be adequate.

20. Because the Plan B pier was shorter than Plan A, the rooster
tail caused by expansion of the nappes formed about 50 feet farther up
the chute (elevation 2290), was higher, and extended farther down-
stream. The larger rooster tail and new location of the bridge over
the stilling basin, which was at a lower elevation and farther
upstream, reduced the spillway flow at which impingement occurred on
the leading edge of the bridge to 60,000 cfs and on the bridge deck to
65,000 cfs. This condition was improved by attaching a deflector to
the downstream edges of the pier (plate 22). Of the four deflectors
tested, the 1-foot-wide, 45-degree deflector stabilized the rooster
tail so that it stayed in the stilling basin instead of fluctuating
beyond the training wall on the left and to the powerhouse on the
right. The water surface profiles shown on plate 23 indicated that
the pier deflectors had little or no effect on flow distribution in
the stilling basin.

10
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Pier Extension Plans A and A-1

21. The pier extensions shown on plate 24 were tested to deter-
nine whether they would reduce the size of the rooster tail and impact
of flow on the stilling basin bridge. Plans A and A-1 were similar
except that the height of the latter was reduced to 22 feet to match
that of the chute walls. With the Plan A extension, i{mpact on the
elevation 2148 bridge deck occurred intermittently during gated flows
greater than 100,000 cfs (gates open 30 feet or more). At large gate
openings when the flow was in the unstable stage between gated and
free flow, vortexes at the pier sometimes entrained air that enlarged
the rooster tail. With free flow of 145,000 cfs, the low rooster tail
usually passed underneath the bridge but occasionally impinged on the
leading edge when minor fluctuations at the spillway crest caused the
jets to swing from side to side.

22. The Plan A-1 pier extension was not overtopped by a free flow
of 145,000 cfs (photograph 6). The upstream corner of the extension
was occasionally overtopped during a gated flow of 110,000 cfs. The
overtopping flow followed the narrow edge of the pier extension to
about station 51415 and did not spill into the center void. This plan
was adopted for use in the prototype.

Discharge Rating, Plan B Spillway, Plan A-1 Pier Extenaion

23, Discharge rating curves for the Plan B spillway are shown on
plate 25. The spillway design flood of 145,000 cfs paased through the
splllway as free flow at pool elevation 2458. The free flow discharge
with maximum operating pool elevation 2549 was 150,000 cfs.

Plan C Stilling Basin

24, Pollowing tests of the 120-foot-wide by 228.78-foot-long Plan
B stilling basin, the width was reduced to 116 feet, the length was
increased 40 feet, and the basin was lowered 15 feet to elevation 2059,
Details of the Plan C design are show on plate 17. The stilling
basin design discharge was increased from 50,000 cfs with tailwater
for 60,000 cfs to 60,000-cfs spillway flow with the same tailwater.

11




Minimum tailwater required to confine energy dissipation of spillway
flows within the stilling basin is shown on plate 26. Violent boils
over the downstream runout slope occurred vhen the tailwater was 1 or
2 feet lower than shown. With normal tailwater (channel elevation
2097), the hydraulic jump at 60,000 cfs was very turbulent. Bottom
velocities near the top of the runout slope were 10 to 14 fps, and
waves were 6 feet high at the powerhouse and right bank observation
platform. Flow conditions with a vertical end sill were similar.

Plans D and D-1 (Recommended Plan) Stilling Basin

25, For the Plan D stilling basin, the design criteria reverted
to the conditions of Plans A and B; i.e., 50,000-cfs flow with
60,000-cfs tailwater. Plan D was a modification of Plan C with the
floor raised from elevation 2059 to elevation 2073 and the length
decreased from 268.78 to 248.78 feet. The width of the basin (116
feet) and the tops of the training walls (elevation 2135) were the
same as Plan C (plate 29). In Plan D-1 the walls were raised to
elevation 2142 (plate 32). These basins were tested with the tailrace
channel at elevation 2110.

26. The minimum tailwater elevation required to confine the
hydraulic jumps within the stilling basin for spillway and sluice
flows are shown on plate 27. The capacity of the basin was 51,000 cfs
with spillway flow only (photograph 7) and greater than the maximum
sluice capacity of 61,000 cfs. Flow conditions with the design dis-
charge of 50,000 cfs and tailwater for 60,000 cfs are also shown in
photograph 7. Upwelling overtopped the Plan D training walls st
elevation 2,135. Raising the walls 7 feet to elevation 2142 in Plan
D-1 (final design) was recommended (photograph 8). When the spillway
discharge was increased beyond 51,000 cfs, more of the hydraulic jump
extended into the rock-protected runout channel until the jump was
swept from the basin at approximately 90,000 cfs. A high level of
energy was dissipated in the runout channel and higher waves were
generated downstream (photograph 9). When the jump was swept out, the
basin functioned as a flip bucket. With discharges of 90,000 to

12
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100,000 cfs the flov plunged into the runout chanmnel (photograph 1G).
At greater discharges the flow flipped into the wmprotected channel
downstream (photograph 11). The rare high discharges would erode the
channel but should not endanger the structures.

Downetress Channel

Design Considerations

27. One of the probleme that arose during the design of Libby Dam
vas the selection of an acceptable plan for tail-ace excavation in
view of diversion stages, future additiomsal powsrhouse units, and
possibdbly a reregulating dam. Tests of the originel structures were
made with the tailrace excavated to elevation 2097 ior full powerhouse
operation without reregulation (plate 4). Subessquent tests ware made
with the channel at elevation 2110, which was designed for use with
the initially installed powerbouse umits or all umits with reregula-
tion. Plans included construction of powerhouse units 1 through 4
initially with units 5 through 8 to bs added later; therefore, most
model tests of the tailrace channel were mede with partial powerhouse
flows (10,000 cfs) released through units 1 and 2. The tests of the
tailrace channel were made to develop optimum chamnel alignment com~
patible with diversion stags requirements and to determine the need
for and design of bank revetment.

Plan A (Original Design)

28. Flow conditions with the Plan A channel (plate 28) with the
maximua powerhouse flow of 44,000 cfs (8 units) were observed to study
the channel alignment (plate 29). Eddies formed at the sharp corner
on the right bank and in the pocket betwsen the stilling basin and
left benk. With a flow of 60,000 cfs (10,000 cfs powerhouse and
50,000 cfs Spillway), sn eddy developed along the right bank and wave
rideups of 9 to 16 feet occurred (plate 30). However, these ware
higher than expectad in the prototype because of the smooth model
benks.
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Plan G (Recommended Plan)

29. The sharp angle on the right bank of the channel was replaced
by a 570-foot-radius curve, and the left bank was aligned for second-
and third-stage diversion (plate 31 and photograph 12). Flow condi-
tions in the channel were studied and the stability of riprap along
the banks was observed during sustained operation for 24 hours (proto-
type). Rocks having length- to minimum-width-ratios no greater than 3
and a uwniform weight distribution of 750 to 1,500 pounds (Hso- 1,125
pounds) were placed, without effort to key them, on selected test
areas to a depth of two rock diameters. The test areas were located
where critical or typical wave impact and high velocities were noted.
The bottom layer of rocks at the toe of slopes was grouted to the
channel floor to simulate a buried toe (see typlcal section on plate
31). Other areas of the test bauks were covered with 1,500- to 3,000~
pound rocks (WSO-Z,ZSO pounds) to the same thickness as the test
aress,

30. Flow conditions in the channel were satisfactory with flows
as high as 60,000 cfs (plates 32 to 34). With 10,000 cfs through the
powerhouse and 50,000 cfs over the spillway, the maxiwmum velocity near
the bottom was 12 fps at the top of the stilling basin rumout slope; a
velocity of 9 fps existed juat downstream from the runout slope (plate
34). The maximum wave height and rideup were 6 and 10 feet, respec-~
tively. When the spillway flow increased to 60,000 cfs, high-velocity
surges from the stilling basin caused boiling over the rumout slope,
higher velocities around the runout area, and greater wave action
(plate 35). Flow conditions were good with balanced conduit flow and
the spillway closed., With unbalanced sluice flow, conditions were
unsatisfactory.

31. With the design flow of 60,000 cfs, 750- and 1,500-pound
riprap was satisfactory except in test area 3 (plate 31) near the
poverhouse. The failure there was that of single rocks moving down
the slope to a keyed position below the rideup zone. The high rideup
did not move 1,500~ to 3,000~pnund rocks ad jacent to the test area;
therefore, that size riprap would be satisfactory in the area of
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direct attack between stations 57+50 and 59+50 on the right bank.
Minor failure occurred in test areas 1 and 2 on the right bank and 5
and 7 on the left bank when a greater-than-design flow of 70,000 cfs
was passed through the structures (plate 35). The most damage occur-
red in area 5. The 750- to 1,500-pound riprap would have been ade-~
quate during normal operation; however, derrick stone (3,000 to 5,000
pounds) was to be placed on the left bank from the dam to test area 4

for protection during second and third-stage diversion.

Rock on Stilling Basin Runout Slope

32. Two sizes of rock were investigated for use on the 1V on 6H
stilling basin runout slope: 3,000~ to 5,000-pound derrick stone
about 7 feet deep (two layers) and 1,500- to 3,000-pound rock 6 feet
deep. Both sizes had approximately uniform graduation by weight and
were dumped on the slope without keying individual rocks.

33. The 3,000 to 5,000-pound rock was required for the design
flow of 50,000 cfs over the spillway and 10,000 cfs through the power-
hougse. Only random, unkeyed rocks on the surface moved during 24
hours of operation (prototype); most of those rolled down the slope to
the vicinity of the end sill. Violent boiling over the runout caused
failure of the derrick stone protection when the basin design dis-
charge was exceeded.

34. The 1,500- to 3,000~pound rock was not adequate. Although no
damage occurred when 50,000 cfs was passed through the sluices, minor
damage was noted when that discharge came over the spillway. Because
the prototype rock will have a slightly lower specific gravity than

that used in the model, use of the heavier rock was recommended.

Ejector Drains and Wall Pressures

35. Ejector drains in the floor and pressures on the left wall of
the Plan D-1 stilling basin were studied to determine the effective-
ness of the drains in relieving pressure buildup under the basin floor

and to provide data for correlation with future pressure measurements

15
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in the prototype.* Details of the basin and ejector drains and loca-
tions of the flush-mounted pressure cells are shown on plate 36. The
five vertical rows of cells were at the same stations as proposed
instrument slots to be installed in the right wall of the prototype.

36. Average pressures at the ejector drains are listed in table C
for spillway discharges of 10,000 to 50,000 cfs. With a flow of
10,000 cfs, average drain pressures were O to 3 feet lower than aver-
age aerated water depths over the drains and with 20,000 to 40,000 cfs
were O to 7 feet lower. At 50,000 cfs, the pressures were 3 to 6 feet
less than average water depths at drains 1 to 9, 11 to 13 feet at
drains 10 to 12, and 6 to 7 feet at drains 13 to 15. Part or all of
the differences were due to heavy aeration of the water. The drains
were relatively ineffective,

37. Instantaneous and mean pressures on the left wall are listed
in table D. Within the design flow limits of the basin, the highest
observed pressure was 76 feet at pressure cell 2 during a 50,000-cfs
spillway discharge; the highest and lowest instantaneous pressures
were 93 and -39 feet, respectively, at cell 5 with a sweepout flow of
100,000 cfs. The stilling basin was designed to pass a discharge of
100,000 cfs, an infrequent possible event, safely but not without the
possibility of damage. Flows of 40,000 cfs occurred several times,
and 50,000 cfs was approached during the initial monthe of project
operation before power units were in use. The stilling basin was
damaged by cavitation and debris abrasion. The entire floor and the
lower 6 to 8 feet of the walls were eroded with the maximum erosion
being i{n the center third of the floor. The top and the entire
upstream sloping face of the end sill were severely damaged. The
walls and floor adjacent to the sill were also heavily eroded. The
lowest wall pressures with the discharges that have been experienced
occurred in or immediately upstream from the area of maximwum erosion.

* Hart, E. Dale, and Tool, Allen R., "Sluice Pressures, Gate Vibra-
tions, and Stilling Basin Wall Pressures, Libby Dam, Kootenai River,
Montaoa ,” Techaical Report B-76-17, Oct 76, U.S. Army Engineer Water-
vays Experiment Station, CE, Vicksburg, MS.
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Sluice ‘ntakes

38. A combined study of the bellmouth intakes for the regulating
sluices for the Libby and Dworshak projects* was made in a 1:2-scale
model of the right sluices. The heads on the sluices and the dis-
charge requirements for the two projects were similar. The outside
sluices for both projects were skewed relative to the face of the
structure to permit locating the intakes below the spillway abut-
ments. An intake design was developed for Dworshak that was flush
with the face of the dam and skewed to eliminate the need for corbels
on the dam face. The Libby study was made to develop a similar design
that also would be free of negative pressures. The Dworshak design
could not be used because the 14.2-foot distance between the dam face
and emergency gate slot at Libby was not adequate for the Dworshak
design which required 17 feet. The plan designations are a continua-
tion of those of the Dworshak study.

Plan F

39, The Plan F intake consisted of simple elliptical curves
followed by converging tangents on the top and sides designed to
establish discharge control at the upstream edge of the gate slot.
Details are shown in photograph 3 amd on plate 37. The design to
shift flow control from the valve to the slot section was not standard
practice but was an expediency for modification of plans of a project
umder construction. The study of the Dworshak design showed the shift
to be instantaneous and stable with acceptable pressures. Pressures
in the bellmouth, the gate slots, and the section between the slots
and the valve are listed in table E. The piezometer locations are
shown on plates 38 and 39. Flow conditions for free flow at pool
elevation 2459 are showm in the top picture of photograph 13. The
ainimum pressure in the bellmouth was -12 feet at piezometer 16F,

* “Dwrshak Dam, North Fork Clearwater River, Idaho,” Technical

Report No. 116~1, U.S. Army Engineer Division, Rorth Pacific, Divi-
sion Hydraulic Laboratory, CE, Bonneville, OR, to be published in 1983.
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which indicated possible cavitation. Negative pressures existed along

the downstream one-half of the left bottom corner. Pressures in the

other corners were positive. On the right side, flow impinged inter-

mittently on the downstream edge of the slot near the top of the .
sluice, and on the left it continually impinged along one-~fourth to

one-half of the downstream edge of the slot. The lack of impact ¢
pressures at piezometers 33F, 34F, 36F, and 37F (located 0.2 foot from

the edges) indicated that the impingement was limited to the edges of

the slots. No adverse pressures at piezometers 38F, 45F, and 52F

developed from separation of flow at the edges of the slots. With the

flow uncontrolled, free surface flow occurred downstream from the

slots when a small amount of air was admitted through the slots.

Plan G

40. To increase the throttling effect and thus create additional
back pressure from the control area at the upstream edge of the emer-
gency gate slots, the roof convergence was increagsed from 8.5 to 14.0
degrees (plate 40). The bottom and sides were not changed. The
3-5/8-inch setback at the downstream edge of the slots was increased
to 6 inches. This was the maximum possible increase without redesign-
ing the slots and gate.

41. Pressures at the plezometer locations shown on plates 41 and
42 are listed in table F. Flow conditions for free flow at pool
elevation 2459 are shown in the bottom picture of photograph 13. The
minimum pressure-~4 feet at peizometer 11G-—~satisfied the criterion
for design. Although the setback at the downstream edges of the slots
was increased, the increased roof convergence caused greater impinge-
ment on the edges of the slota. As in the previous design, pressures
adjacent to the slots were satisfactory. The impact area and about 40
feet of the prototype floor and walls downstream from the slots are
protected with a steel liner.

42. When the slot was sealed and air excluded (a condition that
would not occur in the prototype), control of flow shifted to the
valve section, full sluice flow occurred upstream from that point, and @

18




ainimum pressures were ~12 feet in the bellmouth and ~25 feet in the
slots (table G). The amount of air required through the slot was not
measured .,

43. The discharge rating of the sluice with fully open valve is
shown on plate 43. The maximum discharge 19,990 cfs at pool elevation
2459 was 340 cfs less than computed. The maximum capacity of three
sluices would be 59,970 cfs instead of 61,000 cfs. At minimuwm puvol
elevation 2287, the maximum capacity was 10,930 cfs, 740 cfs less than
anticipated.

44. After the model tests were completed, the decision was made
to construct corbels on the face of the dam that would contain intakes
perpendicular to the sluice alignments. The intake design was similar
to Plan D selected for Dworshak (plate 44) prior to the development of
the adopted Plan E having skewed intakes.

45. After 18 months of operation, cavitation was discovered on
the invert and walls of the cente sluice downstream from the valve
and on the roof immedf{ately upstream from the valve; ten months later
cavitation damage was found in the right sluice. Repairs were made,
and the center sluice was field tested to determine the cause of the
damage .* Model tests were made by the U.S. Army Engineer Waterways
Experiment Station to develop an aerator as a means to prevent future

cavitation damage.**

* See footnote page 16.
* Dortch, Mark S., "Center Sluice Investigation, Libby Dam, Kootenai

River, Montana,” Technical Report H-76-21, Dec 76, U.S., Army Water—
ways Experiment Station, CE, Vicksburg, MS.
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PART III: TESTS OF DIVERSION STAGES

Second and Third Diversion Stages

Proposed Construction Schedule

46, Portions of the Plan G channel, a diversion channel and
first-stage cofferdam, right bank Monoliths 1 to 8, portions of Mono-
liths 28 to 37, and the stilling basin were to be installed during the
first stage of construction. Monolith locations are showm on plate
1. Monoliths 33 to 35 would be left low for second-stage diversion
and temporary sluices provided in Monoliths 32, 34, and 36 (plate
45). After the 1968 flood season the first-stage cofferdam would be
breached and the river allowed to flow over divergion Monoliths 33 to
35. Momolith 33 was to be raised after high water in the summer of
1970. The temporary sluices were to be opened in the spring or early
sumner of 1971.

47, The third stage of construction, from August 1971 to about
October 1972, was to start with raising diversion Monolith 35 and
passing all flow through the temporary sluices in Monoliths 32, 34,
and 36. As the monoliths were raised, the temporary sluices would be
closed one at a time with an intake gate. Flow through the last
temporary sluice would be regulated to a2 minfmum of 2,000 cfs while
the reservoir filled until this minimum discharge could be passed
through the permanent regulating sluices.

Plan D Diversion (Original Design)

48. Model studies of the first construction stage were not
required. Details of the Plan A (original contract plan) first and
second steps of second-stage diversion are shown on plates 45 and 46.
Third-stage diversion is shown on plate 47. The left bank and the
backfill at the toe of the dam were to be protected by 3,000~ to
5,000~pound derrick stone. Model tests indicated that the plan was
not satisfactory during second-step, second- and third-stage diver-
sion. High velocities caused extensive damage to model riprap at the
toe of the dam and the adjacent left bank. Since that portion of the
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left bank would support the roadbed for a transcontinental railway, no
damage to the bank was permissible. The high velocities of flow
through the diversion structure dissipated slowly, and extensive

erosion of the relatively shallow channel was indicated.

Recommended Plan

49, Details of the recommended plan (Plan F diversion) are shown
in photographs 14 and 15 and on plate 48. The structural changes
included: (1) replacement of the sluice in Monolith 36, which spilled
onto the left bank, with one in Monolith 31, (2) provision for stop—
logs near the downstream end of Monolith 33 to cause the outflow to
plunge, spread, and dissipate energy better, and (3) addition of a low
wall along the left bank ad jacent to the dam., Excavation around the
structures which was riprapped and backfilled in Plan A was left open.
The derrick stone on the left bank above the toe wall was grouted, and
the derrick stone and riprap on the remainder of the downstream bank
slopes were loose-dumped.

S0. Diversion was studied with a continous test from first-step,
second—-stage diversion to third-stage diversfon. Velocities over the
ri prapped banks were measured in flows of 60,000, 82,000, and 109,000
cfs with first- and second-step, second-stage diversion and 20,000 and
30,000 cfs with third-stage diversion. The flow was interrupted while
scour and deposition patterns were obgerved after each discharge. The
gradation of the movable-bed material used in the tests is shown on
plate 49.

51, Velocities on the banks during first-step, second-stage
diversion are shown on plates 50 to 52. Flow conditions are shown in
photographs 16 and 17. Almost no movement of the initial channel bed
occurred with the flow of 20,000 cfs. With 30,000 to 50,000 cfs, bed
movement was slight and stablizied in less than 4 hours. With 60,000
cfs, the scour did not stabilize in 10 hours and individual derrick
stones on the left bank were dislodged. Just downstream from the two
lowest monoliths scour depth extended to bedrock. After the 82,000-cfs
flow, scour along the left bank exposed the toe of the derrick stone
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downstream from the wall; however, no failure of the bank protection
occurred. At 100,000 and 109,000 cfs the derrick stone withstood the
flow, but scouring occurred on the stilling basin runout slope
downstream from the derrick stone (photograph 17).

2. During second-stage diversion (photographs 18 and 19), the
higher concentration of flow from Monolith 33 moved the scour pattern
downstream and to the right. With flows to 82,000 cfs, a small amount
of fine material was deposited in the stilling basin (photograph 20).
Deposition occurred in the prototype stilling basin during diversion.
Most, but not all, of the debris was removed prior to use of the basin.
The debris that was left apparently contributed to the subsequent
erosion of the basin. The deposition in the stilling basin ceased at
109,000 cfs, and derrick stone was washed away near the cormer of the
stilling basin wall (photograph 21). Since the basin wall was to be
founded on solid rock, this erosion would not endanger the structure.
The maximum velocity over ungrouted derrick stone on the banks was
15 fps (plates 53 to 55).

53. Bank velocities were low (plates 56 and 57), and only minor
erosion occurred during the low flows of third-stage diversion (photo-
graphs 22 and 23). Almost all movement was along the right side.
Material deposited downstream from Monolith 31 was moved into the
scoured area downstream from the stilling basin by flows of 10,000 to
20,000 cfs and on downstream by 30,000 cfs (photograph 23).

Closure of Monolith 33

54. Water surface elevations were measured as Monolith 33 was
closed at the end of second-stage diversion by means of a 6l-foot-wide
closure bulkhead on the upstream face of the dam. Details of the
diversion structure are shown on plate 48. With a river discharge of
20,000 cfs, the data in table H was obtained to determine the back-
water in the low monolith and the head on the closure gate with 10.4-
foot-high stoplogs near the downstream end of the momolith. With
steady flow, the forebay elevation varied from 2137.0 when the gate
was fully open to 2146.8 when the gate was lowered to an opening of
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5.0 feet. Average water surface elevations at the center of the

" monolith decreased from 2135.0 to 2131.5. Heads on the gate varied

from 6.2 feet with a gate opening of 15.0 feet to 21.8 feet with an
opening of 5.0 feet.

Debris Deflectors for Construction Trestle

55. As shown on plate 48, Monoliths 33 and 35 would be completed
to elevation 2110 and Monolith 34 to elevation 2140 during first-stage
construction. Flow would be passed over these monoliths during the
first step of second-stage diversion (paragraph 46). Construction
methods included a temporary steel trestle tower on Monolith 34 (plate
58). The tower legs would be subjected to the impact of water flowing
over Monolith 34 during river discharges greater than about 50,000
cfs. Debris might collect on the legs, reduce flow over the mono-
liths, and raise the upstream water surface enough to endanger the
railway roadbed at elevation 2160. This was especially likely during
the spring of 1969 when there was a possibility of a flood greater
than the 109,000 cfs for which the diversion facilities were designed.

56. Two deflectors that diverted all flow around the tower were
tested in the model. One had a blunt (180~degree) upstream face; the
other had a 90-degree nose (plate 59). Both created backwater effects
that raised the forebay 1.3 and 1.1 feet, respectively, at a flow of
109,000 cfs. The maximum wave rideups on the two deflectors were 17.5
and 16.5 feet, respectively. A 40-foot-long triangular float anchored
50 feet upstream from the dam on the centerline of Monolith 34 deflec-~
ted all debris around the tower and had no effect on pool levels. The
device was abandoned because the float would be difficult to anchor in
the gravel bed upstream.

57. The adopted plan included two 15-foot-high concrete piers
that encased the tower legs (photograph 24 and plate 60). Each pier
served as a deflector and wuld become part of the mass concrete of
the monolith. Debris that caught on the long pler noses could be
dislodged or removed by means of overhead cranmes. Flow around the
piers was satisfactory. Debris caught on a pler nose and on a cross




member of the model tower is shown in photograph 24. The piers had no
significant effect on the forebay elevation during a riverflow of
109,000 cfs. Maximum rideup of waves on the piers was 14 feet.
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PART 1IV: TESTS AFTER INITIAL PROTOTYPE OPERATION

Flow Required to Clean Stilling Basin

58. After a period of initial operation, silt and gravel were
found in the prototype stilling basin. Previous model tests had
indicated that a deposition might occur in the downstream left
corner. Tests were made to determine the sluice flow required to wash
this debris out of the basin. Coarse sand and 3/8-inch-minus gravel
that simulated gravel and rocks weighing up to 200 pounds were
deposited against the end sill. Total sluice flows of 5,000, 10,000,
18,000, and 25,000 cfs were passed in succession for a 24-hour period
(3 hours and 24 minutes in the model) at each discharge. The two
lower flows had little effect on the deposited material. At 18,000
cfs, some of the material was swept out of the basin and deposited
downgtream from the end sill and behind the left basin wall. All the
remaining debris was swept from the basin by a flow of 25,000 cfs.
Some of the material was depoasited just dowmstream from the end sill;
the rest settled in the exit channel ilmg the edges of the outflow
jet.

59. Silt and gravel were swept from the prototype stilling basin;
however, the completeness of cleaning was not determined at the time
and within a year material was found in the basin again. Subsequent
examination of the basin revealed erosion damage to the floor and end
sill; the damage has been repaired.

Reduction of Absorbed Nitrogen

60. Flow through high-head spillways and hydraulic-jump stilling
basins aerates heavily. 1In deep stilling basins, large quantites of
the air may be absorbed and retained as dissolved gases of which
nitrogen 1is predominent. Since all flow was to be released through
the stilling basin until power units were in operation, model studies
were made in an attempt to develop modifications that would reduce
nitrogen absorption with discharges to 40,000 cfs. The studies dis-
cussed in Appendix A did not lead to development of a satisfactory
modification.
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PRESSURES ON PLAN A STRUCTURES

TABLE A

Spillway Discharge 145,000 CFS, Free Flow, Sluices Closed

Piezometer Pressure in Piezometer Pressure in Piezometer Pressure in
Number Feet of Water Nupber Feet of Water Number Feet of Water
Abutment Crest Sluice Exits
A- 1 38 c- 1 26 E- 1 0
A- 2 22 c- 3 6 E- 2 0
A- 3 26 C- 4 -4
A~ 4 2 c-5 -4 E- 3 6
A~ 5 0 E~ 4 10
c- 6 3 E~ 5 14
A~ 6 0 c- 7 2 E- 6 51
A~ 7 4 c~ 8 1
A~ 8 -6 c-9 3 E- 7 14
A~ 9 -1 E- 8 52
A~-10 -6 c-10 6
c~11 12
A-11 -3 c-12 9 E-9 0
A-12 -5 c-13 9 E-10 |
A~13 0
A~14 1 E-11 3
A-15 ~1 c-14 20 E-12 8
c-~15 14 E~13 13
A-16 0 Cc-16 6 E-14 45
A-17 -1 c-~17 4
A-18 0 c-18 1
A-19 3
A-20 9 c-19 -2
c-20 -3
c-21 0
Pier c-22 5
c-23 11
p-1 i 47
P~ 2 2f c-~24 9
P~ 4 3 c-25 7
P~ 5 5 Cc-26 9
P~ 4 1 c-27 9
2= 7 ~9
P~ 8 -12 c-28 28
P-9 -2 c-29 8
p-10 -9 c-31 -2
P11 -2 c-32 -3
P-12 -6 c-33 3
P-13 1 c~34 ~1
P-14 2 c~35 -7
p-15 -1 c-36 6
P-16 -1
c-37 5
P-17 ~5 c-38 12
p-18 -6 c-39 10
pP-19 3 Cc~40 8
pP~20 6
P-21 4
P-22 9
pP-23 9
NOTE: Piezometer locations are shown on plate 10.
TABLE A
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TABLE C

EJECTOR DRAIN PRESSURES

Plan D-1 Stilling Basin

¢
Drain Spillway Discharge in CFS
No. 10.000 4l720,000A41730,000 l 40,000 *[ 50,000
Average Pressure at Drain Opening - Feet of Water
1 51 44 39 37 33
2 50 44 39 37 31
3 51 45 41 39 34
4 51 50 47 43 39
5 51 50 45 44 39
6 52 51 47 47 41
7 52 52 52 52 49
8 52 53 52 53 50
9 52 53 53 54 50
10 53 54 55 55 55
11 53 55 54 54 54
12 53 55 55 55 56
13 53 55 55 57 57
14 53 55 56 56 57
15 53 55 56 58 58

NOTES: 1. Details of stilling basin and location of
ejector drains are shown on plate 36.

2. River flow controlling tailwater elevations

equalled spillway discharge plus 10,000 cfs
through powerhouse.

TABLE C
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View looking upstream

4+ ’,,4

Spillway and powerhouse

Photograph 1. Pian A (original design) structures and
tailrace in 1:50-scale spillway model. }
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Photograph 3. Plan F bellmouth and valve section for 1:20-
scale model of regulating sluice intake.
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Photograph 5. Flow conditions with plan B stilling basin.
Spillway discharge 145,000 cfs, sluice
discharge 61,000 cfs, tailwater elev 2144.0.
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Spillway discharge 50,000 cfs, powerhouse discharge 10,000 cfs
tailwater elev 2131.7

Spillway discharge 51,000 cfs, powerhouse closed
tailwater elev 2130.2

Sluice discharge 50,000 cfs, powerhouse discharge 10,000 cfs
tailwater elev 2131.7

Photograph 7. Flow conditions with plan D stilling
basin and plan A interim channel.




Flow conditions with plan D-1 stilling
basin and plan G downstream channel.
Spillway discharge 50,000 cfs, powerhouse
discharge 10,000 cfs, tallwater elev 2131.7.

Photograph 8.

“ate

Flow conditions with plan D-1 stilling
basin and plan G downstream channel.
Spillway discharge 60,000 cfs, powerhouse
discharge 10,000 cfs, tailwater elev 2133.1.

Photograph 9.
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Photograph 10,

Photograph 11.

Flow conditions in plan D-1 stilling
basin and on runout slope. Spillway
discharge 100,000 cfs, tailwater
elev 2138.1.

Flow ccnditions in plan D-1 stilling
basin and on rwout slope. Spillway
discharge 145,000 cfs, tailwater

elev 2143.0.

-




Photograph 12.

Plan G downstream channel with
stilling basin.

plan D-1




Plan F
Flow separation caused by impingement in right slot

M 133 - 49

Plan G

Photograph 13. Flow conditions with bel

lmouth plans
F and G.

Free flow, pool eley 2459.0.
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View from downstream

Derrick stone on stilling basin runout
slope and riprap along left bank

Photograph 14. First-step, second-stage diversion structures
and downstream channel (before scour tests).
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Second-step, second-stage diversion

Mic%-481

Third-stage diversion

Photograph 15. Diversion structures and downstream .
channel (before scour tests).
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Photograph 16.

Discharge 82,000 cfs

Flow conditions during first-step,
second-stage diversion.

§
¢
H
4
d




125-492

Scour and deposition after 10 hours

Photograph 17. First-step, second-stage diversion.
Discharge 109,000 cfs.
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M 125498

Photograph 18.
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Discharge 60,000 cfs

Discharge 82,000 cfs

Flow conditions during second-step,
second-stage diversion.

Y ¥

{
— - - - T .
: A o4
A M
——




Photograph 19. Flow conditions during second-step,

Photograph 20.

second-stage diversion. Discharge
109,000 cfs.

A 5 A e

Scour and deposition at stilling basin
after 10 hours of flow with 82,000 cfs
during second-step, second-stage diversion.
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M125-505

Scour and deposition at stilling basin
after 10 hours of flow with 109,000 cfs
during second-step, second-stage diversion.

Photograph 21.

M 125506

Photograph'22. Flow conditions during third-stage
diversion. Discharge 20,000 cfs.




Scour and deposition after 10 hours

Photograph 23.

Third-stage diversion.

Discharge 30,000




Discharge 109,000 cfs

Photograph 24.

View from upstream

Discharge 130,000 cfs

Debris caught on deflector plers and tower

Low monoliths 33 to 35 and contractor's debris deflectors
and tower, first-step, second-stage diversion.
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APPENDIX A
REDUCTION OF ABSORBED NITROGEN
General

1. PFlow over the Libby spillway or through the regulating sluices
will follow the concrete outline of the structure and plunge to the
bottom of the stilling basin. Near the bottom, pressures of more than
40 feet of water exist which force nitrogen in the aerated flow into
golution. Since all flow releases were to be made through the still-
ing basin until power units were completed, model studies were made in
an attempt to develop modifications that would reduce nitrogen absorp—
tion in discharges up to 40,000 cfs. The studies were made with a
1:50-scale model described in paragraph 8 and shown in photograph 2
and plate 5. '

2. Profile views that indicate the approximate zones of aeration
in the stilling basin of the unmodified project are shown in photo-
graphs A-1 and A-2.

Effects of Deflectors and Flip Buckets

3. Prototype tests at Bonneville and Lower Monumental Dams had
shown that flow deflectors installed on the spillways just below the
minimum tailwater reduced the amount of nitrogen forced into solution
during spill by diverting the aerated flow to the surface of the still-
ing basin. Since less pressure was exerted on the shallow aerated
flow, less nitrogen was absorbed. Similar deflectors were tested on
the Libby sluices.

4. The initial deflectors were 15-feet~-long by 10-feet-wide
horizontal surfaces at elevation 2115 that were connected to the
sluice floors by 50-foot-radius curves. The deflectors did not pre- 3
vent the flow from diverting into the basin. Tilting the deflectors
upward 10 degrees and placing the invert at elevation 2110 increased
surface flow in the basin with discharges as high as 20,000 cfs
(photograph A-3). A discharge of 40,000 cfs plunged into the stilling
basin and formed a hydraulic jump. Increasing the deflector length to

o X vt

A=l

< ?s‘




25 feet did not improve conditions with or without the 10-degree flip.
Stepping the deflectors laterally with alternating 2-foot—wide flats
(three at elevation 2115 and two at elevation 2110), reducing the
entrance curve to a 25-foot-radius, and adding side walls to the
deflectors were tried without success.

5. Flip buckets that would project the sluice flow over the
stilling basin into relatively shallow water on the runout slope and
reduce the amount of nitrogen that would be absorbed were tested
(photograph A-4). With normal pool elevation 2459 and a I0-degree
flip bucket with 1lip at elevation 2127.7, zones of impact were on the
stilling basin runout slope (photographs A-5 to A-7). With minimum
pool elevation 2287, impact was in the basin and entrained air was
carried to the basin floor at the end sill., After several combina-
tions of deflectors and flip buckets were tested, flip buckets were
abandoned because potential damage to the runout slope and waves in
the exit channel were considered to be too severe.

6. Following a model demonstration and conference on the nitrogen
problem at Libby Dam, the conferees agreed that none of the plans were
satisfactory.
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Discharge 5,000 cfs, tailwater elev 2120.0

Discharge 10,000 cfs, tailwater elev 2121.5

Discharge 15,000 cfs, tatlwater elev 2123.2

EE T L N

Discharge 20,000 cfs, tailwater elev 2124.5

Photograph A-1. Flow conditions in existing stilling basin, sluice
discharge 5,000 to 20,000 cfs, pool elev 2459.0.




Discharge 35,000 cfs, tailwater elev 2127.7

Discharge 40,000 cfs, tailwater ~lev 2128.6

j

Photograph A-2., Flow conditions in existing stilling basin, sluice
discharge 25,000 to 40,000 cfs, pool elev 2459.0.
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Discharge 10,000 cfs, simulated powerhouse
discharge 10,000 cfs, tailwater elev 2124.5

‘ Discharge 40,000 cfs, tailwater elev 2128.6

Flow conditions with sluice flow and plan B
sluice deflectors (15 ft long at elev 2110.0
with 10-degree flip), pool elev 2459.0.

i
Photograph A-3.
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View from downstream
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Side view

Photograph A-4. Plan E, 30-degree flip buckei at sluice outlets.
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