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Denver, Colorado June 30, 1939

MEMORANDUM TO CHIEF DESIGNING ENGINEER.
(Je He Douma, Assistant Engineer)

Subject: Model study of Wickiup Dam outlet works, Deschutes
project, Oregon.

le Introductione Wickiup Dam will be an 87-foot high
earth structure located on the Deschutes River about 35 miles south-
west of Bend, Oregon, (figure l)e The outlet works, designed to
discharge 3,950 seccond-feet at the normal full reservoir elevation
433900, will provide for emergency release of floodwater during
flood periodse In addition to the emergency requirement, by valve
control the outlet works will have frequent use in regulating the
flow dovmstrcam from the dame

The outlet works is located a short distance to the right
of the river bed so the conduits will rest on an excavated founda-
tion (figure 2)e A short open channel excavated to elevation
4259400 leads to the conduit entrances which are protected by a
standard trashrack structurees A 284~foot length of twin, 9~foot
O-inch diameter, reinforced concrete, horseshoe conduit leads to
a gate chamber located a short distance upstream from the axis of
the deme Two 96~inch ring-follower gates placed in a gate chamber
provide closure of the conduits for inspection or repairs of the
90~inch tube valves, which are located at the ends of the two 96=-
inch IeDe. steel pipese Eleven-foot long discharge guide vanes ex=-
tend from the valve exits to a chute which leads to a rectangular
stilling basine A dividing wall along the center line of the chute
and stilling basin provides a separate stilling basin for cach
valvee

2e¢ Necessity for model studye. While several model
studies have been conducted in the Bureau of Reclamation laboratory
of outlet structures of the type in which the needle valve or tun-

nel discharged directly into the river channel downstream from the dam
and one  case

,\whereahydraullc Jump and stilling basin were employed, no studies
have been previously made of the chute stilling-basin type of out-
let workse The designs of several features of this type of struc-
ture werc uncertaine The nccessity of a center line dividing wall
and the reguired hoight and length of such a wall were particularly
in doubte Other questions of design requiring investigation were:
(1) Whether the jets would spread properly in the short chute
section before reaching the stilling basin; (2) whether a solid end
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sill is needed at the end of the level floor of the stilling basin
when a sloped concrete apron is provided at the end of the basin;

(3) whether when hoth valves operate at maximum capacity the addi-
tional tailwater in excess of the stilling-basin design tailwater

for one valve operating at maximum capacity will result in a sub=-
merged, ineffective hydraulic jump; (4) whether destructive currents
would form downstream from the stilling basin for one-valve opera=
tione Finally, since the left bank of the channel downstream from

the stilling basin is to be of fill material, a particularly efficient
stilling basin is required.

A chart (appendix I, figure 17), constructed in the hy-
draulic laboratory from experimental results of the model studies
of five stilling basins, in which the relations between variables
in the design of rectangular stilling basins are given, was used
by the outlet-works designing section in the initial design of the
Wickiup Dam outlet-works stilling basine It was desired to check
the validity of the design chart by a model study of the stilling
basin in which the most efficient dimensions would be determined.
Furthermore, such a study would insure the incorporation of the most
efficient stilling basin in the final design of the proposed struc-
tureo

3¢ The modele Space and pump capacity in the laboratory
limited the length scale to 1:20e The corresponding velocity scale
is 1l:4e47 and discharge scale is 1:1789. The maximum prototype
flood of 3,950 second=feet for reservoir elevation 433900 and both

valves 100 percent open is represented by 2207 second-feet in the
mode l.

To facilitate construction of the model two short cuts
were taken. First, the structure up to the valves was eliminated
from the study by making the model head correspond to the effective
head at the valves; second, the valves were represented by short
tubese The jet from a short tube and that portion of the jet from
a tube or needle valve beyond the vena contracta are approximately
similar, so that by making the model short tubes of the same dia=-
meter as that of the valve jet vena contracta the proper mean jet
wlocity for any discharge will be given by the short tubes. Partial
valve openings may be similarly represented by smaller diameter tubese

Materials used required values of Manning's N for proto-
type and model of 0.0l14 and 0.010, respectivelye Neglecting such
minor effects as those due to viscosity and surface tension of the
fluid, the relative roughness of prototype and model surfaces fixes
the scale at which strict geometric and hydraulic similitude may be



achieved simultaneouslye Lack of sgace and pump capacity prohibited

use of the desired scale of (Mm/Np)® or 1:7.52 necessitating sacri-
fice of either geometric or hydraulic similitudes

In the design of a chute and stilling basin by a model
study hydraulic similitude normally is of most importancees When
prototype and model roughness are unequal hydraulic similitude re-
quires a friction correction, which is attained by either a greater
length of chute or increase in slopee

For the present study hydraulic similitude exists in re-
gard to the jet velocity at the tube exits, since any difference in
model and prototype losses up to this point is absorbed in the head
on the model tubes. Probable dissimilarity of flow patterns within
tube and valve Jets is considered insignificant to the studye.

The friction correction for the short chute will be slight
warranting no correction for this modele Since the model velocities
will then be slightly higher than those required for hydraulic simili=-
tude, the design will be on the safe sidee The model was geometri=-
cally similar to the prototype, but lacked strict hydraulic simijili=-
tudes Figure 3 shows the original model designe

4e Relationship between model tube diameter and vrototype
valve openinge The discharge-reservoir elevation curve (figure 4a)
for two 90-inch tube valves was determined by the designing section
by properly evaluating all losses from the reservoir ©to the valve
exitse The valve discharge coefficient based on the valve exit cross-
sectional area (90-inch diameter for the Wickiup valves), as deter=-
mined from tests on one 84-inch Boulder prototype needle valve and
a 5=inch Boulder-Alcova model needle valve, is 0e78e Subscquent
tests on a 5-inch model tube valve gave the same valuees Tests also
show the coefficient to be constant for a 100-percent valve opening
and variable head for both types of valvese

The ener%y head available in front of the valves is given
by hg = (0.78)2 vo°/ 2g, where v, is the valve exit velocitye The
head loss up to the valves for any discharge is the difference in
energy head in front of the valves and the total available energy
head given by the difference in valve center line and reservoir
water=-surface elevationse Computations for the total head loss up
to the valves are given in table 1, and figure 4B shows the total
head loss up to valves=-discharge relationship, which allows the
energy head in front of the valves to be computed for any dischargee
The relationship is applicable to any valve opening, since valve
opening is not a function of the loss up to the valvese
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TABLE 1

Computations for total loss up to valves

Protoe Q, Velocity|Energy head, |Total head
Reservoir |Total head,|in cefese,| vy, in hp, ir feet,|loss, he,
water=- |H, in feet,|for two fepese,|available in|in ft.,
surface |above valve|valves at valve| front of up to
elevation |center line|100% open exits valves valves
4347 84 4,150 4740 5664 27 e6
4339 76 35950 4467 51,0 2500
4330 67 3,700 4149 4448 2202
4320 57 3,410 3846 3840 1960
4310 47 Splll® 3562 3le7 1563
4300 57 214750 3le2 2468 1262
4290 21 2,370 2668 1843 8e7
4280 i 1,900 2/ilis15 11,8 502
4270 7 1,200 1366 467 203

The meen jet velocity at the vena contracta is given by

Vge = C \/ZghE, where the discharge coefficient C has becn found

to be equal to 098, and hE is the energy head in front of the valvese
The required modecl tube diamcter to correspond to the valve jet vena
contracta diameters for several discharges at normal maximum reser-
voir water-surface elevation 433900 is determined in table 2o The
4,0l4-inch tube diameter represents 100 percent valve opening, and
all smaller diameters represent partial valve openingse

TABLE 2

Computations for model tube diameter - Prototype valve opening rela-
tionshipe Constant reservoir clevation 4339,00 - 2 valve operation

Proto vena |Diae of {% of |% of
Prototype|hy up to|hp at |Velse of contracta | model [full |valve
discharge|valves valves|jets, Vy.,| area in [|tube in|dise open-
in cefese| in fte |in ftelin fepese | sa. fte inches fcharge | ing
519150 2560 5160 5661 70637 4,014 100 100
34500 19,8 5662 58.9 59,40 369 8866 730
3,000 1463 61le7 6le5 48676 3034 7569 5660
259500 967 6663 6460 3905 2099 6303 4566
2,000 59 70e1 6568 30640 2064 5046 367
1, 500 3e4d 73 66 67e¢4 2225 2426 3860 2766
1,000 1.8 T4e2 6767 14,77 l.84 253 1846
500 067 753 6842 Te33 1.296 12.7 10.4
200 0e2 758 684 2492 0.818 5606 4e5




The model tube diameter can be related to the percent
valve opening by use of the percent valve opening-percent full dis-
charge relationship (figure 4C), which was obtained from tests on
the 5-inch model needle and tube valves and later checked by proto=-
type tests on the 84=-inch Boulder needle valve. The prototype valve
opening-model tube diameter relationship is shovm in figure 4De Pro-
totype values for the four model tube diameters tested are shown in
table 3.

TABLE 3
Prototype quantities for model tubes tested - Rescervoir elecvation 4339.
Proto jet
Model tube| % of % of Prototype discharge voilimy Vg s
diameter valve full in cefese in
in inches| opening] discharge] 2 valves 1 valve fepeSe
4,014 100 100 3,950 1,975 561
34540 648 83e4 3,295 1,647 60e2
20480 326 4449 1,774 887 6663
1l.605 1449 193 762 381 678

S5¢ Original stilling-basin designe The original design,
as presented by the designing section to the hydraulic laboratory for
testing, is shown in figure 5 The stilling basin dimensions for this
design were determined by the previously developed chart presented in
appendix I, figure 17.

6e Influence of fiet aeration on hydraulic ~jump formatione
The first tests of the model were made with square entrances to %the
tubese This entrance condition was so unfavorable to smooth flow that
the jets expanded considerably immediately beyond the tube exitse With
the high degree of turbulence, oxpansion of the jets and an existing
mean jet velocity in the model of 1342 feet per second conditions were

favorable for air entraimment, and from the appecarance of the jets
there undoubtedly was some air entrapped in the flowe It is expected
that considerable air will bo entrained by the prototype jetse The
expanded model jet gives an indication of the bchavior of the proto=-
type jets and the effect on flow in the chute and hydraulic jump
formatione Figure 5C shows better depth distribution for the aerated
jet than for a solid jet. The solid jet was obtained by using a
smooth bellmouth entrance to the tubese Due to the lower mean velo-
city of the aerated jet, the jump is located farther upstream (fig-
ure 5B)e Except for slight difference in friction loss, theoretically,
the momenta of the aerated and solid jets are equal, which is demon=-
strated experimentally by the agresment of the hydraulic «=jump forma-
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tions for the two casese It is apparent that air entrainment has
but small effect on the hydraulic jump formation and that on the
safe sidee Except for possible increased splashing, air entrain-
ment in the flow of the Wickiup structure will improve the flow
conditionse Plate 1A shows the aerated jet on the right and the
solid jst on the lefte

Te Chute floore It is impossible to establish a rigid
rule for the proper design of the chute floor trajectory; a long
trajectory is more effective in spreading the jets than a short
trajectory, but the short one is more economicale. It is desirable
that the highest velocity jet for a very small valve opening and
maximum reservoir elevation strike the chute floor before reaching
the chute blockse This requires a longer floor than given by the
maximum jet trajectory, since the origin of the floor trajectory is
loweres However, in almost all cases there will be at least several
feet depth of water in the basin for small valve openings, so that
the jets strike the pool before reaching the chute blocks which
enables the chute floor to be shortened. The under surface of the
theoretical trajectories based on mean velocities is shown in
figure 6A and the experimental trajoctories in figure 6B for several
valve openings. The point at which the jet strikes the floor moves
upstream as valve opening increases in accordance with the decrease
in head at the valvese. Since particles near the surface of the jets
have smaller velocities than the mean jet velocity, the expecrimental
jets strike the floor upstream from the theoretical jets which al=
lows further reduction in chute lengthe For best economy and good
distribution of the jets the trajectory of the chute floor should
be about equal to or slightly smaller than the trajectory for the
maximum velocity jete The maximum jet trajectory for this case is
x% =803 45 ys and the recommended floor trajectory is x% =290, 1 Ve

8e Chute wall alinemcnte Spreading of the jets with
parallel chute walls was not entirely satisfactorye A high fin ex-
isted at cach wall and at the dividing wall, as shown in figure 7C.
Although there is sufficient freeboard to prevent any damage by
overtopping, smoother chute flow was desirede The only other feasi-
ble alternative to the parallel walls was considered to be walls
flared from the valve exit to the end of the chutee The flared walls
result in a uwniform depth distribution and elimination of the fins in
the chute (figure T ), and the jump is located farther upstream (fig-
ures 10A and 10C and plates 1B and 1C)e An important disadvantage
of the flared walls is that excessive negative pressures, resulting
in cavitation, near the valve exits will exist for operation near 100
percent valve openinge Further, since flaring the walls increases
the cost, parallel walls were considered satisfactory for this de-
S1gNe
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A. 1975 SECOND-FEET PER VALVE;
RIGHT JET AERATED; LEFT
JET SOLID.

B. ORIGINAL DESIGN;
FIARED CHUTE WALLS.

C. 1975 SECOND-FEET;
FLARED CHUTE WALLS.

D. 1975 SECOND-FEET;
FLARED CHUTE WALLS;
FLOOR EL. 4247,
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9 Discharge guide vanee The original discharge guide
venes (figure 8A and plates 24 and 2C) seemed excessively large,
so to reduce cost their dimensions were reduced to those shown in
figure 8B, corresponding closely to the Boulder designs which have
recently proven satisfactory under field testse If the vanes are
too small, the jets will be disturbed due to improper aeratione
There was some argument in favor of eliminating the vanes, but they
were considered necessary to facilitate removal of the valves for
repairse

The distance from center line to center line of valves
was increased from 18 feet to 19 fesct, and the recommended vanes
(plates 2B and 2D) were tested for the new spacinge In plate 2D,
the right jet is solid and the left jet is aeratede Comparative
operation of the original and recommended vanes and valve spacing
(figure 9) indicates essentially no difference in chute flow or
jump formation, but the recommended design is the most economicals

10. Width of chute and stilling basine Referring to
figure 8B, the separate chute for each valve is not symmetrical
about the valve center linee The result is slightly higher fins
at the sids walls than at the dividing wall and slightly unsymmet-
rical conditions within the jump. These conditions were not con=-
sidered severe and the chute width was not increased to obtain
symmetrye The basin width could have been increased from 31 feet
to 36 which, according to appendix I, figure 17, would allow the
basin floor to be raised leb5 feete In some cases, the broader and
shallower basin may be the most economicale It is recommended that
symmetry be adhered to in future designs, so that the basin width
will be twice the valve spacinge Due to the relatively small valve
spacing, the chute width will probably in no case be excessive for
proper spreading of the jetse

1lle Stilling basin floor elevatione Referring to figure
10A and plate 1D, it is seen that the original floor elevation 4247
is too high for satisfactory jump formation in the basin with one
valve operating at maximun dischargee. Satisfactory conditions
(figure 10B and plate 3A) are obtained by lowering the floor one
foot to elevation 4246 A close check of the design chart shows
that the floor should be at elevation 4246 rather than 4247, as
first determined. The additional 3.4 feet of tailwater for both
valves operating at maximum discharge was not excessive resulting
in no submerged jump for this conditione

12 Length of stilling basine The length of stilling
basin required so that the jump is completely within the basin as
given by the design chart is 6564 fecte 1In the original design
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A. ORIGINAL DISCHARGE GUIDE VANE.

C. ORIGINAL DISCHARGE GUIDE VANE;
1975 SECOND-FEET PER VALVE.

B. RECOMMENDED DISCHARGE GUIDE VANE.

D. RECOMMENDED DISCHARGE GUIDE VANE;
1975 SECOND-FEET PER VALVE; LEFT JET AERATED.
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A. 1975 SECOND-FEET;
FLOOR EL. 4246.

B.

STILLING BASIN WITH NO DIVIDING WALL.

C. NO DIVIDING WALL;
1975 SECOND-FEET.

¢ EIN



the concrete transition was considered to function as part of the
basin so that the length of level floor was reduced to 55 feete
Referring <to figure 10, the crest of the jump is located in the
concrete transition about 10 feet beyond the end of the level
floor basine This condition proved entirely satisfactory and
checks the length of jump as given by the design charte

13e¢ Critical operating conditione To eliminate un-
necessary testing, one set of tests was made to determine the
most severe operating condition, and all subsequent comparative
tests were based on this conditione The proper tailwater for any
condition tested was determined by figure lles Observation of
flows less than 100 percent valve opening and maximum reservoir
elevation indicated that operation wmder these conditions was
less severe than for full valve opening and head, and single valve
operation was more severe than both valves operatinge Comparative
scour and jump water surfaces are shown in figure 12A for right,
left, and both valves operatinge The jump was identical for both
conditions of single valve operation, but due to the unsymmetri-
cal shape of channel downstream from the basin more severe scour
resulted from the right valve operation, which condition was, there-
fore, used for further comparative testse

14, Length and height of dividing walle Plate 3B shows
the basin without a center line dividing walle The unsatisfactory
condition existing in the basin for single valve operation leads
to the requirement of the dividing wall (plate 3C)e Satisfactory
conditions without a dividing wall exist for symmetrical valve opera=-
tion (plate 4A), but it is wunlikely that this condition will always
prevail,

In determining the proper length of wall tests were first
made of a wall 30 feet shorter and 4 feet lower than the original
walle This wall was too short, allowing considerable water to flow
around the end of the wall which disrupted the jump on the operating
side of the basin (plate 4B)e A wall 20 feet shorter and 4 feet
lower than the original was satisfactory from the standpoint of the
jump formation (plate 4C and figure 12B), and the scour was only
slightly more severe than for the original walle The water surface
in the half of the basin not operating was one foot lower than the
wall height allowing for some wave actione No harm will result
shouid a small amount of water spill over the wall during one valve
operation and from submergence of part of the wall for both valves
opereting under maximum conditions (plate 4D)e A general rule for
design is to make the wall extend over two-third the length of the
basin with top elevation equal to the tailwater elevation for the
maximun discharge of a single valves
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WICKIUP DAM OUTLET WORKS
STILLING BASIN STUDIES
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EXPLANATION
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15« Basin end sille With the 4:1 concrete slope at the
end of the basin there was some question regarding the requirement
of a basin end sille For no end sill, the jump is located farther
downstream and scour is more severe (figure 13A)e When the sill be=
comes too high, as the 4=foot high sill tested, the water surface
over the sill becumes rough and scouring increasese The 2=foot

9=inch high sill is more satisfactory than the 4-foot high sill or
no sille

16e Concrete=slope end sille Although there is very
little influence on the jump, a 12-inch high sill at the end of
the 4:1 concrete slope is effective in reducing the scour (figure
138)e

17. Basin floor blockse For no basin floor blocks the
jump is located too far downstream and the scour is more severse
than when these blocks are present (figure 13C)e The best jump
formation and scour conditions are given for blocks placed about
one=third the basin length from the end of the basin (figure 14C)e
When the blocks are located farther upstream they receive excessive
impact resulting in a rougher jump and deeper scour, end when lo=-
cated farther downstream the jump moves downstream resulting in
deeper scoure Likewise, when the blocks are too large or too small
the jump becomes rough or moves downstream resulting in deeper
scour (figure 15A)s Best conditions were obtained by blocks 2 feet
6 inches high placed 18 feet 4 inches from the end of the basine

18+ Chute blockse That chute blocks are effective as
energy dissipators 1s shown by comparing the jump and scour with
and without the use of these blocks (figure 14A)e For no blocks
the jump is located farther downstream and is rougher, and the
scour is deepere Two feet 6 inches proved to be the best block
height (figure 15B).

19, Combined effect of blocks and sillse The effective=-
ness of blocks and sills in maintaining the jump within the basin
and reducing scour is determined by comparative tests with blocks
and sills and with no blocks or sills (figure 14B)e With no blocks
or sills, one valve discharging 1,975 second-fect and tailwater
clevation 4264.4 the jump is swept out of the basine Due to in=-
sufficient depth in the river channel, standing waves instead of
a jump are formed resulting in severe scoure By raising the tail=-
water 3 feet to elevation 42674 a jump is formed in the basin at
the same position as for the case using blocks and sills with
tailwater elevation 4264+4e Without the use of blocks and sills
it would then be necessary to lower the basin floor 3 feet to obtain
a satisfactory jumpe Scour conditions, however, would not be as
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EXPLANATION
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favorable as for the case using blocks and sillse The advantages
of reduced cost and improved stilling-basin performance fully
justifies the use of blocks and sillse

20e Slope from basin-floor elevation 4246 to river-bed
elevation 4260 The length of channel whose bottom slopes from

elevation 4246 to elevation 4260 is an outlet transitione The
purpose of an outlet transition is to uniformly reduce the velocity
from a high value to a lower value. A proper design would then
require decreasing mean velocities from sections 1 to 5 (figure 15C)e
Table 4 shows the computations for mean velocity at these sections
for one and two valves operating at maximum velocity and for 4:1
and 6:1 slope rock excavation at the end of the concrete slopee

For the 4:1 slope the mean velocity at section 5 for the maximum
discharge is greater than at section 4, and section 5 would then
become a controle To eliminate the unfavorable flow conditions
accompanying a control the 6:1 slope rock excavation is recommendede.
If the river bed was of sand and gravel, the 4:l1 slope would soon
scour sufficiently eliminating any controle

TABLE 4

Mean velocities at sections 1 to 5 (figure 15C)

2 valves;=3,950 Sefe; T Werled267e8] 1 valve;Q=1,975; TeWelled264e4

‘ [5) 5) ] 5)
Section 1 2 4 Smd:l |S=6:1 il 3 4 S=4:1 [S=6:
WeSeELle 4268¢5 |426961 [426960[426768|4267.8 P26566 [426465 |4265.0 4264.4&264ﬂ1

Bote El. 424865 424961 [425660 426060425863 H24865 |4251e3 425660 (426060 [4258.2

Depth

200 | 2040 1360 78 965 17.1 1362 9.0 4e4| 6o/

Bote width 3le0| 31leO| 31e0] 6264 5566 1443 22¢0 | 3le0O| 6244)55.6
WeSe width 3le0]| 3le0| 6660 8746 86e4 | 1449 3640 5568 80e2| 7940
Mean width 3le0| 31e.0| 4845 7501 7140 14.6 290 43e4| T1e3|6T63

Water

area 620 620 631 585 675 250 283 291 314 | 405

Mean vele 636 6636 | 6425 B6e75| 5685 | T7e89 6098 678 6629|4687

2le Recommended stilling-bagin designe Dimensions in plan
and elevation of the recommended stilling~basin design are shown on
figures 16A and 16B and plate 5As The scowr and hydraulic jump for one-
and two-valve operation are shown in figure 16C and plates 5B to 7D,
inclusivee.

22 Conclusionse Questions regarding the uncertain features
of the design previously outlined were answered satisfactorily by the
model studye The following oonclusions should serve as useful guides
for future model studies and prototype designsj
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PIATE 5

A. RECOMMENDED DESIGN. B. RECOMMENDED DESIGN; RIGHT
VALVE 1975 SECOND-FEET.

C. RECOMMENDED DESIGN; RIGHT VALVE 1975 SECOND-FEET.,



PIATE 6

A. RECOMMENDED DESIGN; SCOUR FOR B. RECOMMENDED DESIGN; IEFT
RIGET VALVE;1975 SECOND-FEET. VALVE 1975 SECOND-FEET.

C. RECOMMENDED DESIGN; LEFT VALVE 1975 SECOND-FEZT.



A. RECOMMENDED DESIGN; SCOUR FOR B. RECOMMENDED DESIGN; 1975 C. RECOMMENDED DESIGN; SCOUR FOR BOTH
LEFT VALVE; 1975 SECOND-FEET. SECOND-FEET PER VALVE. VALVES DISCHARGING 1975 SECOND-FEET.

D. RECOMMENDED DESIGN; EACH VALVE DISCHARGING 1975 SECOND-FEET.
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ae Needle or tube valve flow can be satisfactorily duplicated
by short tubes in the model studye

be Entraimment of air by the prototype valve jets has little
effect on the hydraulic-jump formation, and the effect will be on
the safe sidee

ce The chute~floor trajectory should be approximately similar
to the trajectory of the maximum velocity valve jete.

de Chute walls should be parallel to the direction of the valve
je'ts.

ee The discharge guide vane should have an angle of divergence
of not less than about 9 degrees and need not be longer than about
10 feecte

fe The width of stilling basin should be twice the valve spac-
ing insuring satisfactory spreading of valve Jetse

ge A center-line dividing wall is required for satisfactory
single-valve operatione In length, the wall should extend to one=-
third the length of the basin from the end of the basine (The basin
is defined as the level floor section of the outlet structure)e The
top of the wall should be at the same elevation as the tailwater for
maximum single-valve operatione

he The length of basin may be reduced somewhat when a concrete
transition exists at the end of the basine The transition is then
considered to function in conjunction with the basine

ie Proper size chute blocks, Lasin blocks, basin end sill and
concrete slope end sill are required for economy and efficient hydrau-
lic operation of the stilling basine

Jje The stilling-basin dimensions may be reliably determined by
figure 17, appendix I.

ke Under no conditions of operation do destructive currents
form in the unsymmetrical channel downstream from the stilling basine

Tl
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APPENDIX I
HYDRAULIC DESIGN OF RECTANGULAR STILLING BASINS

le Introductione Hydraulic experiments in the past
three years at the Bureau of Reclamation hydraulic laboratory have
shown the rectangular stilling basin incorporating chute blocks,
basin blocks, and an end sill to be superior to other types for
use with the usual spillway channele On the basis of the experi-
mental data obtained from the adopted stilling basins for the Boca,
Deer Crcek, Vallecito, and All-American canal wash overchute spill-
way structures, a chart (figure 17) was constructed in which the

the several variables are given in the design of rectangular still-
ing basinse

By studying the experimental data of the mentioned models
a general rule for each of the variables was determined to agree
with the experimental measurementse The agre=ment was so good over
the complete range of available data that it is believed these rules
are without serious error universally applicable to the design of
stilling basins of the type herein considerede

The discharge per foot of width at the pool entrance from
which the chart was constructed varied from 4l.7 to 240 second-feet,
and the velocity at the pool entrance varied from 34 to 75 feet per
seconde Action of the hydraulic jump for the higher discharge and
velocity indicated that the rules could be safely extended to at
least a discharge of 450 second=feet per foot of width at the pool
entrance and a pool-entrance velocity of 100 feet per seconde These
values have, therefore, been taken as the upper limits of the chart.

2e¢ Rules for the design of a rectangular stilling basine

le The width, w, of the basin is determined to re=-
sult in the most economical structuree

2e¢ The discharge, g, per foot of width at the pool
entrance is equal to the design maximum flood discharge divided
by the width at the pool entrance.

3e The theoretical wvelocity, vy, at the pool entrance
is computed from the available energy head end properly evalua-
ted lossese (For spillway chutes use King's formula for flow
in steep chutese)

4e The theoretical depth, d;, at the pool entrance
is equal to q/vl.

13



5¢ The theoretical jump, dgp,depth is computed by the
momentum formulae

6. The experimental jump, d2’, depth is equal to 85 per=-
cent of dge

7e¢ The required stilling-basin floor elevation is equal
to the maximum discharge tailwater elevation minus d's.

8« The required stilling-~basin length, L, is equal to

Stlea

9e The height, hj, of chute blocks is equal to d; or
4 do, whichever is largeste
% g

10. The height, hp, of basin blocks is equal to 1/4 d
for values of do from O to 8 feet, follows a straight line
variation of 1/4 do to L/8 dp from 8 to 24 feet and is equal
o /R dp for values of dg above 24 feete

lle The height, hgz, of solid end sill is equal to L/B doe

12 The distance, a, from the end of the stilling basin
to the vertical upstream faces of the basin blocks is equal to
I/e b

13e The makximum width of blocks and spaces between them

are equal to h;, and the minimum width is limited to about 18
inchese

14, The top dimensions of the floor blocks and end sill
parallel to the basin center line are equal to L/4 hs and L/4 hz,
respectively, with a minimum value of about 8 inchese

15 Chute and basin blocks should be staggered with no

blocks against the side walls and one more basin block than
chute blockse

1l6e The back slope of the basin blocks and end sill may
be such as to be the most economical, usually 1l:1, and for
economical reasons the end sill may be rectangular in cross
section when less than 3 feet highs

17« The slope of the transition bottom at the end of the
basin may vary from horizontal to 6:1 when of earth, rock ex-

cavation, or riprap and up to 3:1 when of concretee

18s¢ The chute slope entering the basin may vary from
horizontal to 1l:l.

14
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3¢ Comparison of design chart and experimental datae
The good agreement between values given by the design chart and
those determined experimentally is shown by the comparisons of
table 5. In almost every casey, the chart gives slightly conserva=-
tive valuese The dimensions of the Wickiup stilling basin ori=-
ginally determined from the design chart were checked by extensive
tests, and no changes were necessary except by use of a concrete
transition at the end of the basin the length of basin could be
reduced about 10 feete While it is believed that the use of di=-
mensions given by the chart will result in a good design, slight
variation in dimensions, one way or the other, will have little
or no effect on the performance of the basine For example, there
would be little difference between a 90~ and 95-foot length basin
or 4=foot and 4-=foot 6-inch high blocks or sills for a given set
of conditionse

TABLE 5

Stilling~basin dimensions given by design chart compared
with experimental data.

Wash
Model Boca Deer Creek | Vallecito Overchute Wickiup
variable ["Expe [ Char®t | Expe |Chart | £Xpe |Chart| EXpe| Chart | Bxpe | Choart
q 10647 - [l60 - |240 - |41l.7 - 140 -
Al 732 - 75¢1 - T6e4 - 1340 - 6le6 -
dl le46 - 2013 - 3eld - le23 - 2627 -
do - 2163 - 2660 | -~ 32e¢5| = 8e9 - 218
dé 18e4 | 18e3 | 2260 | 22e1 [430e0 | 2746 | Te7 Te6 | 1864 A 1865
L 5867 6349 | 750 | 7840 | 9266 | 9752560 2647 | 5560 {6504
a 2000 | 21e3 | 2540 | 2600 | 27¢0 | 32e5]| 960 8¢9 | 1845 | 2168
hy 20 2¢4 | 360 29 460 3e6 | 200 l.2 25 265
h2 360 27 3e¢0 3685 | 5.0 4el] 260 201 2erl'S 28
hs 360 28 3e0 2625 #5460 4:.1 l.O Dl 2675 2.9
*¥Conservativee

**Concrete transition allowed reduction of basin lengthe.

4e The influence of entrained aire The above rules and
figure 17 are applicable to the case of entrained air provided the
proper vj, and dj values are used for the water-air mixture at the
pool entrancee The influence of entrained air is to increase q and
d] and reduce all other variablese
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APPENDIX II
DESIGN OF OUTLET-WORKS STILLING BASINS

le Introductione Energy dissipation below outlet works
through earth~fill dams frequently leads to the problem of scour
preventione If the canyon downstream from the outlet works is not
of sound rock, or if damage would result from anticipated scour; it
is necessary to provide a stilling basin to control the action of
the high velocity valve jetses The types of stilling basins may be
classed as free jet, chute, hump, mnd impact basinse The designs
will be develaoped for the usual case of two outlet conduitse

2e Apyplication of types of outlet-works stilling basinse
By a series of experiments tiie limits of application of cach Type
of outlet~works stilling basin has been fairly well establishede
The use of each is determined by the relative location of the outlet
gates or valves with respect to the maximum tailwater elevation and
by the character of the downstream river channels

Where the outlet invert is above the maximum tailwater and
the channel below comparatively stable, a pool into which the jets
will pluge is sufficiente According to a few preliminary tests
(plates 8 and 9), when the valve invert is the same or lower than
the taillwater elevation, the jets remain on the pool surface, de=
veloping severe reverse currents on the sides of the basine By
raising the valve invert to at least the maximum tailwater eleva=-
tion the jets attain sufficient downward direction to cause their
submergence by the poole The reverse currents at the sides of the
basin and immediately in front of the discharge guide vane and
splashing in the basin arc then reducede

If the channel is narrow and erodible, where scouring
might be dangerous to the structure, a chute basin should be used
for all cunditions with the outlets above the tailwatere The chute
basin should also be used for all cases between valve invert at
maximim tailwater elevation and valve center line at the river-bed
elevatione Tests (plates 10 and 11) to determine the lower limit
of valve elevation for satisfactory flow conditions indicated that
when the valve center line is lower than the river-bed elevation
the hydraulic jump will move up to the outlet valves causing un-
desirable flow conditionse Furthermore, the hydraulic jump is satis=
factory for all valve openings and valve center line at or above
the river=-bed elevation (figures 18A and 18B); but when the valve
center line is lower than the river bed the formation of the hydraulic
jump is not satisfactory for all valve openings (figure 18C), and the
hump basin should then be used to maintain the jump downstream from the
outlet valvese
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FIATE 8

A. 1975 SECOND-FEET; VALVE CENTERLDNE EL. 4260; TATIWATER EL. 4264.4.

B. 1975 SECOND-FEET; VALVE CENTERLINE EL. 4263; TAIINATER EL. 4264.4.

C. 1975 SECOND-FEET; VALVE CENTERLINE EL. 4268; TAIINATER EL. 4264.4.

FREE JET POOL.



PLATE 9

A. 3990 SECOND-FEET;  VALVE CENTERLINE EL. 4260; TAIINATER EL. 4264.4.

B. 3950 SECOND~FEET; VALVE CENTERLINE EL. 4263; TAILWATER EL. 4264.4.

C. 3950 SECOND-FEET; VALVE CENTERLINE EL. 4268; TAIINATER EL. 4264.4.

FREE JET POOL.



FL4TE 10

A. ONE VALVE 14.9% OFEN; CENTERLINE EL. 4258; DISCHARGE 381 S.F.;T.W. EL. 4260.3.

B. ONE VALVE 14.9% OPEN; CENTERLINE EL. 4260; DISCHARGE 381 S.F.; T.W. EL. 4260.3

C. ONE VALVE 14.9% OPEN; CENTERLINE EL. 4263; DISCHARCE 381 S.F.; T.W. EL. 4260.3

D, ONE VALVE 32.6% OPEN; CENTERLINE EL. 4263; DISCHARGE 887 S.F.; T.W. EL. 4261.8.

E. ONE VALVE 32.6% OPEN; CENTERLINE EL. 4260; DISCHARGE 887 S.F.; T.W. EL, 4261.8.

CHUTE STILLING BASIN



FIATE 11

A. ONE VALVE 32.6% OPEN; CENTERLINE EL. 4258; DISCHARGE 887 S.F.; T.W. EL. 4261.8.

B.. ONE VALVE 100% OPEN; CENTERLINE EL. 4263; DISCHARGE 1975 S.F.; T.W. EL. 4264.4.

C. ONE VALVE 100% OPEN; CENTERLINE EL. 4260; DISCHARGE 1975 S.F.; T.W. EL. 4264.4.

D. ONE VALVE 100% OPEN; CENTERLINE EL. 4258; DISCHARGE 1975 S.F.; T.W. EL. 4264.4.

CHUTE STILLING BASIN



In certain cases when the head is relatively small it
may be desirable and economical to use slide gates in place of
valvese With the gates the free jet, chute, and hump basins can
be used for the conditions described above; in addition, an im=
pact type of basin may be used for the condition defined for the
hump basine This type of basin is essentially a rectangular
stilling basin placed against the outlet gates with a level floor
at the same elevation as the gate sillsse A jump will form at the
gates or will be completely submerged depending on the tailwater
elevatione Due to the low head and the small disturbance of the
gate jets, submergence of the jets is considered permissiblee

3¢ Design of free jet basine The construction features
of this type of basin depends on several conditionse When the walls
and bottom of the river channel are of sound rock the jets may be
allowed to discharge freely into the canyon without taking any
measures for scour preventione In some cases, the channel may
consist of erodible gravel and rock, but scouring will not endanger
any part of the structuree A natural basin will then be exeavated
by the scouring action of the jets; the small gravel will be car=-
ried downstream and the large material left to cover the basin as
riprappinge When scouring of the channel will be dangerous to the
structure shaping and riprapping of an already wide channel as part
of the construction progrem is requirede As previously stated,
when the channel is very narrow and erodible a free jet basin is
not feasible, and a chute basin is required where channel scour
would be dangerouse

The proper design of a riprapped, free jet basin was de=
termined by the Deer Creek Dam outlet works model studye. The im=
portant features in design of such a basin are shown in figure 194,
in which dimensions outlined are minimum values for good performance
of the basine Since least cost is given by the dimensions most near-
ly fitting the river channel, dimensions greater than those shown in
figure 19A may be used, and good basin performance can be expected
provided the basin is symmetrical with respect to the valves.s In
some cases an wnsymmetrical basin becomes feasible by placing heavy
riprapping on the wider side to provide protection against the
severe currents resulting from the unsymmetrical conditionse

Rules for designing the riprapped free jet basin:
(a) The depth of pool for maximum tailwater should be about
one=fifth the difference in maximum reservoir and pool water-sur-
face elevationse This depth may be reduced somewhat when the basin

bottom is of good rocke

(b) The width at the maximum water line should be four times
the depth of poole
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(¢) The level basin bottom should extend to the point where
the maximum jet trajectory reaches the basin bottam elevatione

(d) The dowmward slope from the valves to the basin bottom
may be 3:1 or greatere

(e) The upward slope from the basin bottom to the river-bed
elevation may be 3:1 or smallers

(f) Basin side slopes should be 1&:le

(g) For best basin performance with single-valve operation
the alinement of valves should be such that their center lines
intersect at the end of the basine

4o Design of chute basine The chute basin consists of a
rectangular chutc and stilling basine The following rules outline
the procedurc of dosign (figure 19B):

(a) A dividing wall along the spillway center line is required
for satisfactory jump formation for one-valve operatione The top
of the wall should be at the maximum tailwater elevation for one
valve operating, and the wall should extend over the full length of
the chute and two=thirds the length of the stilling basine

(b) Bach half of the basin should be symmetrical with respect
to the valve center line, so the basin width should be twice the
valve spacinge

(¢) Chute and basin walls should be parallel to the direction
of the jetse

(d) The chute floor trajectory should be approximately similar
to the trajectory for the maximum velocity jete

(e) The stilling basin may be designed by the application of
the rules and figure 17 of appendix I. Since each half of the basin
functions separately, the maximum tailwater elevation for one valve
operation should be used in determining the proper basin floor ele=-
vatione

5¢ Design of hunp basine This type of basin consists of
a rectangular stilling basin and hump chute with a simple curve at
the upstream end of the chute and a parabola, designed to fit the
maximum jet trajectory at the downstream ende The cost decreases as
the radius of simple curve decreases, but the jet will not be de=-
flected upwards smoothly if the radius is made excessively smalls
The radius and mean jet velocity can be related by a consideration

19



of the jet acceleration introduced by the curve toward the center
of curvaturee The gxpression for acceleration in terms of velocity
and radius is a = V° ¢ It can be specified that the allowable ac=-

celeration toward the center of curvature should be some proportion
of the acceleration of gravity; a = kge

The maximum value of k for satisfactory operation must
be determined by model testse A preliminary test for k = l.0
proved satisfactory, and indications were that k could be in-
creased to a value between le5 and 2.0e Due to urgency of other
work and limited laboratory space, further testing was delayede
For the presunt k = le5 can be safely usede

A complete investigation of the value of k can be ob=-
tained by testing one curve designed for k = 1.0 and a velocity well
below the maximum attainable in the modele Then by increasing the
head, thus velocity, the value of k inereases for the designed
curve, and the maximum value of k for satisfactory operation can
be determinede The radius of simple curve can then be determined by

+2

R = kg ©000000000000000800000000000v0000000000000 (l)

Referring to figure 19D, the equation of the hump trajec-
tory will now be determinede Consider point O, the beginning of
the simple curve, as origin of the coordinate system, point A as
point of tangency of simple curve and trajectory, point C as high=
est point of trajectory, and point D as end of trajectorye The
coordinates of the simple curve OA are determined by

7
y = R = \/Rz - xz 0000000000000 0c00c000000000000000 (2)

The equation of the trajectory must be found in terms of
x and ye Known conditions at point A are:

L

XA R sin ﬁ 000000 c0s00000000000000000 0000600000 (3)

B (L = cos ) wememmmtesss summmismomoesmannd ()
dx

I

Velocity in X-direction, v, cos ﬁ esssssscse (5)

Velocity in Y-direction, EZA

It VA sin ﬁ ®0e00cccce (6)

At any point, C, on the trajectory:

dzx

Acceleration in X-direction, =—7 = O seecsecscscse (7)
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: a2 ]
Acceleration in Y-direction, % = =5 eceeccccscccgscce, (8)

Integrating (7) and (8) for velocities in X- and Y= directions,

dx

E.t_=C;whent=o,C=vAcosﬁ

%_36._.=.gt+C;when*c=o,C=vAsinﬁ5

The second integration of (7) and (8) gives the X and Y coordinates:

x='thcos}5+C;whent=o,C=Rsinﬂ5
X = th CcO0Ss ﬁ + R Slnﬂs 0 0000000000000 00000000000000g0 0 (9)
y = tv, sin B -1/2 gt? + ¢; when t = o, C = R(1-cos f)

y = tv, sin § + R (l-cos ) - 1/2 g;‘bz areletsslatentertate s mmmme i A0)

The equation of the trajectory, obtained by eliminating t and solv-
ing (9) amd (1G)yp is

v = tan g (x-R sin @) - & _ (XR S'mﬁ)z + R(1-cos f)ee (11)
2vA2 cos O

An expression must be determined for the unknown angle )é
of (11)s The first derivative of (1l) gives the slope of the teangent
to the trajectory at any point, which 1s equal to zero when y = + He
Therefore, at point C

tan g - "g"r (.Js_--Rzgi_n-ﬁ) -0
vp i

dy
=

cOs
from which
VAZ
XC —g— sin ﬁ cOoSs ﬁ + R sin ﬁ 000000 0cco0c000000000000 s (12)

and by placing (12) in (11),
2

L1 2
yC = H = Eg_ sj_n ﬁ + R (l - COS ﬂ) P000c0000000000000000 (13)

In equation (13), all values are kmown except v, and Do By writing
Bernoulli's equation neglecting friction loss, between points 0 and B,
Vy can be found in terms of the known mean jet velocity, v, at Oe

vz
—z'%;—-z-a-R(l-cos}é)

from which
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‘:"ﬁl = \/‘V2 - ZgR (l-COS ,6)'0.00000.'-00..0.00.....O.-.. (14)

Placing (14) in (13)
2
H = %E— ahaal g - R (l-cos f) sin® g + R (l-cos ) \apeie (15)

Replacing sin® ¢ by (l-cos2 ﬁ) and recalling that vé = kgR,
(15) reduces to

Cos® g+ (y/2x - 1) cos? J) +(--§-- =~ 1/2k) = O eessesese (16)

The roots of (16) may be determined by Newton'!s method of solution,
and the proper value of cos ﬁ determined for any specific designe
Let x = cos ﬁ, then if x, is an approximate value of a root,

o il &
£1(x)

X5 is a second approximatione

Finally,the trajectory equation can be written in the form,
y = Ax + Bx + C 0000000000000 0000000000000000000000000000000000 (17)

By introducing (14) and (1) in (1l), the coefficients of (17) are:

-1
A= i) ®9200 00000000 %0000000090900 18
2R cos® P (k=2 + 2 cos 0 ) (18)

. N v
B = tan g i+ ST T T T ﬁﬂ ey 115
C=R {I-- cos f - sin f tan g - tan? g B (20)

2(k = 2 + 2 cos ﬁ)

e

The hump dimensions may be determined by the above equations
provided the hump crest elevation is known. The crest elevation
must be determined to satisfy three conditions: (a) To properly
spread the jets from the tunnels for all combinations of discharge;
(b) to force the jump to form downstream from the valves for all
combinations of discharge; (c) to form a quiet stable hydraulic jump

in the stilling basine.

The extent of jet spreading will depend on the height, H,
of the hump. When H is small the jets will not spread effectively,
and the center-line dividing wall will then be required. Vhen H
is large the jets will spread so that they are of fairly uniform depth
for all combinations of discharge over the hump crest, and the divid-
ing wall will not be requirede Sufficient tests to establish the
proper height of hump required for good jet spreading have not as yet
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been conducted, but a preliminary test indicated a height of 14
feet satisfactory for the Wickiup basin, provided the basin width
be made 2%'times the valve spacinge TUntil more definite information
is available regarding the spreading of jets by a hump, it is ad=-
visable to use the center-line dividing wall.

In order to force the jump downstream from the valves for
a small valve opening the hump crest elevation must be at least at
the river-bed elevation; otherwise, the tailwater would flood the
valvese As the basin floor elevation will, in almost all cases, be
lower than the river-bed elevation, the jump for larger discharges
will form on the downstream side of the hump for the hump crest ele-
vation equal to river-bed elevation.

A quiet stable hydraulic jump will form downstream from the
hump crest for all combinations of discharge, provided the depth
of jet entering the pool is relatively uniforme

Since the proper design of a hump basin has not been defi=-
nitely established by model tests, no set of design rules will be
givene The discussion merely outlines the features of the design
which may be useful in attempting future designs without the aid of
a model studye A complete investigation by model study of the hump
basin in the future should prove useful in developing definite rules
for designing the hump chutee The rectangular stilling basin can
again be designed according to appendix I

Ge Design of impact basine Figure 19C shows an impact
type of basin with so much submergence that no jump is formed. This
type of basin can also be used for no submergence, in which case a
hydraulic jump forms against the gateso. For the latter case, the
basin should be designed the same as outlined for the chute basin
with the chute section omittede When the jump becomes submerged the
basin remains essentially the same except that the dividing wall
top elevation should be the same as the top of the outlet conduits,
and an arrangement of larger blocks should be used as shown in figure
19C.






