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and 

Denver., Colorado June 30 ., 1939. 

MEMORA.l�DUM TO CHIEF DESIGNING ENGINEER. 
(J. H. Domna, Assistant Engineer) 

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

1. Introduction. Wickiup Dam will be an 87-foot high 
earth structure located on the Deschutes River about 35 miles south
west of Bend, Oregon., (figure 1). The outlet works, designed to 
discharge 3., 950 second-feet at the normal full reservoir elevation 
4339.00 ., will provide for emergency release of floodwater during 
flood periods. In addition to the emergency requirement ., by valve 
control the outlet works will have frequent use in regulating tho 
flow downstream from the dam. 

The outlet works is located a short distance to the right 
of the r iver bed so the conduits will rest on an excavate_d founda
tion (figure 2). A short open channel excavated to elevation 
4259.00 leads to the conduit entrances which are protected by a· 
standard trashrack structure. A 284-foot length of twin, 9-foot 
0-inch diameter ., reinforced concrete, horseshoe conduit leads to 
a gate chamber located a short distance upstream from the axis of 
the dam. 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 I.D. steel pipes. Eleven-foot long discharge guide vanes ex
tend from the valve exits to a chute which leads to a rectangular 
stilling basin. A dividing wall along the center line of the chute 
and stilling basin provides a separate stilling basin for each 
valve. 

2. Necessity for model study. While several model 
studies have been conducted L� 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 

one cose . h . . . 
"wl:ore-a hydraulic iump and stilling basin were employed ., no studies 

have been previously ma.de of the chute stilling-basin type of out
let works. The designs of several features of this type of struc
ture were uncertain. The necessity of a center lino dividing wall 
and the required height and length of such a wall were particularly 
in doubt. 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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s i l l  i s  nee de d  at the end of the leve l f loor of the sti lling bas in 
when a s lope d  c onc rete apron i s  provi de d  at the end of the bas in;  
( 3)  whether when bo·ch valves operate at maximum c apacity the addi
t i onal tai lwater in exce s s  of the sti lling-basin de s i gn  tailwater 
for one valve operating at maximum c ap ac ity wi ll result in a sub 
mer ge d., ineffect ive hydraulic j ump ;  ( 4 )  whether de structive c urrents 
would form downstream from the sti lling bas in f or one -valve opera
t i on .  F ina l ly., s ince the left bank of the channe l downstream from 
the sti lling bas in is to b e  of fill  material, a part icularly efficient 
st i l l ing basin is  r e quired. 

A chart ( appendix I ., f igure 17 ) ,  c onstructe d in the hy
draulic lab oratory from experimental re sults of the mode l studies 
of five sti lling bas ins , in which the re lations between variab les 
in the de s i gn  of rectangular sti l ling bas ins are given, was use d 
by the out let -works de s igning section in the initial des i g;n  of the 
Wickiup Dam out let-works sti l ling bas in. It was de s ired to check 
the va li dity of the des ign c hart by a mode l study of the stilling 
basin in which the most eff ic ient dimens i ons would be determined .  
Furthennore ., such a study would insure the incorporation o f  the most 
effic ient sti lling bas in in the fina l de s ign of the proposed struc 
ture . 

3 • The mode l. Space and p ump capac ity in the laboratory 
limited t he length sc ale to 1 :  20. The c orresp onding ve loc ity scale 
i s  1 : 4. 47 and discharge scale i s  1 : 17 89 .  The maximum prototype 
f lood of 3 ., 9 50 second-feet for res ervoir e levat i on 433 9  . oo and both 
valve s 100 percent open i s  repre sented by £ . 207 s e c ond-feet in the 
mode l. 

To  f ac ilitate c onstruct ion of the mode l two short cuts 
were taken. First, the structure up to the valves was e liminated 
from the study by making the mode l he ad c orresp ond to the effective 
head at the va lve s ; second., the valve s were represente d by short 
tubes .  The jet from a short tube and that porti on of the jet from 
a tube or needle valve beyond the vena contra.eta are appr oximate ly 
s imi lar ., s o  t hat by making the mode l short tube s of the s ame dia
meter as t hat of the valve j et vena c ontra.eta the proper mean jet 
w-Jocity f or any discharge wi ll be  given by the short tube s .  Partial 
valve openings may be s imi lar ly repre sente d by smaller diameter tube s .  

Mater ials use d  required values of Manning ' s  N for proto
type and mode l of 0 . 014 and 0 . 0 10 ., r e spective ly. Ne glect ing such 
minor effects as those due to viscos ity and s urface tensi on of the 
f luid., t he re lat ive roughnes s  of prototype and mode l surface s fixes 
the scale at which strict geometr ic and hydraulic s imi litude may be 
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achieved simultaneously. 
use of the desired scale 
fico of either geometric 

Lack of stace and pump capacity prohibited 
of (Nm/Np) or 1: 7.52 necessitating sacri
or hydraulic similitudeo 

In the design of a chute and stilling b asin by a model 
study hydraulic s imilitude normally is of most imp ortance. When 
prototype and model roughness are unequal hydraulic simi litude re
quires a fr iction correction., which is attained by either a greater 
length of chute or increase  in slope. 

For the present study hydrau lic 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. Probab le dissimilarity of f low patterns within 
tube and valve jets is c onsidered insignificant to the study. 

The friction c orrection for the short chute will be slight 
warranting no c orrection for this model. Since the model ve locities 
will then be s lightly higher than those required for hydraulic simili
tude ., the design will be on the safe side. The model was geometri
cally similar to the prototype., but lacked strict hydraulic s imi li
tude. Figure 3 shows the original model design. 

4. Relationship between model tube diameter and rototype 
valve opening. The discharge-reservoir elevation curve figure 4a 
for two 90-inch tube valves was determined by the designing section 
by pr operly evaluating all  losses from the reservoir to the valve 
exits. The valve discharge coefficient based on the valve exit cross
sectional area (90-inch diameter for the Wickiup valves) , as deter 
mined from t ests on one 84-inch Boulder prototype needle valve and 
a 5-inch Bou lder-Alcova model needle valve , is o .78. Subsequent 
tests on a 5-inch model tube valve gave the same value. Tests a lso 
show the coeffic ient to be constant for a 100-percent valve opening 
and variab le head for both types of va lves. 

The ener�y head availab le ir.. front of the valves is given 
by hE = (0 . 7 8 )2 Ve 1 2g, where Ve is the valve exit ve locity . The 
head loss up to the valves for any discharge is the difference in 
energy heud in front of the valves and the total availab le energy 
head given by the difference in valve centor line and reservoir 
water-surface elevations. Computations for tho total head loss up 
to the valves are given in tab le 1,  and figure 4B shovrn tho t otal 
head loss up to valves-discharge relationship, which al lows the 
energy head in front of the valves to be computed for any discharge. 
The r elationship is app licab le to any valve opening, since valve 
opening is not a function of the loss up to t he valves. 
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TABLE 1 

Computations for total los s  up to valves 
Proto. Q, iJe locity Energy head, Total head 

Re servoir Total head, in c ,f , s  • ., Ve, in hE, ir1 feet ., loss ,  hr , 
water- H,  in feet, for two f .p . s . ,  available in in ft • ., 
surface  above valve valves at valve front of up to 

e levation center line 100% open exits valves valves 

43 47 84 4, 150 47 ,0 56 . 4  27 . 6  
433 9  7 6  3 ,9 50 44, 7 51 .0  25.0  
433 0  6 7  3 , 700 41.9 44. 8 2 2 . 2  
43 20  57 3 , 410 3 8 .6 3 8 . 0  19 .0  
43 10 47 3 , 110 3 5 , 2  31 , 7  15.3 
4300 37  2 , 7 50 3 1 . 2  24,8 12 . 2  
429 0 27 2 , 3 70 26 .8  18 .3 8 . 7  
4280  17 1, 9 00 2 1 . 5  11.8 5 . 2  
4270  7 1., 200 13 ,6  4,7  2,3 

The merffi jet ve loc ity at the vena contracta is  given by 
vvc = C \j2ghi,,:· where the discharge coeffic ient C has been found 
to be  equal to 0,9 8 ,  and hE is the energy head in· front of the valves .  
The required modol tube diameter t o  correspond t o  the valve j et vena 
contracta diameters for several discharges at normal maximum reser 
voir water -surface e levation 4339 ,00 is determined in tab le 2 ,  The 
4 ,014-inch tube diameter repre sents 100 percent valve opening, and 
all smaller diameters represent partial valve openings .  

TABLE 2 
C omputations for model tube diameter - Prototype valve opening rela-
t · h '  C t t i 1 t ·  4339 00 2 1 t ·  ions ip . ons an: reservo r e eva i on • - va ve opera ion 

Proto vena Dia, of · % of % of 
Prototype hr up to hE at Ve le of contracta. model f'ull valve 
discharge valve s valves jets , Vvc • area in tube in dis• open-
in c . f . s .  in ft. in ft. in f ,p . s .  S CJ e  ft, in�hes tch&.r.,P'A ; ,., O' 

3 ., 9 50 25.0  51.o 56 . l  70,37 4, 014 100 100 
3 , 500 19 .8  56 , 2  58 .9 59 . 40 3 . 69 88 .6  73 .0  
3 ., 000 14.3 61.7 61. 5 48 . 7 6  3 .34 75.9  56.0 
2 ., 500 9 , 7 66.3 64.0 39 , 05 2.99  63 . 3  45. 6  
2 , 000 5.9 70. l  65 .8  30.40 2 . 64 50. 6  36 .7  
1., 500 3 . 4  73 ,6 67 . 4  22 , 25 2 . 26 38 .0  27 , 6  
1, 000 1. 8 74,2 67 .7  14.77  1 .84  25.3 18 . 6  

500 0 . 1  75.3 6 8 . 2  7 .33  1, 29 6  12 . 7  10. 4  
200 0 . 2  7 5 . 8  68 ,4  2 . 9 2  o. 818 5,06 4, 5 

4 



The mode l tube diameter can be re lated to the percent 
va.lve opening by use of the percent valve opening-percent full dis 
charge re lat ionship (figure 4C ) ., which was obtained from tests on 
the 5-inch mode l needle and tube valves  and later checked by proto
type t e sts  on the 84-inch Boulder nee dle valve . The prototype valve 
opening-mode l tube diameter re lationship is  shovm in fi gure 4D. Pro 
t otype values  for the f o ur  mode l tube diameters tested are shown in 
tab le 3. 

TABLE 3 

Prototype quant ities f or mode l tubes tested - Res ervoir e levation 4339 . 
Proto j et 

Mode l tube % of % of Prototype discharge ve l . ,  V
VC '  

diameter valve full in c .f . s . in 
in inche s opening discharge 2 valves i valve f •P• S . 

4 . 0 14 100 100 3,950 1., 97 5 56. 1  
3. 540 64. 8 83 . 4  3., 295 1, 6 47 6 0 . 2  
2 . 48 0  32 . 6  44.9 1, 774 887 6 6 . 3  
1 . 6 0 5  14.9 19 .3 7 62 381 6 7 . 8  

5. Original sti lling -bas in des ign. The or iginal des ign., 

as pre sented by the designing section to the hydraulic laboratory for 
te st ing., is shown in figure 5. The sti l ling bas in dimens ions for this 
des ign were determined by the previous ly deve lop e d  chart pre s ente d  in 
appendix I ,  figure 17 . 

6 .  Influence of · et aeration on hydraulic -jump formation. 
The fir st te sts o e mode were ma e wi square en ranees o e 
tub e s . Thi s entrance condition was s o  unfavorab le to smooth f low that 
the jets expanded c onsi derab ly immediately b eyond the tube exit s .  With 
the high degree of turbulence ,  expansion of the j ets  and an existing 
mean j et ve locity in the mode l of 13. 2  feet per s econd c ondit ions were 
favorab le f or air entrainment , and from the appearanc e  of the j et s  
there undoubtedly was s ome air entrapped in the f low. It i s  expected 
that c ons iderab le air wi ll bo entra.ined by the prototype j ets . The 
expande d  mode l jct g ives an indication of the b0havior of the proto
type j ets  and the effect on f low in the chute and hydraulic j ump  
f ormation .  Figure 5C shows better depth distr ib ution f or the aerated 
j et than for a s o lid j et. The s o lid j et was obtained by using a 
smooth b e l lmouth entrance to the tube s .  Due to the lower me an  ve lo
c ity of the aerated jet, the j ump is located farther upstream ( fig-
ure 5B ) .  Except for s light difference in fr iction los s ., theoretically., 

the momenta of the aerated and so lid j ets  are e qual ., which i s  demon
strated exper imentally by t he agreement of the hydraulic -j ump forma-

5 
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t i ons for the two cas e s .  It is  app arent that air entrairunent has 
b ut sma l l  effect on the hydraulic j ump f ormati on and that on the 
safe s i de .  Except for pos s ib le increas e d  sp lashing., air entrain
ment in the f low of the Wickiup structure will  improve the f low 
c ondit ion s .  P late lA shows the aerated jet  on the right and the 
s o li d  j et on the left . 

7 .  Chute_ f loor . It i s  imp os s ib le to e stab lish a r igid 
rule f or the proper desig;n of the chute f loor traj ectory; a long 
trajectory is more effective in spreading the jets the.n a short 
traj ectory, but the short one is more e c onomical. It is desirab le 

- that the highe st ve loc ity j et f or a very small valve opening and 
maximum reservoir e levation str ike the chute f loor befor e reaching 
the c hute b locks . This requires  a longer f loor than given by the 
maximum j et traj ectory, s ince the ori gin of the f loor traj ectory i s  
lower • Hov.rever ., in almost a l l  c as e s  there will b e  at least several 
feet depth of water in the b as in for small valve openings ,  so  that 
the j et s  strike the pool before reac hing the chute b locks which 
enab les the chute f loor to be shortened. The u.�der surface of the 
the or et ical traj ectories bas e d  on mean ve locities is shown in 
f igure 6A and the exper imental  traj ector ies  in f igure 6B for s everal 
valve openings . The p o int at which the jet strikes the f loor moves 
up stream as valve opening increases in acc ordance with the decrease 
in he ad at the valve s . Since partic les ne ar the surfac e  of the j ets  
have smaller ve loc it ie s than the mean jet  ve loc ity, the experimental 
j ets  str ike the f loor up stream from the theoretical j ets  which al
lows further reduct ion in chute length. For b e st economy and good 
distr ibut ion of the j ets the traj ectory of the c hute f loor should 
be about e qual to or s lightly smaller than the trajectory for the 
maximum ve loc ity j et .  The maximum jet traj ectory for this case i s  
x 2 = -003 . 5  y, and the recommende d f loor traj ectory i s  x2 == ..e90. l  Y• 

8 .  Chute wall  alinement . Spreading of the j ets  with 
p aralle l chute walls wo.s not entire ly s atisfactory. A high fin ex
i ste d at 0ach wall and at the dividing wall,  o.s s hown in figure 7C.  
Although there is  suff icient freeboa.rd to  p revent any damage by 
overtopping, smoother chute f low was des ir ed. The only other feas i 
b le alternative to the p arallel wal ls was considere d to be walls 
f lare d  from the valve exit to the end of the chute.  The flare d  walls 
re sult in a uniform depth distribution and e liminati on of the fins in 
the chute (figure 7C ), and the j ump is located farther up stream ( fig
ure s  lOA and lOC and plate s 1B and lC ) .  An important dis advantage 
of the f lared walls is  that exc e s s ive ne gative pres sure s ,  r e sult ing 
in c avitati on, near the valve exits wi ll exist for operation near 100 
percent va lve opening. Further , s inc e f lo.r ing the walls increase s 
the c o st,  para lle l  walls were cons idere d satisfo.ctory for thi s  de 
s i gn. 
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9. Discharge guide vane • The original discharge guide 
vanes (fi gure 8A and .piates 2A and 2C) seemed excessively large,  
so to reduce cost their dimensions were reduced to those shown in 
fi6ure BB, corresponding closely to the Boulder designs which have 
recent ly proven satisfactory under field tests. If the vanes are 
too small, the jets will be disturbed due to improper aeration. 
There was some argument in favor of eliminating the vanes, but they 
were considered necessary to facilitate removal of the valves for 
repairs.  

The distance from center line ·to center line of valves 
was increased from 18 feet to 19 feet, and the recommended vanes 
(p lates 2B and 2D) were tested for the new spacing. In p late 2D, 
the r ight jet is solid and the left jet is aerated. Comparative 
operation of the original and recommended vanes and valve spacing 
(figure 9) indicates essentially no difference in chute flow or 
j ump fonnation, but the recommended design is the most economical . 

10 . Width of chute and sti lling basin . Referring to 
figure 8B, the separate chute for each va lve is rlot symmetrical 
about the valve center line . The result is slightly higher fins 
at the side walls than at the dividing wall and s lightly unsymmet
r ical conditions within the jump . These conditions were not con
sidered severe and the chute width was not increased to obtain 
symmetry. The basin width could have been increased from 3 1  feet 
to 36 which, according to appendix I, figure 17 , would allow the 
basin f loor to be raised 1. 5 feet. In some cases, the broader and 
sha llower basin may be the most economical.  It is r ecommended that 
symmetry be  adhered to in future designs, so that the basin width 
wil l  be twice the valvo spacing. -Due-to the- relatively-small valve 
spacing, the chute width wi ll probably in no case be excessive for 
prop er spreading of the jets. 

11. Sti lling basin f loor e levation. Referring to figure 
lOA and p late lD, it is seen that the or iginal f loor elevation 4247 
is too high for satisfactory j ump formation in the basin with one 
valve operating at maximum d ischarge . Satisfactory conditions 
(figure lOB and p late 3A) are obtained by lowering the floor one 
foot to elevation 4246 . A close check of the desi gn 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 j ump for this condition. 

12. Length of stilling basin. The length of sti lling 
basin required so that the j ump is comp letely within the basin as 
given by the design chart is 65 .4 feet. In the original design 
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the concrete transition was cons idere d  to functi on as part of the 
· bas in s o  that the length of leve l f loor was reduced to 55 feet . 

Referring to  figure 10., the cre st of the j ump is locate d in the 
c oncrete transition abo ut 10 feet beyond the end of the level 
f lo or b as in. This condition prove d entirely s ati sfactory and 
c hecks the length of jump as given by the des ign chart .  

13. · Crit ic al opera.t ing conditi on. To e liminate un
nec e s s ary t esting., one set of ' tests was made to determine the 
most severe operating c ondit ion, and all sub s e quent c omparative 
tests were based on this conditi on.  The pr oper tai lwater for any 
c ondit i on tested was de·cermined by f i gure l l .  Obs ervati on of 
f lows le s s  than 100 percent valve opening end maximum r e servoir 
e levation indic ated that operation u..'1.der the s e  condit ions was 
less s evere than for full valve opening and head., and s ingle valve 
operation was more s evere than b oth valves operating . Comp arative 
sc our and j ump water surfac e s  are shown in figure 12A for r i ght ., 

left ., a..�d b oth valve s operat ing.  The j ump was identical for both 
c onditi ons of  s ingle valve operation ., but due to the unsymmetri -
c a l  shape of channe l dovrnstream from the b as in mor e s evere s c our 
resulted from the r ight valve operat i on., which condit ion was ., there 
for e ., us e d  for further comparat ive te sts . 

14. Length and he ight of dividing wal l.  P late 3B shows 
the b a s in without a c enter line dividing wall. The uns atisfactory 
c onditi on existing in the basin f or s ingle valve operati on leads 
to the r equirement of the dividing wal l  (p late 3C ) • Sat isfactory 
condit ion s  without a. dividing wal l  exist for symmetr ical valve opera
t i on (p late 4A) ., but it is  un likely that this conditi on wi ll always 
prevai l .  

In determining the prop er length of wal l  tests were f irst 
ma.do of a wal l  30 feet shorter and 4 feet lower than the ori ginal 
wall. This wall was too short, allowing c onsiderab le water to f low 
around the end of the wal l  which disrupted the j ump on the operating 
s i de of the b as in (p late 4B ) .  A wall 20 f eet shorter and 4 feet 
lower than the original was s at isfactory from the standp o int of the 
j ump f ormation (p late 4C and figure 12B ) ., and the scour was only 
s li ghtly more s evere than for the ori ginal wal l. The water s urface 
in the half of the b as in not operating was one foot lower than the 
wal l  height alloNing for some wave action.  No  harm will result 
s hould a smal l amount of water spill over the wal l  during one valve 
operat i on and from submergence of part of the wal l  for both valve s 
opera.ting under maximum condit ions (p late 4D) .  A general r ule for 
des ign is t o  make the wal l  extend over two -third the length of the 
bas in with top elevation e qual to the tai lwater elevation f or the 
maximum discharge of a s ingle valve . 
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··El. 4275 

�··El.4268 ----
----------

.··· El .4246 

A - D E T E R M I NATION OF C R I T I C A L  OPERAT I N G CON D I T IONS 

ORI GINAL DESIGN E X C E PT FLOOR E L E VATION 4246 

,··· El.4272 

�-·T.W. El.4267.8 

Either ric;iht or left volv•·)._ __ ,L·tW. El.4!64.4 
-· 

Sand ot start of run, river bed El. 4260 t ·· 

EXPLANATION 
2 Valves; 100% open; 3950 s.f. 

------ Ri9ht valve; 100% open; 1975 s.r. 
-- Left walvt; 100% open; 1975 s.f. 

�-·El .4275 

',,, ,
. •. ·Water surface in quiet pool for one valve operation; El. 4263 ± ···.. .-·Return •ater area 

.:-·Sarne •oter -surfaces for all dividinQ wall heq,ts and lenQths. 

,·El. 4272 

', .._/ ______________________ _,::·El. 4268 ________ '. ------ �. _ _ _ _  _ 

: . _____  �- -��-
0
-_20·-o·------:j 

8 - D E T E R M I N A T I ON OF L E N G T H  ANO H E IGHT OF D I V I D I N G  WA L L  

ORIGINAL BLOCKS AND SILL DESIGN - FLOOR ELEVATION 

DESCH U T E S  P R O J ECT - O R E G O N  

W I C K I U P  D A M  O U T L E T  W O R K S  

S T I LL I NG B A S I N  S TU D I E S  

-t• El. 4267.8 

- ·tW. El. 4264.4 

-----���-�= 
- - - - - -���Olimum scour lines --- -----=--

EXPLANATION 
-- Tap of dividinc;i •all El.4264; •all  20·-o· shorter than basin. 
------ Original dividin9 woll design. 
--- Top of dividing wall El.4264; •oll 30'-0M shorter than basin. 
- - - Na dividing wall. 
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A. NO D�VIDING WALL; 
1975 SECOND-FEE!' PER VALVE. 

B. 30 FEE!' SHORTER AND 4 
FEE!' LOWER DIVIDING 

- WALL; 1975 SEeOND;,.FEEI' . 

C .  2Q FEE!' SHORTER AND 4 
FEET LOWER DIVIDING 
WALL; 1975 SECOND-FEEI' • . 

D .  20 FEE!' SHORI'ER AND 4 FEE!' 
LOWER DIVIDING WALL ;  1975  � SECOND-FEl:iJI' PER VALVE . � 

"'" 



15 . Basin end sill. With the 4: 1 concrete slope at tha 
end of the basin there was some question regarding the requirement 
of a basin end sill. For no end sill, the jump is located farther 
downstream and scour is more severe (figure 13A) • When the sill be
comes too high, as the 4-foot high sill tested, the water surface 
over the sill becomes rough and scouring increases. The 2-foot 
9-inch high sill is more satisfactory than the 4-foot high sill or 
no sill. 

16. Concrete-slope end sill. 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 
13B) • 

17 . Basin floor blocks. For no basin floor blocks the 
jump is located------Eoo far downstream a.YJ.d the scour is more severe 
than when these blocks are present (figure 13C) . 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). 
Vfhen the blocks are located farther upstream they receive excessive 
impact resulting in a rougher jump and deeper scour , and when lo
cated farther downstream the jump moves downstream resulting in 
deeper scour. Likewise, when the b locks are too large or too small 
the jump becomes rough or moves downstream resulting in deeper 
scour (figure 15A ) . Best conditions were obtained by blocks 2 feet 
6 inches high placed 18 feet 4 inches from the end of the basin. 

18 .  Chute blocks. That chute blocks are effective as 
energy dissipators is shown by comparing the jump and scour with 
and without the use of these b locks ( figure 14A) •  For no blocks 
the jump is located farther downstream and is rougher, and the 
scour is deeper. Tvv0 feet 6 inches proved to be the best block 
height (figure 15B). 

19 . Combined effect of blocks and sills. The effective
ness of b locks 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) . With no blocks 
or sills, one valve discharging 1,975 second-feet and tailwater 
elevation 4264. 4 the jump is swept out of the basin. Due to in
sufficient depth in the river channe l., standing waves instead of 
a jump are formed resulting in severe scour . By raising the tail
water 3 feet to e levation 4267.4 a jump is formed in the basin at 
the same position as for the case using blocks and sills with 
tailwater elevation 4264 . 4. Without the use of b locks and sills 
it would then be necessary to lower the basin floor 3 feet to obtain 
a satisfactory jump. Scour conditions, however, would not be as 
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. -·E l . 4 275 

C - E FF E CT OF B A S I N  F LOOR B LOCKS 

DESCHU T E S  PROJ E C T  - O R E GON 

W I C K I U P  D A M  O U T L E T  W O R K S  

S T I L L I NG B A S I N  ST U D I E S  

� - · E l. 4272. 

EXPLANAT I O N  
--- z•.9• H i a h  basin e n d  s i l l .  

----- 4•-0• Hi1Jh basin end s i l l. 
-- No basin end s i l l .  
Rioht Yolve 100'% open; 1975 s.f. 

• .•• --- Scour alOnlJ center l ine 

,··T.W. £1. 4264. 4  

Sand a t  start o f  runs; river bed El.4260 :!: ·-� -� 
EXPLANATION 

--- 12" High concrete slope end 11 I I .  
- - - -- No concrete slope end si l l .  
Rioht valve 100'% open; 1975 s.f. 

. - T. W. El. 4264.4 

Sand at start of runs; river bed EL4260 .!:·  .. 

- - M aximum scour l ines 

EXPLANATION 
--- 2'-9" HilJh floor blocks. 
- - - - - No floor blocks. 
R i9ht valve 100% open; 1975 s.f. 
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C - E F F E C T  O F  FLOOR B LO C K  LOCAT I O N  
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- EXPLANATION 
-- 2°-s• HiQh chute blocks. 
- - - - - No chute blocks. 
R i9ht valve 100'1. open; 1975 1.f. 
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EXPLANATION 

-- Orioinal blocks �nd s i l ls .  
----- No blocks or s i l ls ;  T.W. El. 4264.4 
-- No blocks or sills; T.W. E l . 4267:4 
Riaht valve 100 '1. ope n ;  1975 1.f. 

.,.--T.W. El. 4264.4 

Sand at  start of runi river bed El.4260 ± ·•· 

·-Maaimum scour lines 

E X P L A N ATION 
-- Floor blocks I81- c· from end of 1ti l l in9 basin. 
- - - - - Floor blocks 9• . z• from end of stil l in9 ba sin. 
- - Floor blocks 27'·&· from end of stillin9 basin.  
Ri9ht valve 100% ope n ;  1975 s.f. 
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B - E F F E CT O F  C H UT E  B LOCK S I Z E  

-·T.W. EL 4H4.4 

Sand at lfart af runa; river bed EL4HO:I:· 

- Maaimum scour lines 

EXPLANATION 

--- 2• -9• H ith fl00r blocks. 
-----.. lf - o• High floor blocks. 
-- 1°- 1• High floor blocks. 
Rf9ht valve 100% open; 1975 1.f. 

.,.-T.W. E l .4264.4"" 

Sand at start of run• i river bed El42&0 ± · 

_ __ "'i __ � 
-
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EXPLANATION 

--- 2' -6· Hi1h chute blocks. 
- - - - - 4' -o· High chute blocks. 
-- I'·&· Hi9h chute blocks. 
Right valve 100% open; 1975 s.f • 

TRANSVERSE SECTIONS 
3 4 
I ' 

E l .4212··- I 
w. S some for 4: 1 and & : 1  rock eacovotion. . .  

i · · ·T.W. EL 4267.B j I 
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El 4259 25 ·--

C - E FF E CT OF EXCAVAT I O N  SLO P E  TO R IVER BE D - E L E VATION 4260 

DE SCH U T E S  P R O J E C T - O R E G O N  

W I C K I U P  D A M  O U T L E T  W O R K S  

ST I L L I NG B A S I N  STU D I E S  

_,.- ·River bed EL4260:t. 

EXPLANATION 
--- 4: I Eacovotion slope. 
- - - - - 6 :  I E xcavation slope. 
RitJht valve 100,% open i  1975 1.f. 
Both valves 100'1. open i 3950 Lf. 

'------------------------------------------------' 
... .. 
C 
:II 

0 



favorab le as for the case us ing b locks and s ills . The advantages 
of reduced  cost and improved sti lling-bas in performance fully 
j ustifie s the use of b locks and s i lls . 

20.  S lope from bas in-floor e levati on 4246 to river-bed 
e levation 4260. The leng,th of channel whose  bottom slopes from 
e levation 4246 to e levation 4260 is  an outlet transition.  The 
purpose of an outlet transition is to uniformly r educe the ve loc ity 
from a high value to  a l�«er value . A proper design would then 
require decreas ing mean veloc it ies  from sections l to  5 ( figure 15C ) • 
Tab le 4 shows the computations for mean ve loc ity at these  sections 
for one and two valves operating at maximum velocity and for 4: 1 
and 6 : 1  s lope rock excavation a.t the end of the c oncrete s lop e .  
For the 4 : 1 s lope the me an  ve loc ity at section 5 for the maximum 
discharge is greater than at section 4, and section 5 would then 
become a c ontrol. To e liminate the unfavorable f low conditions 
accompanying a control the 6 : 1  s lope rock excavation is rec ommended.  
If the r iver bed was of sand and grave l, the 4: 1 s lope would soon 
scour suffic iently e liminating any control.  

TABLE 4 

Mean ve locities at sections 1 to 5 ( fi�ure 15C ) 
2 valves ;Q=3 , 9 50 s .f . ; T .W.E l . 4267 . 8  1 valve ;Q=l, 9 7 5 ;  T .  W . s l .  4264. 4 

5 5 5 5 
Section 1 I 2 4 Sa4: 1 8=6 : 1  1 3 4 8=4: l 8=6 : 

w.s .El.  4268 . 5 4269 . 1  4269 .o 4267 . 8  4267 . 8  4265 . 6  4264. 5 14265. 0 4264. 4 �264, 4-
3 Bot . E l .  4248 . 5  4249 . 1  4256 .0  4260.0 4258. 3  1-248 . 5  4251.3 14256 . 0  4260.0  4252, 

Depth 20.0  20.0  13 . 0  7 . 8  9 . 5  17 . 1  13 . 2  9 .0 4. 4 6.  
Bot.  width 3 1. o  3 1 . 0  3 1 . 0  62.4  55 . 6 14.3 2 2 . 0  3 1.0  6 2. 4  55 .  
w .s.  width 3 1. 0  3 1.0  66.0  87 . 6  86. 4 14.9 3 6 .0  55. 8 80. 2 79 . 
Mean width 3 1.0  3 1. 0  48 . 5  7 5 . 0  1 1 . 0  14. 6 29 . o  43 . 4  71 . 3  67 . 
water area 620 620 63 1 585 67 5 250 283 29 1 3 14 405 
Mean ve l.  6 .36 6 . 36  6 . 25 6 . 7 5  5 . 8 5  7 . 89 6 . 98  6 . 7 8  6 . 29 4. 8 

21 .  Recommended st illing-basin design, Dimensions 5.n p lan 
and e levation of the recommended stilling-basin des ign are shown on 
figures  16A and 16B and plate 5Ae The scour and hydraulic ju.mp for one
and two-valve operation are shown in figure 16C and p lates 5B to 7D, 
inc lus ive . 

22 .  Conc lus ions . Questions regarding the uncertain features 
of the design previous ly out lined were answered s atisfactori ly by the 
mode l study. The following oonc lus ions should serve as useful guides 
for future mode l studies and prototype des igns f 
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A. RECOMMENDED DESIGN. 

PIA.TE 5 

B. RECOMMENDED DESIGN; RIGET 
VALVE 1975 SECOND-:-FEEI'. 

C .  RECCBD!:NDED DESIGN; RIGHI' VALVE 1975 SECOND-FEE!' . 



A .  RECOMMENDED DESIGN ; SCOUR FOR 
RIGHT VALVE ; l975  SECOND-FEET . 

PLATE 6 

B .  RECOMMENDED DESIGN ; LEFT 
VALVE 197 5  SECOND-FEET . 

C .  RECOMMENDED DESIGN · LEFT VALVE 1975 SECOND-FEET . 



A. RECOMMENDED DESIGN; SCOUR FOR 
LEFT VALVE ; 1975  SECOND-FEET . 

B .  RECOMMENDED DESIGN; 197 5  
SEC01TD-FEET PER VALVE. 

C .  RECOMMENDED DESIGN; SCOUR FOR BOTH 
VALVES DISCHARGING 1975 SECOlID-FEET . 

D .  RECOMMENDED DESIGN; EACH VALVE DISCHARGING 1975  SECOND-FEET . 
---J 



a.  Needle or tube valve f low can be satisfactorily dup licated 
by short tubes in the model study. 

b .  Entrainment of air by the prototype valve jets has little 
effect on the hydraulic-jump formation, and the effect will be on 
the safe s ide. 

c. The chute -floor trajectory should be approximate ly similar 
to the trajectory of the maximum ve locity valve jet. 

d. Chute walls should be p aralle l  to the direction of the valve 
jets. 

e. 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 feet. 

f. The width of stilling basin should be twice the valve spac
ing insuring satisfactory spreading of valve jets . 

g. A center-line dividing wall  is required for satisfact�ry 
single -valve operation. In length, the wall should extend to one
third the length of the basin from the end of the basin . ( The basin 
is defined as the level floor section of the outlet structure). The 
top of the wall should be  at the same elevation as the tailwater for 
maxbnum single-valve operation. 

h. The length of basin may be reduced somewhat when a concrete 
transition exists at the end of the basin. The transition is then 
considered to function in conj unction with the basin. 

i. Proper size chute b locks, basin b locks, basin end sill and 
concrete slope end sill are required for economy and efficient hydrau
lic operation of the stilling basin. 

j. The stilling-basin dimensions may be re liab ly determined by 
figure 17, appendix I. 

k. Under no conditions of operation do destructive currents 
form in the unsymmetrical channe l downstream from the stilling basin.  

11  
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APPENDIX I 

HYDRAULIC DESIGN OF RECTANGULAR ST ILLING BASINS 

1. Introduction. Hydraulic experiments in the past 
three year s at the Bureau of Rec lamation hydraulic laboratory have 
shown the rectangular stilling basin incorporating chute b locks, 
basin b locks, and an end sill to be superior to other types for 
use with the usual spi l lway channel. On the basis of the experi
mental data obtained from the adopted stilling basins for tho Boca, 
Deer Creek., Vallecito., and All-.Amer ican canal wash overchute spill
way structures., a chart (figure 17) was c onstructed in which the 
the severa l variab les are given in the desi�n of rectangular still
ing basins. 

By studying the experimental data of the mentioned models 
a general rule for each of the variab les was determined to agree 
with the experimental measurements. The agresment was so good over 
the c omplete range of availab le data that it is believed these rules 
are without serious error univer sally applicab le to the design of 
stilling basins of the type herein considered. 

The discharge per foot of width at the pool entrance from 
which the chart was constructed varied from 41. 7  to 240 second-feet, 
and the velocity at the pool entrance varied from 34  to 75 feet per 
second. Action of the hydraulic jump for the higher discharge and 
velocity indic ated that the rules could be  safely extended to at 
least a discharge of 450 second-feet per foot of width at the poo l  
entrance and a pool-entrance velocity of 100 feet per second. These 
values have, therefore,  been taken as the upper limits of the chart . 

2. Rules for the design of a rectangular stilling basin. 

1. The width., w, of the basin is determined to re
su lt in the most e conomical structure. 

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

3. The theoretical  veloc ity, v1, at the pool entrance 
is computed from the availab le energy head and properly evalua
ted losses. (For spillway chutes use King ' s  formula for f low 
in steep chutes.) 

4. The theoretical depth, d1, at the pool entrance 
is equal to q/v1 • 

; . 13 



5. The theoretical jump , d2, depth is computed by the 
momentum formula. 

t 
6 .  The experimental j ump , d2 , depth is  equal to 85 per-

cent of d2• 

7 .  The required stilling-basin f loor elevation is equal 
t o  the maxirnum discharge tailwater elevation minus d 1

2• 

8 .  The required stilling-bas in length, L ., is equal to 

9. The height , hi, of chute b locks is equal to d1 or 
d2, whichever is largest. 

10. The height, h2, of bas in b locks is equal to 1/4 d2 
for va lues of clz from O to 8 feet, f o l lows a straight line 
variation of 1/4 dz to 1/8 dz fr om 8 to  24 feet and is equal 
to  1/8 d2 for values of dz above 24 feet . 

ll. 'I'he height, h3 ., of s o lid end s ill  is equal t o  1/8 d2 • 

12. The distance., a, from the end of the stilling basin 
to the vertical up streron faces of the bas in b locks is equal to 
1/3 1. 

13. The maximum width of b locks and spaces between them 
are equal to hi, and the minimum width is limited to about 18 
inches. 

14 . The t op dimens ions of the f loor b locks and end sill 
parallel to the basin center line are equal to  1/4 h2 and 1/4 h3 , 
respectively, with a minimum value of about 8 inches . 

15 .  Chute and bas in b locks should be staggered with no 
b locks against the side wal ls and one more bas in b lock than 
chute b locks . 

16. The back s lope of the bas in b locks and end sill may 
be s uch as to be the most ec onomical., usually 1 : 1, and for 
ec onomical reasons the end s ill may be rectangular in cros s 
section when les s  thn.n 3 feet high. 

17 . The s lope of the t�ansition b ottom at the end of the 
bas in may vary from horiz ontal to  6 : 1  when of earth., rock ex
cavation, or riprap and up t o  3 :  1 when of c onc rete. 

18. The chute s lope entering the basin may vary from 
horiz ontal to 1 : 1 . 
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3 .  Comparison of design chart and experimental data . 
The good agreement between values given by the design chart and 
those determined experimentally is shown by the comparisons of 
tab le 5 .  In almost every case , the chart gives sli ght ly conserva
tive va lues. The dimensions of the Wickiup stilling basin ori
ginal ly determined from the design chart were checked by extensive 
tests, and no ch?Jlges were necessary except by use of a concrete 
transition at the end of the basin the length of basin could be  
re duced ab out 10  feet. Whi le it  is be lieve d that the use of di
mensions given by the chart will result in a good design, s light 
variation in dimensions, one way or the other, will have little 
or no effect on the performance of the basin. For examp le, there 
would be little difference between a 9 0- and 95-foot length basin 
or 4-foot and 4-foot 6-inch high b locks or si lls for a given set 
of conditions. 

TABLE 5 

Sti lling-basin dimensions given by design chart compare d 
with experimental data . 

Wash 
Mode l Boca Deer Creek Va llecito Over chute Wickiup 

variable ,t!jxp . cnart Exp . chart .!!,;Xp e cnar-c ,!:!;xp . cnar-c .!!iXp e cnar't .. 
q 106.7  - 160 - 240 - 41. 7  - 140 -
v1 73 .2 - 75. l - 76. 4  - 3 4. 0  - 61 .6 -
d1 1.46 - 2. 13 - 3 . 14 - 1.23 - 2 .27 -
d2 - 21.3 - 26. 0  - 32.5 - 8.9  - 21.8 
d '  18. 4  18.3  22. 0 22. 1 *3 0 . 0  27 .6 7 . 7  7 .6 18. 4  18.5 2 

1(<*65 . 4  L 58. 7 63 . 9  75 . 0  78.0  92 .6 9 7.5 25 . 0  26. 7  55 . 0  
a 20. 0  21.3 25. 0  26. 0  27 . o  32.5 9.0 8.9  18.5 
h1 2 .0  2. 4 3 . 0  2.9 4 . 0  3.6 2. 0 1.2 2.5 
h2 3 . 0 2.7 3 . 0 3 ,. ,2 5  •5. 0 4. 1 2 . 0  2. 1 2. 75 
h3 3 . 0  2.8  3. 0 3 .25 *5 . 0  4.1 1. 0 1 . 1 2 . 75 

*C onservative. 
**C oncrete transition allowe d reducti on of basin length. 

4. The inf luence of entraine d air. The above rules and 
f i gure 17 are app licab le to the case of entrained air provide d the 
proper v1, and d1 values are used for the water-air mixtur e at the 
pool  entrance. The inf luence of entrained air is to increase q and 
d1 and re duce all other variab les. 
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APPEND IX II  

DES IGN OF' OUTLE1' -WORKS STILLING BASINS 

1. Introduction. Energy d is s ipation below outlet works 
through earth-fill dams frequently leads to the p rob lem of sc our 
preventi on .  If the canyon downstream from the outlet works i s  not 
of s ound r ock ., or if damage would result from ant ic ipated sc our ; it 
is nec e s sary to provide a stilling basin to control the act i on of 
the high velocity valve j ets . The typ e s  of stilling basins may be 
c las s e d  as free j ot ., chute ., hump ., and in1pact bas ins . The des igns 
will be develope d for the usual case of two outlet conduits .  

2 .  Applic ation o f  types o f  outlet-works sti lling bas ins . 
By a s eries  ofexpcr iments the limits of applic c,tion of oach typo 
of outlet -works st i lling bas in has been fairly well e stablished.  
The use of each is determined by the relat ive location of  the outlet 
gates or valve s with re spect to the maximum tailwater e le vation and 
by the c haracter of the downstream river channel. 

Where the outlet invert i s  above the maximum tailwater and 
the channel belaff comparat ively stable , a p ool into which the j ets  
will p lunge is  suffic ient . Acc or ding to a few preliminary tests 
(plates 8 and 9 ) ,  whon the valw invert is the s o.me or lower than 
the tailwater elevat ion, the jets  rem�in on the p ool surf�c e ,  de
veloping severe revers e  currents on the s ide s of the bas in. By 
rais ing the valve invert to at least the maxinn.un tailwater eleva
t i on the jets attain s uffic ient downward d irecti on t o  c ause the ir 
submergence by the pool. The revers e c urrents at the side s  of the 
bas in and imme diately in front of the discharge gui de vane and 
sp lashing in the bas in arc then reduc ed. 

If the chainnel is narrow and ero dible ,  where sc ouring 
might be dani;erous to tho structure , a chute bas in should be used 
for all c onditions with the outlets above the tailwater . The chute 
basin should also be use d  for all cases between valve invert at 
maximum t ailwater elevat ion an d  valve center line at the river -be d 
e levati on. Tests ( plates 10 and 11)  to determine the lower limit 
of valve elevation for s atisfactory flow conditi ons indicated  that 
when tl1e valve center line is  lower than the r iver-b e d  e levation 
the hydraulic jump will move up to the outlet valves caus ing un
des irable flow c onditions . Furthermore, the hydraulic j ump i s  satis
factory f or all valve openings and valve center line a.t or above 
the r iver -bed elevation ( figures 18A and 18B ) ; but when the valve 
c enter line is lower than the river b e d  the formation of the hydraulic 
j ump  is not satisfactory for all valve openings (f igure 18C ) ,  and the 
hump bas in should then be use d  to maintain the jump downstream from the 
outlet valve s .  
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PIATE 8 

A. 1975 SECOND-FEE!' ; VALVE CENTERLINE EL. 4260 ; TAillVA� EL. 4264.4 ,  

B .  1975 SECOND-FE:Er; 1�VE CENT.ERLINE EL. 4263 ; TAIIl'lATER EL. 4264.4 .  

C .  1975 SECOND-l!DI' ; VALVE CENl'ERLINE EL. 4268 ; TAIIWATER EL, 4264 , 4� ,· 

FREE JE1' POOL. 



PIATE 9 

A. 3950 SECOND-Fm ; :  "IALVE CENTERLINE EL. 4260 ; TAIIlVATER EL. 4264. 4. 

B. 3950 SECOND-FEml' ; VALVE CENl'ERLINE EL. 4263; TAill'IATER EL. 4264. 4. 

C. 3950 SECOND-FEml' ; VALVE CENI'ERLINE EL. 4268 ; TAill'lATER EL. 4264.4·. 

FREE JEl' POOL. 



PIJj.TE 10 

A.  ONE VALVE 14. 9% OPEN; CENTERLINE EL, 4258 ; DISCHARGE 381 S. F. ;T ,W.  EL, 4250 . 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. 4253 ; DISCHARGE 381 S .F. ; T.W. EL .• 4250 � 3  

D • om: VALVE 32. 5% OPEN; CENl'ERLINE EL. 4263;  DISCHARGE 88? S .F . ; T .W. EL. 4261. 8 .  

E .  · ONE VALVE 32 , 6% OP.EN; CENTERLINE EL. 4260 ; DISCHARGE 88? S.i. ; T.W. EL. 4261.8 .. 

CBIJTE 8rILLlliG BASIN 



PIATE 11 

A. ONE VALVE 32 . 6% OP.EN; CENl'ERl.INE EL. 4258 ; DIS�E 887 S.F. ; T .W .  EL� 426 L 8 .  

J 

B., ONE VALVE lOQ% OPEN; CENTERLINE EL. 4263 ; DISCHARGE 1975 S .F. ; T .W. EL. 4264. 4. 

C. ONE VALVE lOQ% OPEN; CENl'ERLINE EL. 4260 ; DISCHARGE 1975 S.F . ; T .  W. · EL. 4264 . 4 .  

D.  ONE VALVE 10o% OPEN; CENI'ERLINE EL. 4258 ; DJ;SCHARGE 1975 S . F. ; T .W.  EL.  4264.4.  

CHUTE SrILLING BASIN 



In certain c ases when the head i s  re lative ly small it 
may b e  de sirab le and economical to use s lide gates in p lace of 
valves . With the gates the free jet ., chute,  and hump bas ins can 
be use d  for the conditions described above ; in addition, an im
p act type  of basin may be use d  for the condition defined  for the 
hump bas in. This type of bas in i s  e s sentially a roctangular 
stilling basin p laced against the outlet gates with a leve l floor 
at the same e levation as the gate s i lls .  A jump wi 11 form at the 
gates or will be c omp lete ly submerge d  depending on the t ailwater 
e levation. Due to the low head and the small  disturbance of the 
gate jets,  s ubmergence of the j ets is cons idered permis sib le. 

3. Des ign of free j et bas in. The construction feature s  
of this type of basin depends on severa l  condit ions . When the walls 
and b ottom of the river channe l are of sound rock the jets  may be 
allowed to discharge free ly into the canyon without taking any 
measures for s cour prevention. In s ome c ases ., the channel may 
c ons ist of erodible grave l and rock, but scouring wi ll not endanger 
any part of the structure . A natural basin will then be ex•avated 
by the scouring action of the jets ; the small grave l  will be car 
r ied  downstream and the large material left t o  cover the bas in a s  
riprapping. When scouring of the channel will b e  dangerous t o  the 
structure shaping and riprapp ing of an a lready wide channel as part 
of the construction program is required. As previously stated, 
when the channe l i s  very narrow and erodible a free j et bas in is  
not feasib le ., and a chute bas in is required where channel sc our 
would be dangerous . 

The proper design of a riprapped, free jet bas in was de
termined by the Deer Creek Dam outlet works mode l study. The im
p ortant features in des ign of such a be.s in are shown in f igure 19A, 
in which dimensions outlined are minimum values f or good performance 
of the bas:i.n. Since least cost i s  given by the dimensions most near
ly fitting the r iver channel ., dimensi ons greater than those shown in 
figure 19A may be used, and good bas in performance can be expected 
provided the basin is symmetrical with respect to the valves .  In 
some cases  an unsymmetric al basin becomes feasible by p lac ing heavy 
r iprapping on the wider side to provide protection against the 
severe currents resulting from the unsymmetrical conditions . 

Rules for designing the riprapped free jet bas in :  

( a )  The depth of pool for maximum tai lwater should b e  about 
one-fifth the difference in maximum reservoir and poo l water-sur
face e levations . This depth may be reduced somev,hat when the basin 
bottom is of good rock. 

( b )  The width at the maximum water line should be four time s , 
the depth of pool. 

18 



;\ 

�-·Top at riprop embankment 
�- .. Maximum toilwater elevation 

E L E V AT I O N  
A- FR E E  J ET B AS I N  

[I:=:J 

a:::::J _ ---fE:3-r - - .a:::::Jll___J [I:=:J l 

[CJ 
[I:=:J 

CJ [I:=:J 

Top of training wau ··· 

P L A N  

;, 
! 

E L E V A T I O N  
C - I M PACT B AS I N  

'\. 

i 

, _ _ _ _  -_ _..;_..;._ ___ _ 

CJ 
IJ j _ ,C · Left valve cente�l_in_e ___ _ 

D 
ID 

< 

, 

� 

- - - - Sti l l ing basin centerl lne 

4--- - ------ ------- � 
� _

! 
l 1 I 

:- - - R igh_t :olve center l ine  

0 31o, � 

·····center I i  ne divid i nQ wa l l  

� " 
-� 

i ..11 ---·\.._ 

- · · · ·-- Chute trajectory . . .  

�,. 
�)N 

�,N 

�i" 

P L A N  

···Top of basin woll 

• I 

,.--·-Max. W. S. for two valves operating 

��0�-:�C°-M�-·�w�f�-�==���S�;:;� 

�j .. 

E L E V A T I O N  
B - C H U T E  B A S I N  

P L A N  

ICJ 
ICJ 
ICJ 
El 
ICJ 
ICJ 
!CJ 
ICJ 
19 ·  
ICJ 
!CJ 
ICJ 

II I r· Left v�lve centerl ine 

;-·Sti l l l�o basin centerl�n_e ___ _ 

;--Right v�l ve  centerl ine. ___ _ 

� 
\ . - - ·Top of basin wal l  

� \�� ,· Beginning of 
....... -·Hump crest same elevation as river bed ,. .... Max. W.S. for two valves operating 

i5 \ ( trajectory 

\ --------- - - - X ·--\j-· - - - - ---., 

- · · ------· · · - -Hump trojectory --- - - - . . . • • .••.• ••• J. .. . . .  - RectonQular sti l l ing bosln ---H-- -!. : 
E L E V AT I O N  

D - H U M P  B A S I N  

D ES I G N  O F  O U T L ET W O R K S ST I L L I N G  B AS I N S  

� 

� 

� 

' 
-.Q 



( c )  The level bas in bottom should extend t o  the p oint where 
the maximum j et traj ectory reaches the basin bott om elevation. 

(d) The downward slope from the valves to the basin bottom 
may be 3: 1 or greater . 

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

(f) Basin side slqpes should be 1½: 1. 

( 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 t he basin. 

4 .  Desi gn of chute basin. 
rectangular chute and stilling basin. 
the proc edure of design (figure 19B ) :  

The chute basin c onsists of a 
The following rules outline 

(a ) A dividing wall along the spillway center line is required 
for satisfactory jump formation for one-valve operation. The top 
of the wall should be at the maximum tailwater e levation for one 
valve operating� and the wall should extend over the full length of 
the chute and two-thirds the length of the stilling basin. 

(b) Each half of the basin should be symmetrical with respect 
to the valve center line, so the basin width should be twice the 
valve spac ing. 

(c) Chute and basin walls should be parallel to the direction 
of the jets. 

( d) The chute floor trajectory should be approximately similar 
to  t he trajectory for the maximum velocity jet.  

( 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
vation . 

5. Design of hump basin.  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 
maxi.mum j et trajectory at the downstream end.  The cost decreases as 
the radius of sDnple curve decreases, but the j et will not be de
flected upwards smoothly if the radius is made excessively small. 
The radius and mean jet velocity can be related by a c onsideration 
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of the j et acceleration introduced by the curve toward the center 
of curvature .  The �xpression for acce leration in terms of velocity 
and radius is a =  v • It can be specified that the allowab le ac -

-ir-
ce leration toward the center of curvature should be some proportion 
of the acce leration of gravity; a =  kg. 

The maximum value of k for satisfactory operation must 
be determined by model tests. A preliminary test for k = 1.0 
proved satisfactory, und indications were that k could be in
cre ased to a value between 1.5 and 2 . 0 .  Due to urgency of other 
work and limited  lo.borntory space , further testing was de layed. 
l<�or the presc:mt k "' 1. 5 can be safe ly used . 

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 model. Then by increasing the 
head, thus ve locity, the value of k in�reases for the designed 
curve, and the maximurn value of k for satisfactory operation can 
be determined . The radius of simple curve can then be determined by 

,I, R = kg • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ( 1 ) 

Referring to figure 19D, the equation of the hump trajec-
tory will now be determined. Consider point O, the be ginning of 
the simple curve , as origin of the coordinate system , point A 
point of t angency of simple curve and traj ectory, point C as 
est point of trajectory, and point D as end of traj ectory. 

as 
high

The 
coordinates of the simp le curve 0A are determined by 

Y -- R - ' /R2 2 y - X • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 2 )  

The equation of the traj ectory must be found in terms of 
x and y. Known conditions at point A are: 

x
A 

= R s in /; • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ( 3 )  

YA
= R ( 1  - cos fJ) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  (4) 

Ve locity in X-direction, d
xA = VA cos fJ ( 5 )  dt 

• • • • • • • • • •  

Ve locity in Y-direction, 
dy

A = vA sin /; • • • • • • • • • •  ( 6 )  dt 

At any point, C,  on the trajectory : 

d2x Acceleration in X-direction, 
dt2 = 0 

• •
• • •

•
•

• •
• •

• •  
(7) 
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Acce leration in Y-direction, 2-2
Y = -g • • • • • • • • • • • • • • • • • • ( 8) 

dt2 

Integrating (7) and (8) for ve locities in X- and Y- directions , 

dx = e ; when t = o, e = vA cos jJ 
dt 

dy = ..gt + e ;  when t = o, C = vA s in /J 
dt 

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

x = tvA cos /; +  C ;  when t = o ,  e = R sin /J 
x = tvA cos jJ + R s in /J • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • (9) 

y = tvA sin /J - 1/2 gt2 + e ;  when t = o, C = R (  1-cos /J) 

y = tvA s in jJ + R ( 1-cos jJ) - 1/2 gt2 • • • • • • • • • • • • • • • • • • ( 10) 

The equation of the trajectory, obtained b:,,r e liminating t and solv
ing ( 9 )  and ( lo ) ,  is 

y = tan /J (x-R sin /J) - � c x-R sin P) 2 
+ R ( l-cos jJ) • •  ( 1 1) 

2v 2 cos /J 
A 

.An expre s s ion must be determined for the unknown angle /; 
of ( 1 1) . The first derivative of ( 1 1) give s  the s lope of the tangent 
to the traj ectory at any point , which is equal to zero when y = + H. 
Therefore, at point e 

from which 

dy = tan jJ _ -� ( x - R s in .�) = o dx vA" cos2 /J 
2 

VA Xe = g sin /J cos /J + R s in /J • • • • • • • • • • • • • • • • • • • • • • • • • ( 12) 

and by p lacing ( 12) in ( 1 1) ,  
V 2 

Ye
= H = _!,_ s in2 /J + R ( 1  - cos /J) • • • • • • • • • • • • • • • • • • • • ( 13) 2g 

In equation ( 13), all value s are lmown except v A and jJ. By writing 
Bernoulli ' s  equation neglecting friction loss,  between points O and B, 
V

A can be found in terms of the known mean j et ve locity, v, at o. 

from which 

V 
2 2 

2� = ;g - R ( 1 - cos /J) 
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Vv2 - 2gR (1-cos 

P lacing ( 14) in ( 13 ) 

/J) • • • • • • • • • • • • • • • • • • • • • • • • • • • • . (14) 

v2 . 2 2 H = - sin /J - R (1-cos /J) sin p + R (1-cos /J) • • • •  (15) 
2g 

Rep lacing sin2 /J by ( l-cos2 /J) and recalling that v2 = kgR, 
( 15) reduc es to 

Cos3 /J + ( l/2k - 1) cos2 /J +( : - 1/2k)  = O • • • • • • • • • (16) 

The roots of (16) may be determined by Newton ' s  method of so lution, 
and the proper value of co·.s /J determined for any specific design . 
Let x = cos />, then if x1 is an approximate value of a root, 

f (x) = 
f I (x) 

x2 is a sec ond approximation .  

Final ly, the trajectory e qua ti on c an  be written in the form, 

y = Ax2 + Bx +  C • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •
• • • • • • •  (17) 

By introduc ing (14)  and ( 1) in (11) , the coefficients of (17 ) are: 

-1 A = �--�-.....-,..-------
2R cos � (k-2 + 2 cos � ) 

• • • • • • • • • • • • • • • • • • • • • • • ( 18 ) 

B = ta..11. /J j1 + cos /> (k -\ + 2 cos />U • • · · · · · · · · · · · ( 19) 

C = R I, - -:-as /J - sin /J tan /J - tan2 
P Ll·· ( 20) 

1 ·  2(k - 2 + 2 cos �) 
-�· ... ' 

The hump dimensions may be determined by the above equations 
provi ded the p.ump crest e levation is lmown. The crest e levation 
must be determined to satisfy three c onditions: (a) To properly 
spread the j ets from the tunnels for all c ombinations of discharge ; 
(b) to force the jump to form downstream from the valves for all 
combinations of discharge ; (c) to form a quiet stab le hydraulic j ump 
in the sti lling bas in. 

The extent of jet spreading will depend on the height, H, 
of the hump . When H is small the j ets will not spread effective ly, 
and the c enter - line dividing wall will then be required. When H 
is large the j ets will  spread so that they are of fair ly uniform depth 
for all  combinations of discharge over the hump crest, and the divid
ing wall will not be r equir ed. Sufficient tests to estab lish the 
prop0r height of hump required for good j et spreading have not as yet 
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.. 
been c onducted, but a pre liminary test indicated a height of 14 
feet satisfactory for the Wickiup basin, provided the basin width 
be made 2½ times the valve spac ing. Until  more definite information 
is  avai lab le regarding the spreading of j ets  by a hump , it is  ad
visab le to use the center-line dividing wall.  

In order to  force the j ump  downstream from the valves for 
a small  valve opening the hump crest e levation must be at least at 
the r iver-bed e levation; otherwise ,  the tailwater would f lood the 
valves .  As the bas in floor e levation wi ll, in almost all cases ,  be 
lower than the r iver-bed elevati on, the j ump  for larger discharge s  
wi ll form on the downstream side of the hump for the hump crest e le 
vat ion equal t o  river-bed elevation.  

A quiet stab le hydraulic j ump will  form downstream from the 
hump crest for all combinations of discharge , provided the depth 
of jet entering the pool  is re lative ly uniform. 

Since the proper design of a hump basin has not been defi
nite ly e stab lished by mode l tests ,  no set of design rule s will be 
given. The discus sion merely out lines the features  of the ·de s ign 
which may be useful in attempting future des igns without the aid of 
a mode l study. A comp lete inve stigation by model study of the hump 
basin in the future should prove useful in deve loping definite rules  
for des igning the hump chute . The rectangular stilling basin can 
again be des igned acc ording to  appendix I .  

6 .  De sign of impact bas in. Figure 19C shows an impact 
type of basin with so much submergence that no jump is formed. Thi s  
type of basin can also be used  for no submergence ,  in which case a 
hydraulic j ump forms against the gates . For the latter case , the 
basin s hould be des igned the s ame as out lined for the chute bas in 
with the chute section omitted. When the jump becomes s ubmerged the 
bas in remains es sentially the s ame except that the dividing wal l  
top e levation should be the same as the top o f  the outlet conduits ,  
an d  an arrangement of larger b locks should be use d  as shown in figure 
19c .  
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