


Rydraulic model studies of the Keyhole Dcm Spillway, 

a par t  of the Missouri River Basin Project, were conducted i n  

the Hytiraulic Laboratory of the Bureau of Rcc1amai;ion a r t  

Denver, Colorado, during the period April 26, 1949 t o  

December 20, 1349. 

The f i n a l  plans evolved from th is  study w e r e  

developed through the cooperation of the staffs of the 

Spillway e,zJ Outlet Section Nc.. 2 and the Bydraulic Laboratory. 

During the course of the model stutlies, Meesrs. 

H. W. Tabor, R. W. Whinnerah, and H. E. Hil ler  of the Sp i l l -  

way and Outlet Design Section No. 2 frequently vis i ted the 

laboratory to observe the model t e s t s  an8 diecues the reeul%a. 

Theae studies were conducted by G. L. Beichley 

under the d i rec t  supervision of W. E. Wagner, A. J. Peterka, 

and J. N. Bradley. 
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Subject: Bydraulic model s tudies  of Keyhole I)ara Spillway 

Hydraulic madel s tudies  of Keyhole Dram Spillway ( ~ i g u r e s  1, 2, 
and 3) were made on a 1:24 scale  model (Figures 4 an8 5) f o r  the purpose 
of developing and checking the hydraulic design. Data and notes taben 
on the flow in  the model shoved the preliminary design of the s t ruc ture  
i n  general t o  be s a t i ~ f a c t o r y  except tha t  fo r  reservoir  elevrrtion 4111.5 
the capacity of the spillway w a s  greater  than the designers had specified. 
By reducing the crest length from 21 t o  19.25 feet the deeigners'  
specif icat ion was f u l f i l l e d .  

Performance tests showed the approach t o  the,epil lway c re s t  
(Figure 6) t o  be satisfactory fo r  a l l  discharges. Calibration of the 
model c r e s t  showed the discharge coeff ic ient  t o  be about 3.61 f o r  the 
design reservoir  elevation 4111.5 (~ igure  9) which indicated an e f f i c i en t  
c r e s t  shape for  ex is t ing  l imitations.  Pressure t e s t s  showed no eub- 
atmospheric pressures ex is t ing  on the c r e s t  f o r  any discharge ( ~ i g u r e  11).  
Since the preliminary c r e s t  shape waa found t o  be e f f i c i e n t  and no sub- 
atmospheric pressures were present, it was therefore recommended f o r  the 
prototype. 

Tects conaucted t o  check the performance of the prelininary 
spillway chute and preliminary long radius def lector ,  radius 15 fee t ,  
(Figure 12) showed the flow in  the chute t o  be smooth and evenly d i s -  
t r ibuted from one t ra ining wall t o  the other (~igure 13). The perfor- 
mance of the deflector a t  the  downstream end of the chute (Figure 14) 
a l so  proved to be sat isfactory;  however, t e s t s  were made t o  improve its 
performance by increasing the throw of the J e t  t ra jec tory  ( ~ i g u r e s  15 
through 18) par t icu la r ly  f o r  the smaller flows. The preliminary def lector  
design, however, proved t o  be the most economical. 

. The spillway chute was shortened during the Investigation as a 
r e s u l t  of addi t ional  f i e l d  data received by the designers. The designers 
shortened the chute 91 f e e t  and thus reduced the width of the preliminary 
def lector  from 50 t o  40 f ee t .  Tests shoved t h i s  shorter  chute and 
def lector  t o  perform equally sa t i s fac tory  ( ~ l g u r e s  19 and 20) to tha t  
of the  preliminary design. 



tha t  erosion did not occur adjacent to  the def lector  (Figures 23 through 
26). The water-surface prof i le  throughout the entire length 01 the I 

spillway chute elong the l e f t  t ra in1  ng w a l l  ( ~ i g u r e  27) was recorded f o r  
determining the necessary height of the t ra in ing  walls. This shorter 
chute and narrower def lector  is secoaamended fo r  the prototype. The com- b 

ple te  recommended spillway s t ructure  is shown i n  Figure 3. 

4 

I[rJTHODUCTION 

Keyhole Dam is  a pa r t  of the Keyhole Unit of the Cheyenne 
Division of the Missouri River Basin Prodect. It i s  located on the Belle 
Fourche River about 16 miles northeast of Moorcroft, Wyoming, as shovn in  
Figure 1. The dam, shown i n  Figure 2, is  e a r t h - f i l l  approximetely 3,420 
f e e t  long a t  the crest ,  with a maaximum height of approximately 125 f e e t  
above the riverbed. 

The spillway, shown i n  Figure 3, has an uncontrolled c r e s t  
d.ischarging into  a n  open channel chute on the r i gh t  abutment. The s p i l l -  
way is  19.25 f e e t  v1d.e a t  the c res t ,  Sta t ion 2+11.67, and the chute 
continues a t  t h i s  width t o  Stat ion 3+21; a t  which point it f l a r e s  uni- 
formly t o  the end of the structure,  Stat ion b 9 l .  The s t ructure  i s  40 
f e e t  wide a t  the end, measured between t ra ining walls an& contains a 
15-foot radius deflector bucket 10 f e e t  long f o r  pitching the flows 
downstream avsy from the s t ructure .  The spillway is 279.33 f e e t  long 
measured horizontally from the spillway c r e s t  axle t o  the end of the 
deflector,  with a slope of 0.0629 i n  the open channel chute. The c r e s t  
i s  a t  eleva%ion 4099.3, 28.9 f e e t  below the! maximum water surface of the  
reservoir .  The spillway i s  designed t o  pees a maximum discharge of 
10,600 second f e e t  with the reeervoir a t  maximum water surface which 
corresponds to about 550 second f e e t  per l i nea l  foot  of c r e s t  length o r  
265 second f e e t  per l i n e a l  foot  of deflector.  It w a s  desired, however, 
t ha t  the flow a t  reservoir  elevation 4111-5 not exceed 3,000 second f ee t .  

TEE YODEL 

The model was constructed and tes ted  i n  the Bureau of 
Reclamation Hydraulic Laborat,ory a t  the Denver Federal Center. It was 
a 1:24 scale reproduction of the sgi l lvay and surroundini; area a s  shown 
i n  F l g u ~ e s  4 and 5. Topography i n  the reservoir  are& was reproduced 
f o r  a distance of 240 f ee t  upstream from the spillway c r e s t  and for  
150 feet to the r i gh t  and left of the c res t .  Downstream from the end * 

of the preliminary spiliway chute and def lec?ar  the topography was 
reproduced for a distance of 288 f e e t  and f o r  120 f e e t  on each side.  

P 

Water was supplied t o  the model by means o i  a 6-inch portable 
pump througlz &n 8-inch l ine .  The diecharges were measured with an 8-lnch 
or i f ice-ventur i  meter placed i~ the supply l ine .  The reservoir  elevation 



using 10 piezometsrs placed near the center l ine  of the  spillway. 

Topography i n  the  reservoir  area of the  niodel was molded of 
concrete mortar placed on metal l a t h  which had been nailed over wooden 
templates cut t o  the  ground-surface contour. Model concrete surfaces, 
simulating nonconcrete surfaces of the  prototype, such as topography, 
ware given a rough f in i sh ,  while conc:rete surfaces simulating prototype 
concrete surfaces were given a smooth f inish.  The spillway approach 

\. c re s t ,  chute, and def lector  bucket were molded i n  cement mortar against 
sheet-metal templates accurately cut rlnd placed. A 1/2-inc h-wide s t r i p  
of sheet metal was fastened normal t o  t he  template located on the  center- 
l i n e  of the spillway, and piezometers which consisted of 1/16-inch 
inside diameter copper tubing were inserted. The.piezometers were 
inserted normal t o  the  surface determined by the  metal s t r i p  and dressed 
flush. Thus, the  piezometer openings were on a smooth polished, metal 
s t r i p  which conformed exactly t o  t he  spillway profile.  The elope of the 
open channel chute f loor  of the  model was constructed steeper than tha t  
of the  prototype f o r  the  purpose of maintaining hydraulic simili tude,  as 
wi l l  be discussed l a t e r  i n  t h i s  report. 

The sandstone sublayer i n  the  area downstrsan; from the  prototype 
s t ruc ture  was modeled, while the  overburden was omitted ent i re ly .  It was 
f e l t  t h a t  the  f i r s t  spillway flow of any s i ze  o c c u ~ i n g  i n  the prototype 
would wash the  overburden away, leaving the  rock sublayer exposed. The 
sublayer i s  a so f t  thin-bedded sandstone with layers  not bonded together. 
During the preliminary t e s t  t h e  contours of t h i s  sublayer were formed i n  
pea gravel, but the  pea gravel was found t o  be unsatLsfacto~y because 
the sides of the  eroded hole were not stable.  During a test they were 
continually collapsing, producing an erosion pat tern tha t  coi.dd not cccur 
i n  the  prototype. Consequently, a material  was used which wouid erode 
eas i ly  i n  the model and which would stand ve r t i ca l ly  without coliapsing. 
The material  was a lean mixture of sand, cement, and water which was 
cured f o r  a specified time, and which by ac tua l  t e s t  res i s ted  erosion 
up t o  a predetermined velocity. It i s  believed tha t  t h i s  bed mater ia l  
represented the prototype n a t e r i a l  as  closelj j  a s  i s  possible i n  a model. 
Fur t t t e r  discussion of the mixture used and the erosion t e s t s  a r e  discussed 
i.n the  investig.ation section of t h i s  report .  

THE INVESTIGATION 

The investigation was concerned with t he  over-all performance - of the spillway and with t he  erosion caused by the  j e t  f r o m  the  spillway 
deflector bucket. The maximum discharge of 10,600 second f e a t  was of 
primary concern. This discharge corresponds t o  about 550 second f e e t  per 

w l i nea r  foot  of c r e s t  length with a head of 28.9 f e e t  on the c res t .  To a 
l e s se r  degree, the  investtgation was concerned with the  spillway dis- 
charging 1,000 second f e e t  and the design discharge of 3,003 second feet .  



Tests  f o r  these  lower discharaes were made ~ r i m a r i l v  t o  be c e r t a i n  t h a t  

the  t e s t i n g  of t h e  spillway approach, -the spillway c r e s t ,  t h e  spil lway 
chute, ,and t h e  de f l e c to r  a t  the  end of t h e  chute, a s  well  ir3 observation 
of the  erosion caused by t h e  .-jet leaving t he  def lec to r .  

The spil lway approach a rea  i s  shown i n  Eigure 3. Flow 
conditions f o r  the  e n t i r e  range of discharges were invest igated i n  t h i s  
area. Gnly a very s l i g h t  disturbance occurred around t he  l e f t  a d  r i gh t  
wing bialls. An almost ins ign i f i can t  wave formed along each approach 
w a l l  which was most evident f o r  t he  maximum flow shown i n  Figure 6. 
Flow condit iocs were considereu sa t i s fac to ry ,  and no changes i n  Lhe pre- 
liminary design a re  recommended i n  this area. 

the  c r e s t  p ro f i l e  shown i n  Figure 3 with other  cEest prof i l&i  *bse 
coef f i c ien t s  were known. Predict ions were made t o  determine t he  degree 
of accuracy in predic t ing coef f i c ien t s  by t h i s  method, 

Dimensionless p lo t s  of t he  c r e s t  p ro f i l e  were made f o r  t he  
I design rese rvo i r  e levat ion 4111.5 and t h e  maximum reservoir  e levat ion 
I 4128.2 as shown i n  Figures 7(a) and 7(b), respectively.  The r a t i o  y / ~ ,  

was p lo t t ed  agains t  x/H,, where t he  o r i g in  of coorriinates of t h e  two axes 
I i s  on the  c r e s t  of t h e  overflow sect ion,  and Ho i s  the height  of re-wnir  
I elevat ion above t he  c r e s t .  The p lo t s  were made t o  t he  same s ca l e  ;, 
1 s imi la r  p lo t s  of o ther  c r e s t  p ro f i l e s  shcwn i n  Figure 21 of Uv-d-al l1 i f i  
I Laboratory Report No. HYD-203, 1/ reproduced i n  t h i s  repor t  - -% - - -. 

The solid-line p lo t s  i n  Figure 8 a r e  the  ac tua l  model c r e s t  p ro f i l e s ,  
while the  dashed-line p b  a r e  the  datum o r  wperimental  shapes. By 
datum shape i s  meant the  shape t h a t  coincides with t h e  na tu ra l  under 
nappe p ro f i l e  of the  j e t  leaving a sharp edge weir having t he  same 

a -  

a s  the upstream face  of t he  ac tua l  c r e s t .  This w i l l  be the  smallest  cross  
sect ion a s  well a s  the  most e f f i c i e n t  shape, on hfiich no s i gn i f i c an t  sub- 4 

atmospheric pressures w i l l  ex i s t .  The CM values are the  discharne 



from the model t e s t s .  The C values a re  the discharge coeff ic ients  of 
the datum shapes o r  dashed-1 f ne plots ,  

The dimensionless p lo t  of Keyhole Dam Spillway c re s t  p ro f i l e  
i n  Figure 7(a)  seemed t o  compare i n  shape most nearly with the Bull 
Lake Dam Spillway i n  Figure 8; therefore, the  coeff ic ient  fo r  t h e  
Keyhole shape was estimated t o  be about 3.58 f o r  reservoir  elevation 
4111,5. Model tes ts ,  which w i l l  be described subsequently, showed the  

% coeff ic ient  t o  be 3.61, which is an er ror  i n  t he  estimate of only about 
0.83 percent. The shape of Figure 7(b) seemed t o  f a l l  between the  actual. 
prof i le  and datum prof i le  of Unity Dam Spillway i n  Fib-re 8.  By cam- 
paring Figure 7(b) with these two prof i les ,  it was estimat.ed t h a t  the  
coefficient was greater than the  value of CM but l e s s  than t h a t  of CD. 
Averaging CM and CD gave an estimated coeff ic ient  of 3,63 f o r  reservoir  
elevation 4128.2 as  compared t o  3.57 obtained from the model t e s t  which 
w i l l  be described l a t e r .  This was an er ror  of only 1.65 percent i n  t h e  
estimate. 

I n  making the  comparisons, it is not neceersary t o  match t h e  
X/H, and y/Ho axes of the  c r e s t  profiles.  It is  only nscsssiiry t h a t  
the out l ine  of the prof i le  i n  question match i n e  out l ine  of the  pro- 
f i l e  having the k~a-rn coef f ic ien t  as c lose ly  as possible. Either 
actual  o r  datum shapes may be used. The matching was,done on a l i g h t  
t ab l e  by sh i f t i ng  the  p ro f i l e s  of Figure 7 over the prof i les  of Figure 8 
u n t i l  a p ro f i l e  on Figure 8 was found t o  match the  one on Figure 7 as 
closely as possible. With a greater  number of c r e s t  p rof i les  with 
known coeff ic ients  available and with more pract ice  i n  estimating the  
e f fec t s  of var ia t ion from the  known prof i le ,  c loser  estimates could be 
made. 

Model Calibration 

The preliminary c r e s t  was 21 f e e t  long between t r a in ing  w a l l s ;  
it was cal ibrated by model t e s t s  t o  determine i t s  capacity at des ign 
reservoir  elevation 4111.5 and maxjmum reservoir  elevation 4128.2, and 
t o  determine the  value of t he  coeff ic ient  of discharge "Cfl i n  t h e  equation 

where Q is the discharge, 
L i s  the c r e s t  length, and 
H i s  the t o t a l  head or difference i n  elevation of reservoir  
and crest. 

The spillway capacity aurve and coeff ic ient  curve as  determined from the  
C test data  a r e  shown i n  Figure 9. 



than 3,000 second f e e t  f o r  reservoir  elevation 4111.5. From the  spilhwsly 
capacity curve i n  Figure 9 f o r  the  preliminary c ree t  length, the  spillweg 
d.!.scharge exceeded the l i m i t  by approximately 270 second feei;. Conse- 
quently, the  c r e s t  length was shortened an amount calculatrsd t o  be 
necessary t o  reduce the dischinge by 270 second fee t .  A s  a r e su l t ,  the  
c r e s t  length was shortened from 21 f e e t  t o  19 f e e t  3 inches. 

Calibration oi' t h i s  shorter  c r e s t  showed t h a t  the  discharge 
was approximately 2,960 second f e e t  f o r  reservoir  elevation 4211.5 
which meets the  l imita t ion specified. The calibrated spillway capa- 
c i t y  curve f o r  the recommended c res t  length is a l so  shown i n  Figure 9. 
The maximum discharge over the shorter  c ree t  was found t o  be 10,600 
~econd f e e t  f o r  m a x h u m  reservoir  elevation which was considerod close 
en~ugh t o  the  10,800 second f e e t  anticipated by the  designers. 

From the spillway capacity curves the  coeff ic ient  curves were 
determined f o r  the  preliminary c r e s t  length and f o r  the  shorter  c r e s t  
length. For a?l prac t ica l  purposes, the  two coeff ic ient  curves were 
found t o  be iden t ica l  and a re  shown as  a s ing le  so l id  l i n e  i n  Figure 9. 
Greatest deviation was t o  a smaller coeff ic ient  by l e s s  than 1 percent 
a t  tine higher heads which can be considered experimental error .  

The coeff ic ient  curve shows a value of 3.61 a t  design reservoir  
elevation 41ll.5 and reaches a maximum value of 3.65 at  about reservoir  

i elevation 4116.5. The coeff ic ient  then decreases t o  3.57 st maximum 
reservoir  elevation 4128.2. A coeff ic ient  value i n  t h i s  range i s  about 

~ as  high as can be expected without increasing the  ve r t i ca l  drop from the 
c res t  t o  the  upstream erd of the chute, which was economically not 
feas ib le  on t h i s  s t r u c t ~ ~ r e .  Therefore, t h e  c r e s t  shape i s  a s  e f f i c i en t  
as can be expected. 

A t  r essnra i r  elevation 4116.5, 17.2 f e e t  above the  c res t ,  t he  
spillway discharged approximately 5,000 second f e e t  and the  value of 
the  coeff ic ient  was about 3.65. Its the  discharge ;%.as increased, the  
coeff ic ient  decreased ux-ttil f o r  maximum discharge the coeff ic ient  
decreased t o  3.57. This condition is unusual; therefore, several  checks 
were made t o  insure the greates t  degree of accuracy i n  the  msaswewents 
of discharge, head, and c re s t  length. Further checkkg indicated tha t  
the decreasing coeff ic ient  was caused by t h e  presence of the  chute 
t ra in ing  walls downstream from the crest .  It i s  not pract ical ,  of course, 
t o  eliminate the  t ra in ing  walls i n  the  prcfotype; however, it was founci 
t ha t  with the  t ra in ing  w a l l s  removed downstream from the c r e s t  p rof i le  
the  coeff ic ient  decreased only s l i gh t ly  a s  the  discharge was increased 
above 5,003 second fee t ,  a s  shown i n  Figure 9. Therefore, f o r  flows 
of more than 5,000 second f e e t  it is  evident t h a t  the  c r e s t  is  more 



eff icisnt  with the t raining walls absent. With the walle in place 
there i s  cr backwater effect  which-reduceo the discharge. Rsanoving 
the walls drops the water surface and relieve8 t h i s  condition t o  + 
same extent. Thia evidence is substantiated by the w a t e ~ s u r f a o e  
profiles shown i n  Figure 10 rnnd the crest  preesures shown i n  Figurc 11. 

Apparently, fo r  f l o m  of 5,000 second f e e t  o r  greater the 
c r i t i c a l  depth o r  the true c r i t i c a l  deptR a8 referred t~ by Rouae i n  
hi3 f&2/ occurred some distanca dowmtream from the craet profi le  

\ since quantity of flow i n  tha t  range was affected by the absence or  
pres.ence of the traininn walls i n  t h i s  vicinitv.  Com~utatione for  

Watercuu. face profEes  over the  spillway crest ,  on the center- 
l ine  shown in Figure 10, were measured fo r  the maximum flow of 10,600, 
5,000, and 3,000 second feet .  The profiles were wed t o  aid i n  deter- 
mining the height of t raining w a l l s  f o r  the prototype and also fo r  
obtaining data which it is  coritemplated w i l l  eventually be used t o  
establish general design information f o r  lor dams. 

Profiles were also recorded with the chute t raining w a l l s  
1' 

removed as previously described f o r  s ~ b s t a n t i a t i n g  the evidsnce Frgm the 
calibration t e s t  tha t  the cres t  i s  more eff icient  without the chute 
training walls. For the maximum flow of 10,600 second feet ,  the  prof41 a. 
show that  the spillway i s  more eff icient  without the training walls t 
with them, since the profile upstream from the crest  is  lower h e n  no 
training w a l l s  are used. For flows of 5,000 second f e e t  and lower, h e r e  
the discharge coefficient is the same with o r  without t raining walls, the 
profiles upstream from the cres t  are also identical which further substan- 
tiates the calibration datao 

Crest Pressure2 

P~essures  on the centerline of t h e  spillway cres t  were recorded 
with the reservoir at elevation 4111.5 and a t  maximum elevat.ion U28.2. 
A l l  pressures were above atmospheric as shown i n  Figure 11. Since no 
s~batmospheric pressures were encountered and the d i scharp  flnaff<*i-n+ 

was satisfactory, the preliminary crest  shape 13 recmenc 
prototype structure. 



w i t h  the  chute t ra in ing  walls removed and with t ra ining walls i n  place 
fo r  flows of 10,600, 5,000, and 3,000 second fee t .  I n  conformance 
with the  c r e s t  ca l ib ra t ion  and water-surface prof i le  t e s t s ,  the  pres- 
svres with the  t ra in ing  w a l l s  removed were l e s s  f o r  10,600 second f e e t  
and about the  same f o r  5,000 and 3,000 aecond f ee t  a t  the  piezometes 
locations shown i n  Figure ll. 

4 

Spillway Chute and Deflector 

Preliminary Chute and Deflector - 
Description. Head losses  due t o  f r i c t i o n  i n  a model a re  

usually greater than the proportion indicated by t h e  model sca le  becawe 
surf aces suf f ic ien t ly  smooth t o  represent prototype surfaces t o  scale  
do not exis t .  Therefore, t o  maintain the scale  velocity throughout the  
model chute, it was necessary t o  e i t he r  increase the  slope of the  chute or 
reduce the chute length. For t h i s  s t ruc ture  the slope was increased, 
since with t h i s  method, t he  geometrical simili tude of t h e  diverging chute 
i n  plan was unaltered, making it possible t o  observe and study the flow 
pat tern throughout the chute as it would occur i n  t he  prototype. 

The slope require1 fo r  the model chute was computed by a method 0 

somewhat similar t o  t ha t  outlined i n  Hydraulic Laboratory Report No. 158,2/. 
The slope of the  model chute was computed t o  be 0.0818 a s  compared t o  
0.3629 i n  the prototvype which increased the amount of fall throughout the 
shute length from 21\11  t o  27.46 f e e t ,  prototype. With t h i s  slope correc- 
t ion,  ve loc i t ies  a t  the  end of the  model chute represented those of the  
prototype. The pattern of the  flow leaving the  def lector  bucket could 
then be depended upon t o  indicate  the action t o  be expected i n  the 
prototype. 

The preliminary chute and def lector  are  shown i n  Figure 12. 
The chute was 21 f ee t  wida a t  the  upstream end since the  ~ i d t h  of the 
preliminary c re s t  was 21 f ee t .  The chute extended U0.32 f e e t  down- 
stream from the c r e s t  a t  which point j t  began t o  diverge. Divergence 
continued uniformly f o r  260 f ee t  t o  a 50-foot chute width, t h e  last 
10 f ee t  of h i c h  contained a bucket def lector  which terminated the 
structure.  The preliminary def lector  i s  the  long-radius def lec tor  
sho~m i n  Figure 12. It had a bucket radius aP 15 f e e t  and is called 

.. 
2/HYD-158, ltHydraulic Model Studies f o r  the  Deaign of the  

Spillway and Automatic Spillway Gates a t  Noon Lake Dam, Moon Lake 
Project" by J. E. Warnock, page 54. 



buckst which was a l so  tested &d j.s discussed later in  t h i s  report*  

Performance. Flow throughout the  chute fo r  a l l  discharges 
was smooth and evenly dis t r ibuted from one t ra ining w a l l  20 the  other. 
The flow pat tern for  3,000 second f e e t  is  shown i n  Figure 13. The jet 
leaving t h e  bucket def lector  was projected i n t o  the air in t h e  form of 
a sheet, s t r i k i n g  the ground surface some distancc downstream as shown 
in  Figure 14. FOP flows not exceeding 550 second fee t ,  a hydraulic 

x jump was fonned i n  the  bucket and the  flow spi l led over t h e  end causing 
s l igh t  erosion along the end of tlne s t ructure .  

Diverging def lector  tra.ining walls versus pa ra l l e l  w a l l s .  
Since the purpose of the def1ecto:r bucket was t o  throw the  flow as  f a r  
downstream as possible with the  i s a s t  detrimental effect ,  t he  first 
modifications were made t o  increase the  length o f  j d t  t ra jec tory ,  
par t icu la r ly  f o r  the smaller flowil. The preliminary t ra in ing  w a l l s  along 
the sides of the  deflector bucket were a continuation of t h e  chute t ra in-  
i n s  w a l l s  which were diverging. Flow veloci ty  near the t r a in ing  w a l l s  
was l e s s  than the veloci ty  toward the  center of t he  def lector ;  and, there- 
fore, the j e t  near the  sides was not projected as  f a r  downstream as a t  
the  center, Figure U. To increase t h e  distance tha t  the  j e t  would spring 
from the def lec t s r ,  par t icular ly  a t  t he  ends, the  t ra in ing  w a l l s  a t  t he  
ends of the  def lector  were made para l le l .  

A t  low flows, f o r  which the  increase i n  distance waa most needed, 
the  gain was s l i gh t ,  amounting t o  approximately 1 or  2 f e e t  prototype as . 
shown i n  Figure 15. It was a lso found tha t  the para l le l  def lec tor  t ra in-  
ing w a l l s  increased the height of water-surface prof i le  along She trail l ing ' 

walls by as much a s  1-1/2 f e e t  above t h a t  recorded f o r  the  diverging walls 
as shown i n  Figure 16. The higher water-surface prof i le  necessar i ly  
required t h a t  t he  pa ra l l e l  t ra in ing  walls be constructed higher than the 
diverging ones, o f f se t t ing  the s l i g h t  advantaee gained i n  t h e  spring 
distance of t he  je%. The preliminary divergent t ra ining w a l l s ,  therefore, 
were recommended f o r  the prototype. 

Long-radius def lector  versus short-radius. deflector.  To 
continue the  t e s t s  t o  obta,in a longer j e t  t ra jec tory  the preliminary 
deflector was replaced by a 12.5-foot-radius deflector. It is  shown i n  
Figure 12 and i s  cal led the ffshort-radius deflector." Essentially,  it 
was the same as the preliminary except f o r  the  shorter radius and higher 
l i p  elevation. Training walls wore made divergent aa a r e s u l t  of the  
preceding t e s t s .  - 

Figure 17 shows the short-radius def lector  bucket i n  operation. 
The j e t  springing from t h i s  def lector  pitched higher i n to  t h e  aia and 
f a ~ t h e r  Aownstream than the jet i n  t he  preliminary design as shown i n  



Figwe 18. The dnimum horizontal  spring distance from the  def lec tor  t o  
the j e t  downstream along datum elevation 40'71.41 was again measured fo r  
several  increments of discharge and plotted i n  Figure 15. The spring 
distance was found t o  be considerably greater  than f o r  the  p r e l h i m r y  
design, especial ly  so fo r  discharges of 1,500 second f e e t  o r  greater. 
However, t o  o f f s e t  t h i s  advantage, the  water-surface prof i les  shown i n  
Figure 16 plotted f o r  3,000 and 10,600 second f ee t  indicate  t h a t  a 
t r a in ing  w a l l  approximately 3 f e e t  higher than that  of t h e  preliminary 
design would be required at t h e  ends of t h e  deflector.  Also a l i t t l e  
deeper scour occurred i n  pea gravel f o r  t he  shorter radius bucket as  
shown i n  Figure 18. This was caused by an increased ve r t i ca l  component 
i n  t he  veloci ty  of the jet .  A t h i rd  diecdvantage t o  the  shorter  radius 
def lector  was tha t  a discharge of 850 second fee t  was required before 
tne j e t  would spring from the downstre.am end of the de f l ec to r  as com- 
pared t o  550 second f ee t  f o r  t he  preliminary design. FQF flows below 
these c r i t i c a l  points a jump formed i n  the  chute, and t h e  water f a l l i n g  
over t he  def lector  caused erosion along the end of the  structure.  More 
and deeper erosion therefore occurrt:d with the  short-radius def lector  
than with the preliminary deflector.  These three disadvantages of fse t  
the one advantage of throwing the  jet and, consequently, the  scour 
f a r the r  downstream. The preliminary long-radius, 15-foot, def lector  was 
therefore  preferred. 

Recommended Chute and Long-radius Deflector 

Uoscription. Tne 2l-foot-wide section of chute was reduced 
t o  19 f e e t  3 inches t o  conform t o  t he  recommended c r e s t  width. Then a 
fur ther  revision was made by the  designers. They had received addit ional 

- foundation data from the f i e ld  which allowed than t o  reduce the length of 
the sp i l lwqy  chute. Therefore, they requested tha t  t he  chute be termi- 
nated a t  Stat ion &+9l, making t h e  chute 91 f e e t  shorter  than the  p r e l h i -  
r.ary degign. The chute t r a in ing  w a l l  divergence was begw 1 foot  f a r the r  
upstream than i n  the  preliminary chute, keeping the same angle of divergence. 
This resul ted i n  a chute width of 40 f e e t  a t  the  end of the  s t ruc ture  
compared t o  50 f e e t  i n  the  preliminary design. The long-radius def lector  
bucket of the  preliminary design, reduced'to a 40-foot width, was used at 
the end of the  chute, The t r a in ing  walls remained divergent throu@out the  
deflector.  

Performance. Operation of the model with discharges of 3,000 
and 10,600 second f e e t  showed the flow t o  be smooth and evenly dis t r ibuted 
across t h e  width of the  chute throughout i t s  length. The performance was 
very s imi la r  t o  tha t  i n  the preliminary design shorn i n  Figure 13. 

The def lector  i n  operation i s  shown i n  Figure 19. The t ra jec-  
to ry  of t h e  J e t  springicg from the  def lector  was f l a t t e r  than tha t  i n  the  
prelj.minary design as shown by comparing Figure 20 with Figure 18. The 
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concentration of flow a t  the  deflector. The flow concentration a t  t h e  
def lector  i n  the l a t t e r  design i s  260 second f e e t  per l i n e a l  foo t  of 
c r e s t  width fo r  t h e  mx3num flow as  compared t o  210 second f e e t  i n  t h e  
preliminary d e s i e .  The f l a t t e r  t ra jec tory  produced a shorter spring 
distance f o r  all flswa between 3,000 and 10,600 aecorwl f e e t ,  but t h e  
depth of scour in  pea gravel was l e s s  with these flows as can be seen 
by comparing Figure 20 with Figure 18. The spring distance f o r  small 
flows of l e s s  than 3,000 second f e e t  was nearly the aame i n  eiChar deeign. 
In  general, on the  bas i s  of these performance t ea t s ,  t h i s  chute and 
def lector  design proved t o  be sat isfactory f o r  prototype construction. 

Erosion. The model topography i n  the  area downstream from the  
dgflector had been molded t o  represent the  prototype, sandstone sublayer 
which i n  the  prototype was under an overburden of appraximately 5 t o  10 
f e e t  of earth.  The overburden was omitted i n  t he  sodel. Thie procedure 
was followed because it had been assumed t h a t  t he  overburden had nu 
resistance t o  erosion arid would quickly be washed atray leaving the sand- 
stone exposed. 

The sandstone topogr~phy was first molded with pea grevel, but 
the  j e t  scoured so deep t k S  t h e  sf.des of t he  hole continually collapsed 
and s l i d  t o  the  a n ~ l e  of repose of the  loose gravel causing the area 
surrounding the jet t o  lower and become submerged. This action was not 
representative of t h e  prototype. This action permitted a large eddy t o  
form on each side of t h e  je t .  The eddies in t u r n  rapidly cut away the  
bank around the jet back t o  and under the  def lector ,  a condition which 
could not occur i n  t h e  prototype i n  any reasonable length of time. I n  
order t o  get a more t r u t h f u l  determination of the  ea r ly  scour pa t te rn  
tha t  might occur i n  t h e  prototype, a very lean sand-cement mixture was 
used t o  simulate t h e  prototype sandstone sublayer. 

To simulate the  erosion charac te r i s t ics  of t h e  prototype sand- 
stone a s  closely as possible, an undisturbed sample of t h e  prototype 
sublayer was taken from the a r ea  i n  which the  scouring w a i t  occur and 
brou&t t o  t h e  laboratory f o r  t e s t s .  I n  a spec ia l ly  b u i l t  t e s t  r i g  tests 
were made on the sample t o  determine Its erosion res is tance by determining 
the ve loc i t i e s  of flow tha t  it would withstand before erosion occurred. 
The t e s t s  a r e  described i n  d e t a i l  i n  Hydraulic Laboratory Report No. 272.g 
From these t e s t s  it was found t h a t  the  prototype sample would withstand an 
average prototype ve loc i ty  of 4 fee t  per second under expected flow 

. 
VHYD-272, "Erosion Tests on an Earth Sample Taken st Elevation 

4065.3 on the Spillway Centerline 70 Feet Downstream from the  End of the  
Proposed Spillway" by W. Simmons. . 



conditians. The erosion-resistant charauter ie t ics  of the  prototype 
samule were then d u ~ l i c a t e d  i n  model material as closely a s  ~cssJ.ble. 

placed ani tamped i n  2-incn layers  a f t e r  which it was allowed t o  cure 
approximately 48 hours. Tests were made on d i f fe ren t  sanlple model 
mixturss t o  determine the exact quanti ty of cement necessary t o  provide 
just  t h e  r igh t  amount of res is tance t o  erosion. 

The apparatus used t o  t e s t  the  sample mixtures i s  shown i n  
Figure 21. In  the t e s t  apparatus the sample mixtures were a l so  placed 
and tamped i n  2-inch layers  and allowed t o  cure 45 hours before being 
tes ted fo r  erosion resistance. Af te rs the  sample had cured, water was 
allowed t o  flow over it a t  some desired velocity. Velocities were 
determined by timing, with a stop watch, a pa r t i c l e  of paper t ravel ing 
a distance of 1 foot  over the  sample. The water was allowed t o  run over 
the sample fo r  approximately 30 minutes. If no noticeable erosion 

determined a t  which vglocity each samGe would erode. 

Results of these t e s t s  on the sample mixtures a r e  plotted i n  
Figure 22 and a curve drawn connecting the  t e s t  points approximately. 
From these r e su l t s  it was found tha t  a very lean mhtu re  of sand and 
cement was required f o r  erosion t o  s t a r t  at  4 f e e t  per second. On the 
other hand, such a lean mixture would naL hold an undercut; l i k e  the 
pea gravel topography, the  eroded side walls of the  sample would col- 

-- - -  - -" -- " 
both conditions was caused by the smali' scale  of the  mod&. Had the 
scale  of the model been l s rger ,  a r icher  mixture could have been used 
which would have eroded a t  the correct model veloci ty  representing 
4 f e e t  per second i n  the prototype, and near ve r t i ca l  cu ts  would have 
been firm enough t o  r e s i s t  sloughing. A s  it was impractical t o  change 
the s ca l e  of the  model, it was decided t h a t  it was more important t o  
obtain a mixture su f f i c i en t ly  s tab le  t o  prevent the  collapse of eroded 
banks than t o  have the  veloci ty  charac te r i s t ic  exactly correct .  Fron 
the sample t e s t s ,  it was found t h a t  a mixture of 1 part  cement t o  
150 pa r t s  sand by weight was necessary t o  prevent sloughing so it was 
decided t o  use t h i s  mixture f o r  t he  model erosion t e s t s ;  however, the 
veloci ty  necessary t o  erode t h i s  sample was 7.4 f e e t  per second as shown 

ire 22. 

Figure 5 shows the model ready f o r  the erosion tes t ing.  A 
I 3Qminute model erosion t e s t ,  corresponding t o  3 hours i n  t h e  prototype, , 

-' -st run with a discharge of 1,000 aecond feet .  Photographs of 
I the  t e s t  ir. progress and the  scour resu l t ing  from the  t e s t  a re  shown i n  -. - - 

5aving the resu l t ing  scour pat tern unchanged, a ? ~  d d i t i o n a l  . 
~ t e  t e s t  with 3,000 second feet  was run. This t e s t  i n  progress and 



scour pat tern unchanged, an addit ional 33-minute t e s t  with 10,600 second 
f e e t  was run. The t e s t  is  progress and scour pat tern results are ehown 
i n  Figure 25. Once again leaving the  seour pat tern unchanged, t he  
discharge was reduced t o  1,000 second f e e t  f o r  a model t e s t  period of 
10 minutes then increased t o  3,000 second f e e t  f o r  another period of 
10 minutes. This t e s t  i n  progress and the  scour pat tern r e su l t  a r e  
shown by t h e  photographs i n  Figure 26. 

b These successive erosion t e s t  runs represent successive floods 
t h a t  may occur i n  the  prototype; the scour is  seen t o  be quite extensive, 
but inasmuch a s  the  topography adjacent t o  the  deflector remained uneroded 
a t  elevation 4075 there  was no tendency t o  undermine o r  damage t h e  struc- 
ture. Additional f loods could probably increase the  erosion downstream, 
but it i s  believed tha t  very l i t t l e  increase i n  erosion would occur at  
the  downstream edge of the s1~ructure.  Erosion adjacent t o  the  end of the  
s t ructure  occurs only f o r  s m a l l  flows of l e s s  than approximately 1,000 sec- 
ond f ee t  i n  which case the orosfon appears t o  be minor. In  general, t he  
erosion t e s t s  show t h a t  t h i s  chute and def lector  design provide a s  much 
protection t o  the  s t ruc ture  as can be expected from t h i s  type of bucket. 

hater-surf ace prof i le .  The water-surface p ro f i l e  f o r  10,600 sec- 
ond f e e t  was moasured along the l e f t  t ra in ing  w a l l  of the  model spillway 
chute and i s  shown i n  Figure 27. Due t o  air insuf f la t ion  tha t  would occur 
i n  the prototype, because of t he  proportionally higher veloci t ies ,  the  
water-surface p ro f i l e  i n  the  prototype was estimated t o  be from zero per- 
cent higher at  the  c res t ,  t o  25 percent higher at the  def lector  than t h a t  
obtained from model t e s t s  a8 shown i n  Figure 27. Tha estimate was based 
03 a l imited amount of f i e l d  data  from similar  prototype s t ructures  as 
reported i n  Hydraulic Laboratory Reports No. 35,gand 4O.g The designers, 
with t h e  a id  of these data, determined the height of the  t ra in ing  w a l l s  
required f o r  the prototype s t ruc ture  shown i n  F'gure 3.  

For flows of 10,600 and 3,000 second f e e t  the  water-surface 
prof i les  along the  l e f t  w a l l  of the  def lector  a r e  shown i n  Figure 28. 
The water surface here i s  higher than i n  the long-radius def lector  of 
the preliminary design, but the addi t ional  cost  of t h e  higher t ra in ing  
wall required will be nore than of fse t  by the  91-foot reduction i n  
chute length. On the basis  of the  performance, erosion, and water- 
surface prof i le  t e s t  t h i s  chute and long-radius def lector  design i s  
~ecommended f o r  prototype construction. 

5/HYD-35, "Progress Report on Studies of the  Flow of Water i n  
Open ~ h a n . e l s  with High Gradientst1 by C. W. Thomas. 

L/HYD-40, ltSecond Progress Report on Studies of the  Flow of Water . i n  Open Channels with High Gradientstt by V. L. S t ree te r .  
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FIGURE 13 

Discharge 3,000 second feet 

KEYHOLE DAM SPILLWAY 
Flow Pattern Through the Preliminary Chute 
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(a) Discharge 1,000 second feet 

(b) Discharge 3,000 second feet 

(c) Discharge 10,600 second feet 
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(a) E)dsc!l~isge 1,000 second feet 

(bj. Discharge 3,000 second feet 

(o)  Discharge 10,600 second feet 
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FIGURE 23 

a. Test in progress 

b. Scour pattern after 30 min. model test 

KEYHOLE DAM SPILLWAY 
Erosion Test - 1,000 Second Feet - Recommended Design 
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FIGURE 24 

a. Scour test in progress 

b. Scow pattern after 30 min. model test 

KEYHOLE DAM SPILLWAY 
Erosion Test - 3,000 Second Feet - Recommended Design 
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FIGURE 25 

a. Test in progress 

b, Scour pattern after 30 min. model test 

KEYHOLE DAM SPILLWAY 
Erosion Test - 10,600 Second Feet - Recommended Design 
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FIGURE 26 

. Test in progress - Discharge 1,000 second feet 

. Test in progress - Discharge 3,000 second feet 

c. SCOW pattern after 50 min. test 
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