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Summary: A hydraulic model investigation was requested to check 

the adequacy of the proposed spillway for Angostura Dem for releasing 

water during floods. The main portion of the investigation was cen­

tered on the energy dissipation as the te.ilwater depth was not 

sufficient for the proposed type bucket or a conventional stilling 

pool. 

The ori�inal design consisted of a 100-foot radius solid bucket. 

Prevailing conditions made it necessary to develop a new tYPe bucket 

for this particular dam, A slotted-type energy dissipator withe 40-

foot radius produced the desired results,and a saving of approximately 

$500,000 was realized over a sloping apron design which would have 

been necessary were it not for the development of the new device. 

The experimentation wee carried on with two models: One a 1:42 

scale sectional model for the detailed studies of the bucket proper, 

and the other a. 1: 72 sea.le model of the complete spillway. The latter 

model was used to study side effects and to observe the action of the 

bucket as a whole. The final design of the downstream wing-walls were 

determined in the 1:72 scale model. 

The PrototYJ)e. The Angostura De.m will be an earth-fill struc­

ture, located on the �neyenne River in Fall River and Custer Counties, 

near Hot Springs in the southwestern corner of South Dakota (Figure 1). 

The principal hydraulic feature involved in its construction is an 

overfall concrete spillway with a special design of bucket serving as 

an energy dissipator (Figures 2 a.nd 3). 

The concrete spillway and bucket will serve to convey flood waters 

safely past the dam. The designed capacity of the spillway is 277,000 
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second-feet. Other means for releasing water downstream will be 

through the river outlet  works , controlled by a 4- by 4-foot high 

pres sure elide gate and through a canal headworks which will be con­

trolled by two 3. 5- by } . 5-foot high-pres sure slide gate s .  

The drainage basin above the re servoir covers an area of 9,100 

square mile s located in eastern Wyoming, northwe s tern Nebraska , end 

southwestern South Dakota. The rate of runoff is highly variable, 

ranging from negligible amounte  in the dry season t o  the large s t  

recorded flow of 114,000 second-feet .  The average annual percipitation 

over t he area is 19. 12 inches .  

The plan of development include s the cons truction of a reservoir, 

an e arth-fill dam with gravity concre te spillway, powerpla.nt, outle t 

conduit, canal headworks, and laterals. The re servoir will have a 

capaci ty of 316,000 acre-feet of which 100, 000 acre-fee t will consti­

tute dead s tora.ge below the irrigat ion level. The powerplant,  which 

will have two 1 , 500-kilowat t  uni t e ,  will be located about four ffiile s 

downs tream from the dam. The headworks t o  the main irrigation canal 

wi ll be located in the re servoir about 100 fee t  above the riverbed. 

The main canal will have a length of 25 mile s. 

The Models .  Two models were used in the hydraulic studies for 

Angostura Dam. One , a sec tional model .  was placed in a long flume, and 

the o ther consis ted of the comple te snillway and downstream river chan­

nel .  The sectional model was on a scale ra tio of 1 : 42. I t  was of wood 

c onst ruction . lined wi th sheet metal (Figure 4). The overflow shape 

was formed of shee t metal permanently s oldered to the me tal side walls 

of the flume. The bucket was ins talled in e manner such that it could 

be readily replaced by other shapes and size s .  A large glas s wi ndow 

was ins talled in one side of the flume to observe flow conditions over 

the spillway and the action in the bucke t. Pea gravel was placed in 

the downs tream portion of the flume to show the action of loo se mate-

rial in the riverbed and to indicate the sc our pat tern to be expe cted 

in the proto tyPe . 

The model for the complete spillway and downstream river channel 

was c ons tructed using a 1 : 72 scale ratio . The head and tail boxes were 
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of wood c onstructi on lined with she et metal (Figure 5 ). The overflow 

se ct i on e.nd bucket were formed of sheet mete.l and soldered to the lin­

ing of the box . The solid porti ons of the channel walls were constructed 

of concrete backed with wo od and metal lath for false work. The gate 

pi ers on the crest were constructed of oiled redwood. The 50- by 30-

foot radial gates on the crest were constMlcted of  she et metal and 

hi nge d to the pi ers. The rive rbe d and downstream channel were filled 

with f i ne sand to observe scour patterns after vari ous flows over the 

spi llway. The tailwater ws.s controlle d by a variable-he ight wei r-tyPe 

gate hinged at the bottom and raised  and lowered by cables fastened to 

a pipe windlass whi ch was locate d ne ar the downstream end of the tail 

box .  

The flow of water to the model was suppli ed by a 12-inch pump 

through a 12-inch inlet pipe . The quantity of water was measured 

through 8- and 12-inch venturi meters. The water leaving the model 

over the variable-he ight weir sp illed i nto the sump under the floor of 

the laboratory from which it was rec irculated. 

Pre li minary Inve stigati ons on the 1 :  42 Scale Models. The prelim­

inary investigation on Angostura Dam Spillway was to determine a 

suitable as well as an economical stilling basin desi gn. These inves­

ti eati ons were carri ed out in the 1 : 42 scale se cti onal model. The 

ori �i na.l di s s ipati ng device cons isted. of a soli d bucket with a., 100-foot 

radius as shown i n . Desi gn l, Fi gure 6 .  The downstream porti on of  the 

lip ended o n  a 45-degree tangent. This bucket produced undeairable 

flo� conditi ons, i n  that the water surface was extremely rough and the 

·sc our downstream was excessive (Figure 7A) for the liroi ted ta.ilwater 

depth available . The acti on in the bucket was violent, and the ground 

rolle r ,  whi ch continua lly moved material upstream aie;ainst the end of 

the bucket, was strong. The mo del showed the bucket to be unnecessarily 

large for the flows antic ipated, 

Next a solid bucket hrving a 63-fo ot ra di us was installed in the 

mod.el ( Des ign 2 ,  Figure 6).  Th i s  bucket produced even more unsatisfa.c­

tory flow and erosi on than the prev i ous design ,  as ca.n be observed from 

Figure 7B . The scour was excessive i n  this case . 
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A - Flow of 277
1 000 second-feet. 

100 FOOT RADIUS BUCKET WITH DOWNSTREAM 
LIP ON 45 ° TANGENT 

B - Flow of 277
1

000 second-feet 

63 FOOT RADIUS BUCKET WITH DOWNS'l'Rl!:AM 
LIP ON 45 ° TANGENT 

SECTIONAL MODEL ON 1 1 42 SCALE 

FIGURE 7 



A 42-foot  radius solid bucket was used  for the third trial 

( De si gn 3 .  Figure 6 ) .  Thi s bucke t handled the maximum flow as well 
as the previous des igns as far as di s sipation of energy was concerned , 

but the vi olent movement of the riverbed material was objecti onable 

and erosion downstream was exce ssive ( Figure SA ) .  Alteration  of the 

downs tream lip of the bucket appeared a probable soluti on for decreas­

ing the ero s i on and improving flow condi tions.  
A 42-foot  radius solid bucket  with the downstream lip tangent to  

a 15-degree angle . referred t o  the hori zontal and bot tom  of bucket 
rai sed ,  was next tried in an effort to  reduce the eros ion of the river 
channel  (De s ign 4 ,  Figure 6 ) .  In thi s c�se . the invert o f  the bucket 

was rai sed to elevation 3 , 070. The result was a trajectory jet  on the 
surface as shown in Figure SB .  Erosi on was excessive and the water 

surface was extremely rough, Thi s bucke t demonstrated no particula.rly 

de sirable  feature s .  

The next bucket had a 42-foot radius with the do�nstream lip  tan­

gent to a 25-degree angle , and invert at e l evat i on 3 , 070 ( De sign 5 ,  

Fi gure 6 ) . The operation wa s somewhat improved wi th thi s inatallati on 

for the di s s ipation of the energy appeared sat i sfactory and the erosion 

o f  the river channel was decreased principally because the former 

vi olent ground roller was dimini shed, The next step was to install 

thi s bucket in the 1 : 72 scale  model and s tudy the act ion of the bucl!B t 
in c onnecti on with the spillway as a whole . 

Development of a Bucke t wi th Slo t s .  Experience along the line 
of the roller bucke t has been limi ted in the past  to a few installa­

t i ons of which the Grand Coulee Dam Spillway i s  one. At Grand Coulee 
Dam considerable difficulty has been experienced with erosion of the 
concrete in the bucket because of large boulders and rock rolling 

around in i t .  e special ly for unsymmetrical flow condit i ons .  It  was 

undes irable to make another s i mi lar installat ion unti l  this objecti on­

able  feature was corrected, 

I t  was thought that some inexpensive and effect ive means could 

be provi ded  to keep the loose rock away from the lip of the bucket .  
The first  i dea along thi s line was to ins tall tubes in the l ip of  the 

11 



A - Flow of' 277.000 second-feet 42 foot radius buoket. 

42 FOOT RADIUS BUCKET$ WI TH DOWNSTREAM 
LIP ON 45° TANGENT 

B - Flow of 277.000 second-feet. 

42 FOOT RADIUS BUCKET WITH DOWNSTREAM LIP 
ON 15° TANGENT 

SECTIONAL MODEL ON 1 :42 SCALE 

tIGURE 8 



bucket through which , i t  was contemplated , je t s  of water would flow 

sweeping the lo o se material eway from the downstream edge of the 

bucket .  Thi s was tried and the results  were sati sfactory at l ow di s-

charges ,  but at the higher flows , the ground rol ler pi led the l oose 

rock over the je t openings virtually clo s i ng them. Larger tubes seemed 

nece s sary if  thi s scheme was to  work sati sfactori ly. 

I t  wa s sugges ted that slo t s  be placed in the bucket ins tead of 

. tubes through the lip. The firs t de sign (De s i gn 1, Fi gure 9) , was 

encouraging , except for the fact that the gravel crawled up the down­

stream face of the teeth producing an abrasive acti on. The act i on 

downstream from the slots, however, was entirely sa ti sfactory. An 

apron was then installed downs tream from the teeth to  spread the je ts  

i ssui ng through the slot s in  an effort to keep the gravel away from 

the bucket .  Pre s sure s were observed on the teeth at cri t i cal points 

in the bucke t to  detect subatmo spheric condi t ons. In  general , the 

pre s sures proved sati sfactory al though several area s of negative pre s­

sure exis ted. The se were regi stered by pie zome ters l and 3, De sign I, 

Figure s 9 and 10. 

The radius of the bucket  was nex t cont inued throughout the length 

of t he tee th , De s ign I I , Figure 9.  The fl oor of the glot s be tween the 

teeth we s a plane on an angle of 8 degrees wi th the hori zontal , s tart­

ing at  the point of tangency with the bucke t  radius, The apron down­

stream wa s al so  a plane but on en angle of 16 degrees wi th the horizonta l .  

The curved teeth proved more set i sfactory than those i n  De 8 i gn 1, as 

the energy was di s sipated more readi ly and a smoo ther wa ter surface 

re sulted downstream. The pre s sure s on the tee th were nega t i ve for pie­

zome ters 1 ,  2 ,  3 1 4 ,  6, 7 ,  and 8, De si gn II, Figure 10, the maj ori ty 

of which were on the downs tream face. The rounding of the edge s of the 

teeth was de termined by the use of radii  ranging from 0. 1 inch- to 0. 3-

inch radius on the model. The larger radius ( ab out 15 inches prot otYPe ) 

was the moat de sirable for the pre s sure s on the teeth were higher. 

The downstream portions of the tee th were shaped differently for 

t he nex t  de s i gn in an at tempt t o  improve pre s sure condit i ons.  The third 

de sign was s imi lar t o  the previ ous one except that the tee th were short­

ened, the sloping ends were on a 45-�egree angle , and the sides  were 

lJ 
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tapered 2 degrees in plan t o  increase the pre s sure s in the slot s  

( De si gn I I I , Figu.re 9 ) .  Thi s  design was qui t e  sati sfactory in all 
re spect s  as the dis sipati on was excellent and the negat ive pressures 

were few and above the cri tical range in whi ch cavitati on would occur. 
Negative pre s sure s were present at piez ometers 3 ,  4, and 5 (Design I I I , 
Figure 10) .  The next step wa s to  de termine the most  de sirable spacing 

of the se  teeth .  

Spacing of the Tee th .  The spacing of the teeth was an important 

fact or in the des ign of the bucke t .  I t  was de s ired. no t t o  l e t  any more 

water through the slot s than would be requi red t o  keep the downstream 

apron free of gravel .  Spacings tried on the model for the De signs shown 

as I or I I  on Figure 9 ,  were : ( 1 )  teeth three t imes the width of the 

s l o t , ( 2 )  teeth twi ce as wide as the slot , and ( 3 ) teeth the same 
width as the s lot ( Designs I ,  I I , &  I I I ,  Figure 11 ) .  Photographs of the 
model operat ing at a maximum di scharge are shown for the t oo th spacing 

in the same order on Figure 12.  

When i t  b ecame desir�ble to increase the pressure s  on the inside 

fac e s  of the teeth as in Design I I I ,  Figure 9 ,  i t  wa s again necessary 

t o  experiment wi th the spacing. The 1-foot , 2. 7- inch spaces  between 

the t ee th ,  De sign IV,  Figure 11 , were rather small , for rocks and 
debri s c ould easi ly be caught between the teeth. The 2-foot , 7½-inch 

spaci ng was then tried (Des ign V ,  Figure 11 ) ,  but thi s  spaci ng was too 

great and the pressures  on the teeth dropped c onsiderably. An inter­

mediate value of 2 feet proved the more sat i sfactory spacing , shown as 

De s ign VI , Figure 11. With the latter spacing ,  the pres sure s were 
reas onably high and operation was sat i sfact ory. Dis sipation was prin­

c ipal ly a spreading action rather than roller act ion and in no case did 
bed material come in contact wi th the teeth. 

Downstream Apron. The slope and length of the downs tream apron was 
another important requirement f or sati sfactory operation. The apron 

served to spread the je t s  flowing through the slots  and the s tabili ty 

of the bucket ac t i on was dependent on the verti cal angle of the apron. 

Of  the three shown on Figure 13A ,  the 16-degree sloping apron was the 
most  satisfac t ory. For the 12-degree slope , the j e t  became unstable 
i ntermi t tently diving and scouring the riverbed downstream. For the 
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FIGURE 12 

A - Flow of 277,000 second-feet. 

3 TO 1 TOOTH SPACING 

B - Flow of 277, 000 second-feet, 

2 TO 1 TOOTH SPACING 

. C - Flow of 277 ,ooo seoond-feet0 

1 TO 1 TOOTH SP AC ING 

SECTIONAL MODEL ON ls42 SCALE 
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20-degree slope . the spreading of the j e t  was le ss  effective .  Pho to­

.graphs of the three aprons f or maximum di scharge are shown on Figure 14.  

After arrivin� at the best  slope for the apron, it was then nec­

e s sary t o  determine the minimum length required for sati sfactory 

operati on. Two apron lengths were tried as  shown on Figure l}B.  The 

longer of the two was neces sary t o  provide length for the jets  to 

spread , thus producing a more uniform j e t  leaving the apron. The bucket 

operated sati sfactorily over a wide range of tailwater and di scharge 

condi t i ons. An expanded study a s  to range s of flexibi li ty of the dif­
ferent s i zes  of thi s  tYPe of bucket will be reported on in the future.  

Revi ewing the development of the new roller tYJ;>e bucket .  three 

factors were involved:  ( 1 )  the radius of the bucket for a given flow 
c ondi t i on ;  ( 2 ) the shaping and spacing of the teeth ;  and ( 3 )  the 

degree of s l ope of the apron downstream from the teeth. All of these 

factors are important in the design of a bucket that will  produce the 
des i red  di s s ipation of energy , a smooth water  surface ,  and a minimum 

amount of eros i on of the river channel.  
Original Design 1 : 72 Scale Model. Operation of the 1 : 72 scale 

model  of Angoatura Dem using the solid trajectory bucket indicated 
object ionable features .  Thi s corresponded to the test  on the 1 : 42 

scale model for which a plain so lid  bucket wae used wi th invert placed 

at  e levation 3 , 070, Design 5, Figure 6. A flow of 277 , 000 second-feet 

over the spi llway produced a j et action whi ch caused excessive erosi on 

of the riverbed (Figures 15A and B ) . At the l ower di scharge s sand from 
the riverbed circulated in and out of the bucket whi ch indicated that 

considerable erosi on of the concrete in the prototy-pe would result from 

thi s design. There was also violent mot i on of the sand at  the down­
atrea.m lip of  the bucket whi ch ,  if  permi t ted t o  exi s t  for a peri od of 

t ime , would damage the lip of the bucket .  
Final Inve stigati on on the l :  72 Scale Mode l .  The new bucket 

de s ign was now installed in the 1 : 72 complete  model of Angos tura Dam 

Spillway t o  s tudy side effects  which were absent in the sectional 
model .  The bucket design wi th the s loping apron and the straight 
teeth ( De sign I ,  Figure 9 )  was first tried  in the 1 : 72 scale model.  A 

photograph of thi s model i s  shown on Figure 16.  The operati on was 
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A - Flow of 277,000 second-feet. 

DO½'NSTREAM APRON ON 16
° 

A:liGLE 

B - Flaw of 277.000 seoond-feet. 

DOWNSTREAM .APRON ON 1;:: o ANGLE 

C - Flaw of 277 ,000 second-feet. 

DOWNSTREAM APRON ON 20° ANGLE 

SECTI ONAL MODEL ON 1:42  SCALE 

FIGURE 14 



A - Flow of 277,000 second-feet over spillway B - Erosion of· river channel after flow of 
277, 000 second-feet. 

ANGOSTURA DAM SPILLWAY MODEL ( scale 1 : 72 )  

ORIGINAL DESIGN 

l,tj 
H 
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FIGURE 1 6  

A - Model dam and river channel 

ANGCSTTJRA DAl.I SPILLY-AY �IJODEL ( scale l s  72 ) 

REVISED DESIGN I 



> 

satisfactory in that the erosi on was a minimum &nd the resulting wa.ter 

surface was auite smooth. The teeth were then replacP.d by the curved 

teeth with tapered s ides (Design III , Figure 9) a s  the latter proved 

the better in the 1 :42 sectional model . ThesP. teeth were also an 

improvPment in the 1 : 72 model , for erosion wa s rlecrP.� seo over the former 

design ann a smoother water surface resulted . Figure 1 7A  shows the 

moclel in operation for a maximum dis.charge and Figure 17B shows the 
resulting scour after a 20-minute run ( model) . Thi s  arrenge�ent was 

considered the final design for the bucket proper . 

Downstream Wing-walls .  I t  was desired to have wing-walls udjacent 

to the bucket which woulrl. be economical to construct and at the same 
time produce no unciesirable end effects . The first design ,  Design I ,  

Figures 17  and 18 , resulted in se tisfsctory operation but the ar�ount 

of concrete llP,eded to construct the walls was excessive .  

A curved wall on t�e left side ( Design I I ,  Figures 18 and 19A ) was 

the next design tried . This arrangement pronuced no unrlesiruble flow 

cond ition but there was an objection to the cost of constructing a 

curved wall . 

In the next design the curved wall was replaced by a wall on a 45-

degree angle ( Design III, Figures 18 and 19B ) . This design was un­

�esirable e.s an eddy formed at each end of the wall . Water from the 

river , which was 8t  a higher elevo tion than that in the bucket,  flowed 

into the bucket along the wing-walls .  

A squa.re-cornered wall (Design IV, Figures  18  and 19C ) eliminated 

the previous obj ections . ThP- top of this wall wa s lowe�ed 10 feet to 

eleva tion 3100 to save concrete . 

Finally a cutoff wall was constructed a t  a point 15 feet downstream 

from the end of the bucket and bonded riprap was pla ced on a 2 :1  slope up­

stream from this wall (Design V,  Figure 18) .  The purpose of the bonded 

riprap wa s to reduce the possibility of loose rock falling into the 
bucket et the higher discharges .  This arnngement was consideri:'d the 

f inal wing-wall design .  

The Final Design . Summing up the results of the model studies for 
Angostura. Dam, it is recommended that_the final design have incorporated 

in it a 40-foot radius bucket with teeth,  at elevation 3040, and 
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A - Flow of 277, 000 second-feet over spillway. 
B - Erosion of river channel after flow 

of 277, 000 second-feet. (Duration 
20 minutes,  model time ) . 

Ai,:GOS'IURA DAJvl SPILLVIAY lv!ODEL ( scale  1 :  72 )  
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B - 45 degree angle wingwall. 

A - 30-fcot radius wingwall 

C - Square cornered wingwall. 

ANGOSTURA DAM DOWi'/STREAM WING WAIL DESIGN ( 1, 72 SCALE MODEL) 
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wing-';'1alls according to Design V, Figure 18 . The final prototype design 

of the spillway dissipator is  shown on Figures 2 and J .  Photographs of 

the model constructed according to the final design are shown on Figures 

20 , 21 , and 22 . Figure 20A shows the model discharging at the maximum 

flow of 2 77,000 second-feet and 20B shows the erosion a.fter a 20-minute 

run ( model) . Figure 20C shows the erosion after a flow of l½ hours of 

continuous- operation at maximum discharge . The difference in the ero­

sion between photographs 20B and 20C is small . Figure 21A shows a flow 

of 50,000 second-fP.et and 21B , the erosion after 20 minutes ,of operation 

at  this  discharge . Closeup views of the spillway und buckPt are shown 

in Figure 22 . The space between the last tooth and side w611 of bucket 

on each end ls necessary to prevent a small eddy from forming in the 

corner of the bucket . 

Profiles of the water surfaces at discharges of 235 ,000 , 130 , 000 , and 

50 , 000 second-feet are shown on Figure 23 . The curves were used mainly 

to determine the height of the spillway walls and the necessary freebo1qd 

for the maximum d:S.scharge . 

(, Spillway Calibration Curves. The head-discharge curve obt�ined from 
the model is  plotted on Figure 24 . Thi s  curve ·shows that for the maximum 

reservoir elevation , corresponding to a head of 4A feet over the crest,  

a discharge of 277,000 seconct-feet can be passed over the spillway. The 

coefficient  of discharge curve on the same figure shows a coefficient of 

3 . 8 7  for the maximum designed head . This was obtained from the expres­

sion Q = CLH 3/2 in which L is the net length of crest ( excluding the 

width of the piers) and H is the total head including velocity hePd of 

approacl'l.. 

I 
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A - Flow of 2 77.000 second-feet over spillway. 

B - Erosion ai'ter flow of 277.000 second-feet for 20 miillltes.  

C - Erosion after flow of 277,000 second-feet for 1 05 hours. 

ANGOSTURA DAM SPILLWAY MODEL ( scale  1: 72 )  
RECOiiJ,lEiWED DESIGN 

FIGURE 20 



A - Flaw of 501 000 second-feet over spillway. 

B - Erosion after flow of 50,000 second-feet. 

ANGOSTURA DAM SPILLWAY MODEL ( scale 1 : 72 )  
RECOMNJ..ENDED DESIGN 

FI GURE 21 



A - Model dam and river channel. 

B - Model dam from left bank. 

C - Model dam closeup. 

ANGOSTURA DAM SPILLWAY MODEL ( scale  1 : 72)  
RECO.Ml\lIENDED DESIGN 

FIGURE 22 
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